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Abstract

Cryopreservation refers to freezing cells or tissues at extremely low temperatures, allowing them to be
stored for extended periods while maintaining viability. Cryopreserved bull semen has become an essential
tool in cattle breeding programs and commercial cattle production systems. This review provides a de-
tailed analysis of the current methods and challenges in preserving bull sperm using cryopreservation. We
explore the effects of cryopreservation on sperm cells, the role of different cryoprotectants, as well as the
progress made in the analysis of bull semen. It also highlights the impact of the freezing process on sperm
morphology and functionality, emphasizing the importance of optimizing cryopreservation techniques to
maintain sperm fertility and viability. The article underscores the significance of cryopreservation technol-

ogy in cattle genetics and breeding and suggests future research to enhance cryopreservation techniques.
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Introduction

The cattle industry relies heavily on cryopreservation technology
today. Without cryopreservation, it would be challenging to pre-
serve and distribute high-quality bovine genetics from elite bulls.
Every time a valuable bull died or became inactive, its genetics
would be lost. This would lead to a steady decline and loss of ge-
netic gains in key economic traits made over long-term breeding
programs for high milk production, carcass quality, reproductive
performance, and health (Moore and Hasler, 2017). Widespread
use of cryopreserved semen from top bulls has enabled breeders
to achieve great hybrid vigor and maximize productivity. The
absence of cryopreservation would restrict the gene pool available
for breeding, resulting in higher levels of inbreeding and less pro-
ductive cattle over time (Menchaca, 2023). Moreover, distribut-
ing bull semen to remote or artificial insemination centers would
be more challenging and expensive. It would involve maintaining
live bulls and physically transporting them for breeding, leading
to higher costs and slower dissemination of superior genetics. On
the other hand, using live bulls for natural breeding raises the
risk of spreading infectious diseases like trichomoniasis. Cryop-
reservation mitigates this risk and facilitates a safer exchange of
genetic material (Nicholas, 1996; Bailey et al., 2003; Lamb et al.,
2016).

Over the past few decades, the field of cryopreservation, par-
ticularly concerning bull sperm, has seen remarkable advance-
ments. This progress is evidenced by extensive research and in-
novations in the techniques and understanding of cryopreserva-
tion and its impacts on sperm cells. The cryopreservation of bull
sperm has evolved significantly, from the initial discovery of the
positive effects of simple cryo-protectant agents in the 1940s by
Polge et al. (1949) on animal sperm cryoprotection to the devel-
opment of advanced methodologies that enhance the post-thaw
viability and fertility of bull semen. These advancements have

greatly influenced cattle production and genetic propagation.
However, despite these developments, challenges such as vari-
able post-thaw sperm viability and variations in fertility among
breeding bulls still persist, prompting ongoing research in this
area (Rodriguez-Martinez, 2012; Ugur et al., 2019). The sub-
sequent sections will delve into the recent understanding of the
effects of cryopreservation on bull sperm, the various methods of
cryopreservation and evaluation, and potential future directions
for improving these techniques.

Effect of cryopreservation on sperm cells

Like all plasma membranes, the sperm cell’s plasma membrane
is composed of lipids and proteins (Figure 1). Komarek et al.
(1964) analyzed the lipid composition of bull sperm and semi-
nal plasma samples separately using thin-layer chromatography
and reported that the total lipid content of bovine spermato-
zoa and seminal plasma accounts for 12.0% and 1.35% of the
total dry weight, respectively. The cholesterol content in neu-
tral lipids of sperm and seminal plasma from bulls were 23.3%
and 18.8%, respectively (Jain and Anand, 1976). Sperm plasma
membrane lipids exist mainly as phospholipids and cholesterol.
The phospholipids are organized into a dynamic bilayer, where
each molecule consists of a phosphate head and two fatty acyl
tails. The ratio of polyunsaturated fatty acids to saturated fatty
acids in bull sperm (3.5) is greater than in human (1.0) and ram
sperm (2.5) (Poulos et al., 1973).

Cholesterol molecules, with their four hydrophobic carbon
rings and a carbon side chain, nestle into the membrane, filling
any inconsistencies caused by the varying lengths and saturation
levels of the fatty acyl chains (Figure 1). This function of choles-
terol stabilizes the membrane structure, particularly at body
temperature. Amounts of cholesterol in sperm membranes may
determine the cryotolerance of the cell because higher levels of
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Figure 1: Sperm plasma membrane composition (Created with BioRender.com).

cholesterol result in more rigid and cohesive sperm membranes.
Bull sperm contain lower levels of cholesterol compared to hu-
man sperm (0.89 pM/10% sperm versus 1.438 pM/10% sperm,
respectively) (Darin-Bennett and White, 1977). Although fresh
sperm had slight lipid peroxidation, cryopreserved sperm suffer
from higher lipid peroxidation (Bansal and Bilaspuri, 2010; Lone
et al., 2016). Ruminant sperm are susceptible to lipid peroxida-
tion due to their high content of polyunsaturated phospholipids
(Evans et al., 2021).

It is noteworthy that the cryotolerance of spermatozoa
plasma membranes is largely contingent upon the ratio of choles-
terol to phospholipids within these membranes. In this regard,
various species can be systematically ranked based on their
respective plasma membrane cholesterol-to-phospholipid ratios,
which, in turn, correlates with their sperm cryotolerance. This
ranking is as follows: human sperm exhibits a ratio ranging from
0.99 to 0.83, followed by rabbit at 0.88, bull with a range of 0.40
to 0.45, ram at 0.38, stallion at 0.36, rooster at 0.30, and boar,
which has a ratio between 0.20 and 0.26 (Darin-Bennett and
White, 1977; Parks and Hammerstedt, 1985; Parks et al., 1987;
Mack et al., 1986; Parks and Lynch, 1992).

During cooling, the membrane’s lipids transition from a fluid
state to a solid, gel-like state, a process known as phase transi-
tion (Amann and Pickett, 1987). Unlike a single temperature,
this transition occurs across a range of temperatures due to the
unique transition points of individual fatty acyl chains. As the
temperature decreases, the lipids cluster into ”icebergs,” caus-
ing the proteins to form aggregates within the membrane, which
significantly impairs their functionality. However, the presence
of cholesterol stabilizes the sperm plasma membrane and retains
its fluidity (Figure 2).

As the cooling continues, more lipids solidify, reducing the
fluid membrane’s proportion until the entire membrane becomes
gel-like at the lowest temperature of its transition range. At
-5°C, the extracellular solutes, and the cells, along with intracel-
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lular water, remain unfrozen but are supercooled. Between -5°C
and -15°C, the supercooled intracellular water persists, while ex-
tracellular ice begins to form due to a concentration gradient,
causing intracellular water to migrate outward and freeze (Gao
and Critser, 2000). If the cooling rate is slower than -15°C, most
intracellular water will move to the extracellular space, leading
to cell dehydration and shrinkage and, ultimately, hyperosmotic
shock. Conversely, a rapid cooling rate may prevent dehydration
but can cause the formation of intracellular ice crystals (Yeste,
2016). Therefore, the ideal rate for sperm cooling and freezing
must be quick enough to prevent dehydration and shrinkage but
slow enough to avoid intracellular ice formation (Yeste, 2016).
Moreover, the cooling and freezing temperatures can disrupt
sperm ATP-dependent ion channels for potassium, sodium, mag-
nesium, and calcium, resulting in depolarization and increased
permeability of the plasma membrane and mitochondria. These
changes can trigger premature capacitation, cell death, lipid per-
oxidation in the plasma membrane, and the release of reactive
oxygen species (ROS) (Amann and Pickett, 1987). Recently, it
has been reported that cryopreservation induces alterations of
miRNA and mRNA fragment profiles of bull sperm (Shangguan
et al., 2020).

Markers for prediction of bovine sperm fertility and/or
freezability

The advancement of the cattle artificial insemination industry
heavily relies on the accurate prediction of bull frozen semen
fertility. A key determinant of bull-frozen sperm fertility is its
resilience to cryogenic damage. Traditional semen analysis meth-
ods, involving multiple steps like semen collection, processing,
freezing, and fertility trials, are often costly and time-consuming,
making them impractical for routine use. Thus, identifying reli-
able biomarkers for sperm freezability and fertility is of utmost
importance. Studying cryopreserved sperm with OMICS tools
like proteomics, transcriptomics, and metabolomics provides new
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Figure 2: Cholesterol maintains plasma membrane stability during low temperatures (Created with BioRender.com).

insight into tolerance biomarkers and molecular changes from
freezing stress. Using systems biology approaches to study cry-
oinjuries can transform sperm freezing from an empirical method
to a highly controlled procedure. This could help optimize cry-
opreservation methods.

Recent proteomic investigations have focused on identify-
ing specific biomarkers linked to the cryotolerance of bovine
sperm. Proteins such as bovine seminal ribonuclease and semi-
nal plasma protein (BSP-5) have been correlated with high se-
men freezability, while proteins including tubulins, glucose-6-
phosphate isomerase, peroxiredoxin-5, spermadhesin-1, gelsolin,
sperm equatorial segment protein 1, ATP synthase, calmodulin,
glyceraldehyde-3-phosphate dehydrogenase, and secretoglobin
family 1D have been associated with low semen freezability (Ryu
et al., 2019; Gomes et al., 2020). Other studies have identified
positive biomarkers of sperm freezability, including certain pro-
teins (VDAC2, HSP90, AKAP4), RNA transcripts (BCL2L11,
CATSPERI1), metabolites (amino acids, glycolysis substrates),
and gene SNPs (Khan et al., 2021).

In another study, a genome-wide association study was per-
formed to identify SNPs and candidate genes related to var-
ious sperm abnormalities (acrosome loss, head/neck/tail de-
fects, motility) in frozen-thawed Holstein bull semen (De-
mentieva et al., 2024). Significant associations found be-
tween specific SNPs/genes and absence of acrosomes (POUGF2,
MAP3K?7, TCF23, etc.), head anomalies (ORC4, GLRA3, TTK,
etc.), swollen acrosomes (LPCAT4, DPYD, bta-mir-137/2420),
wrinkled acrosomes (IGFBP3, NPY, MON2, etc.), damaged
tails/necks (SAMD5, CLSPN, SLC2A10, etc.), and sperm motil-
ity (JPH1, SNCAIP, FSCB, PSMA1). Such Results provide
insights into genetic factors and molecular mechanisms affect-
ing the morphology viability of sperm after freezing, laying the
foundation for improving cryopreservation protocols and breed-
ing strategies (Dementieva et al., 2024). Using transcriptomics,
one miRNA and bta-miR-138 showed significantly lower expres-
sion in sperm from subfertile bulls compared to highly fertile
bulls. The presence of bta-miR-138 was negatively correlated
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with sperm oxygen consumption, indicating its potential role in
fertility. Three other miRNAs (bta-miR-19b, bta-miR-26a, and
bta-miR-7) also showed correlations with sperm function vari-
ables (Salas-Huetos et al., 2023).

In summary, the recent advancements in proteomics, tran-
scriptomics, and genomics have significantly improved our un-
derstanding of bovine sperm resilience to cryogenic stress. The
identification of specific biomarkers, such as proteins, miRNAs,
and genetic SNPs, is revolutionizing the selection of high-quality
sperm for cryopreservation, thereby enhancing artificial insemi-
nation techniques.

Cryoprotectants

The primary aim of a cryopreservation protocol is to ensure the
viability of sperm cells, not only throughout the freezing process
but also post-thawing. Rehydration, osmotic stress, and plasma
membrane disruption are significant challenges sperm cells face
during thawing. To optimize sperm cryopreservation effectively,
it is crucial to focus on three key aspects: the selection of ap-
propriate cryoprotectants, controlling the cooling and freezing
rates, and managing the thawing rate. Cryoprotectants play a
vital role in reducing cryoinjury during both freezing and thaw-
ing processes. These substances are categorized based on their
ability to penetrate the sperm cell. There are permeating and
non-permeating types of cryoprotectants (Table 1).

Permeating cryoprotectants, which can infiltrate the sperm
cell membrane, alter the cytoplasm’s viscosity and reduce in-
tracellular electrolyte concentrations. This action helps in de-
hydrating the sperm cell during freezing, thereby diminishing
the formation of intracellular ice and lessening the degree of os-
motic shrinkage (Lovelock and Polge, 1954; Holt, 2000). Glyc-
erol is the most commonly used permeating cryoprotectant in
the cryopreservation of mammalian spermatozoa. Other sub-
stances like ethylene glycol and dimethylacetamide are also em-
ployed as penetrating cryoprotectants (Yeste et al., 2017). How-
ever, the penetrative nature of glycerol and similar cryoprotec-
tants can be relatively toxic to sperm cells. The tolerance to
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Table 1: Comparison between permeating and non-permeating cryoprotectants (Sathe 2021).

Aspect Permeating cryoprotectants Non-permeating cryoprotectants
Penetration Can penetrate the sperm cell membrane. Can not penetrate the sperm cell membrane.
Examples Glycerol, dimethyl sulfoxide (DMSO), ethylene Egg yolk, skim milk, sucrose, trehalose.

glycol.

Mechanism of action

venting intracellular ice formation.

Protect cells by replacing water inside the cell, pre-

Protect cells by creating an osmotic balance, re-

ducing extracellular ice.

Effect on sperm motility

changes.

Can potentially affect motility due to intracellular

Less likely to affect motility as they do not pene-
trate the cell.

Membrane integrity

Can alter membrane properties due to penetra-

Less disruptive to membrane integrity as they do

tion. not enter the cell.

Toxicity Potential toxicity due to intracellular accumula- Generally, have lower toxicity as they do not enter
tion. the sperm cells.

Concentration Typically used in lower concentrations. Often used in higher concentrations to exert effect

externally.

Removal after thawing

Require careful removal as they are inside the cells.

Easier to remove as they are not inside the sperm

cells.

Effectiveness

mation.

Highly effective in preventing intracellular ice for-

Effective in controlling extracellular ice formation

and osmotic stress.

glycerol concentrations varies across animal species due to dif-
ferences in sperm cell cytoplasm viscosity (Hammerstedt et al.,
1978), resulting in varied glycerol tolerances. For instance, se-
men from bulls and boars can tolerate higher glycerol concentra-
tions than that from stallions (Moore et al., 2006). On the other
hand, non-permeating cryoprotectants are those that do not en-
ter the sperm cell membrane. They function extracellularly by
stabilizing the plasma membrane and lowering the extracellular
compartment’s freezing point, consequently reducing the forma-
tion of ice crystals around the sperm cells (Hammerstedt et al.,
1990). This category includes sugars such as lactose, trehalose,
dextran, and proteins (Hezavehei et al., 2018). Animal-derived
proteins, like chicken egg yolk and fat-free skimmed milk, have
been widely used in the cryopreservation of sperm from various
animals. Nevertheless, there is a growing interest in utilizing
animal-free cryoprotectants to eliminate the risk of viral or other
disease transmissions.

Various extenders and additives (Table 2) have been utilized
to mitigate the cold shock impact on bovine sperm, aiming to
improve sperm quality and fertility rates post-thawing.

Commonly, chicken egg yolk is incorporated into bovine se-
men extenders at a concentration of 20%. The cryoprotective
efficacy of egg yolk is largely attributed to the presence of low-
density lipoproteins (LDL), which coat the sperm plasma mem-
brane and preserve its components during the freeze-thaw cycle
(Medeiros et al., 2002; Bergeron et al., 2004). It has been sug-
gested that proteins in seminal plasma when bound to sperm,
lead to destabilization of the cell wall. This destabilization is
caused by the efflux of cholesterol and phospholipids, rendering
the sperm more vulnerable to cold shock during freezing (Man-
junath et al., 1994; Thérien et al., 1998). LDLs play a role in
binding to seminal plasma proteins and reinforcing the sperm
plasma membrane, thereby increasing sperm cryotolerance dur-
ing freezing. As an alternative to egg yolk, milk-based cryopro-
tectants have been employed for bovine sperm cryopreservation.
The protective effect of these cryoprotectants is mainly due to
casein (Bergeron and Manjunath, 2006). Casein interacts with
seminal plasma proteins, preventing the loss of lipids from the
sperm plasma membrane (Bergeron and Manjunath, 2006).

The concerns regarding the use of animal-based products in
semen extenders have risen, primarily due to risks of bacterial or
xenobiotic contamination, presence of endotoxins, interference
with sperm evaluation, variability in egg yolk composition, and
potential compromise to the integrity of sperm cells (Layek et al.,
2016). Consequently, the development of animal protein-free me-
dia has been initiated (Aires et al., 2003). These concerns have
spurred interest in seeking alternatives to animal-based semen
cryoprotectants for the artificial insemination industry.

Plant-based cryoprotectants have emerged as an alternative
to milk and egg yolk-based extenders. For instance, soybean
lecithin has been used as a plant-based extender, providing ade-
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quate protection for sperm during cryopreservation while reduc-
ing the risk of disease transmission. Comparisons between ani-
mal protein-based extenders (e.g., Triladyl, BullXcel, Laciphos)
and animal protein-free extenders (e.g., OptiXcell, AndroMed,
Biociphos plus) have been made. While in-vitro sperm parame-
ters showed some differences, the pregnancy rate and the 56-day
or 60-day non-return rates were not significantly different (van
Wagtendonk-de Leeuw et al., 2000; Aires et al., 2003; Muifio
et al., 2007; Murphy et al., 2013).

In the context of bull sperm freezing using protein-free ex-
tenders, it has been observed that the plasma membrane of
sperm cells loses cholesterol during freezing (Bailey et al., 2000).
Adding cholesterol to the freezing medium has enhanced post-
thawing sperm parameters (Purdy and Graham, 2004; Ma et al.,
2006). Recently, bull sperm was successfully cryopreserved with-
out the use of any animal or plant protein (Anzar et al., 2019).
This was achieved by treating bull semen with a cholesterol-
cyclodextrin complex (CC), followed by dilution in an extender
containing glycerol and tris salts (TG). The post-thaw sperm pa-
rameters were comparable to those frozen in exogenous protein-
based extenders, and the protein profile of fresh sperm was sim-
ilar to that of sperm frozen in CC+TG, suggesting the potential
of CC+TG as a promising extender (Anzar et al., 2019).

In bull sperm cryopreservation, the incorporation of
nanoparticles and nanovesicles (like liposomes and exosomes)
has been explored to assess their impact in reducing cryoin-
jury. Nanoparticles, derived from natural herbs or metals, func-
tion by reducing oxidative stress, decreasing cell apoptosis, and
enhancing plasma membrane integrity. Liposomes, which are
synthetic nanovesicles made of a spherical single lipid bilayer,
can be produced through sonication of lipid suspension (son-
icated liposome) (Graham and Foote, 1987) or by extrusion,
passing the lipid suspension through extruders with nano-sized
pores (extruded liposome) (Ropke et al., 2011). These liposomes
integrate into the sperm plasma membrane, helping to repair
damage caused by freezing and thawing. Exosomes, which are
nano-sized extracellular vesicles released from cells, can decrease
sperm cryoinjury by reducing ROS and lipid peroxidation during
the freeze-thaw process, delivering antioxidant enzymes, miRNA|
and mRNA (Jahanbin et al., 2015; Khalil et al., 2019; Mousavi
et al., 2019; Franchi et al., 2020; Saadeldin et al., 2020).

Another method of bull sperm cryopreservation is sperm en-
capsulation. This process involves creating a mixture of sperm
suspension and sodium alginate solution, which is then combined
with certain ions (such as barium ions) to form alginate gel beads
(Nebel et al., 1985). These beads are subsequently loaded into
semen straws, which are then subjected to freezing. This freezing
can be executed using programmable freezers or through tradi-
tional methods such as immersing in liquid nitrogen vapor using
Styrofoam boxes. Encapsulation of sperm offers enhanced pro-
tection during cryopreservation. Moreover, it facilitates a con-



Table 2: Different types of cryoprotectants that have been used for bull sperm cryopreservation.

Penetrating cryoprotectants

Cryoprotectant Composition/nature Beneficial effect Concentration Reference
Glycerol A simple polyol compound Reduces ice crystal formation, sta- 2-12% Rasul et al. (2007);
bilizes cell membranes Papa et al. (2015)
DMSO An organosulfur compound Penetrates cell membranes and re- 2-6% Snedeker and Gaunya
(dimethyl sulfoxide) with a high polar nature duces ice crystal formation (1970); El-Harairy et al.
(2011)
Ethylene glycol Low molecular weight, an Lowers the freezing point, reduces 3-7% Forero-Gonzalez et al.
organic compound used as osmotic stress (2012); Saberivand
an antifreeze replacement for et al. (2023)
glycerol
Propylene glycol A synthetic organic com- Reduces ice crystal formation and 12% Seshoka et al. (2016)
pound similar to ethylene gly- membrane damage
col
Methanol Low molecular weight Sim- Lowers freezing point and reduces 1% Awad (2011)
ple alcohol, a replacement for ice formation
glycerol
Sorbitol Sugar alcohol Has a cryoprotective effect and re- 1g/L Verberckmoes et al.
duces cell damage (2004)
Non-penetrating cryoprotectants
Sodium citrate A salt of citric acid Acts as a buffer and has a mild cry- 1.5-2.9% Cragle et al. (1955);
oprotective effect Pileckas et al. (2014)
Trehalose A disaccharide sugar Stabilizes sperm membranes and 25-200 mM Hu et al. (2010); Oztiirk
composed of two glucose protects against dehydration et al. (2017)
molecules
Sucrose A disaccharide sugar com- Acts as an osmoprotectant and 0.1-0.5 M Chen et al. (1993);
posed of glucose and fructose prevents cellular dehydration Woelders et al. (1997)
Lactose A disaccharide sugar found in Helps in osmotic balance and pro- 11.5% Pileckas et al. (2014)
milk tects against cellular dehydration
Raffinose A trisaccharide sugar com- Cryoprotective and antioxidant 25 mM Tuncer et al. (2011)
posed of galactose, glucose, properties
and fructose
Polyethylene glycol Synthetic polymer, less toxic Enhances sperm survival, reduces 5% Abavisani et al. (2013)
(PEG) than DMSO ice formation
Plant-based proteins and extracts
Soybean lecithin Phospholipid complex from Replaces egg yolk, reduces the risk 1-5% Phillips and Spitzer
soybeans of disease transmission (1946); Aires et al.
(2003); Layek et al.
(2016)
Aloe vera extract Extract from Aloe vera plant Enhances membrane integrity, an- 0.25-1% Boonkong et al. (2019);
tioxidative properties Singh et al. (2020)
Green tea extract Extract from green tea leaves- Acts as an antioxidant and pro- 1.5, 5, 10, 25, inang et al. (2019);

(catechin) Polyphenolic compound tects sperm cells from damage and 50 pug/mL  Susilowati et al. (2021)
Quercetin Flavonoid compound Acts as an antioxidant and en- 25, 50, 100 and Tvrda et al. (2016);
hances sperm motility 200 pg/mL Avdatek et al. (2018)
Curcumin Bioactive compound from Acts as an antioxidant and pro- 0.5 and 2 mM Bucak et al. (2012);
turmeric tects sperm DNA Salman et al. (2021)

Animal-based proteins

Egg yolk Emulsion of lipids and pro- Protects spermatozoa  during 5-20% Thun et al. (2002);
teins from eggs freezing and thawing Amirat et al. (2004)

Bovine serum albumin Protein from bovine blood Stabilizes sperm membrane, pro- 0.5-6% De Leeuw et al. (1993);

(BSA) serum vides antioxidant protection Ashrafi et al. (2013)

Casein and sodium Protein derived from milk Improves sperm motility and via- 2% Diniz et al. (2020)

caseinate bility

Minerals

Zinc (nano form) Metallic element Improves sperm motility and an- 1-10 mM Jahanbin et al. (2021)

tioxidant activity

Selenium (nano form)

Metallic element

Protects spermatozoa from oxida-
tive damage

0.5-1.5 pg/ml

Khalil et al. (2019)

Magnesium Metallic element Enhances sperm motility and via- 0.5-1 mM Eidan et al. (2015)
bility

Vitamins

Vitamin E Fat-soluble vitamin Protects spermatozoa from oxida- 2 mg/mL Hu et al. (2011b)
tive stress

Vitamin C (ascorbic acid) Water-soluble vitamin Acts as an antioxidant that im- 2.5 mM Eidan (2016)
proves sperm quality

Vitamin B12 Water-soluble vitamin Enhances sperm motility 2.5 mg/mL Hu et al. (2011a)

Antioxidants and other compounds

Melatonin Hormone Acts as an antioxidant and pro- 0.25- 0.1 mM ChaithraShree et al.
tects against oxidative damage (2020)

Honey Natural substance Acts as an antioxidant and osmo- 2.5% Yimer et al. (2015)
protectant

Antifreeze proteins Protein Prevents ice recrystallization 0.1, 1, 10 and Prathalingam et al.

100 pg/mL (2006)
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Table 3: Different probes and stains used for flow cytometry analysis of bovine sperm.

Stain

Category

How it works

Reference

Peanut agglutinin (PNA)

Acrosome integrity

Binds to acrosomal contents of the sperm, assessing

Cross and Watson

acrosome reaction and integrity. (1994)
Concanavalin A (Con A) Acrosome status Binds to specific sugar residues on the acrosome, used Jankovicova et al.
to evaluate acrosome integrity and reaction. (2008)
FITC-Pisum sativum Acrosome status Binds specifically to the outer acrosomal membrane, Jankovicova et al.
agglutinin (FITC-PSA) used to assess acrosome integrity and status. (2008)
Alexa fluor phalloidin Actin filament visualiza- Binds to F-actin in sperm, allowing for the visualiza- Rajamanickam et al.
tion tion and study of cytoskeletal structures. (2017)
Annexin V Apoptosis Binds to phosphatidylserine, which translocates to the Dogan et al. (2013)

outer leaflet of the plasma membrane during apopto-
sis.

Oregon Green 488 BAPTA-1
AM

Calcium binding

A calcium indicator is used for measuring changes in
intracellular calcium concentrations.

Qin (2008)

Fura-2 Calcium concentration A fluorescent dye is used for measuring intracellular  Dragileva et al. (1999)
calcium levels, which is important for sperm motility
and capacitation processes.
Fluo-4 AM Calcium Ion concentra- A fluorescent dye is used for detecting changes in intra- Bucher et al. (2019)
tion cellular calcium levels, which is important for sperm
motility and function.
Nonyl acridine orange Cardiolipin Binds to cardiolipin, a component of mitochondrial Uguz et al. (2014)

membranes, useful in assessing mitochondrial health.

CellTracker Green CMFDA

Cellular function

Stains live cells, allowing assessment of cellular func-
tion and viability over time.

Puglisi et al. (2010)

Bodipy FL C5-ceramide

Ceramide content

Used for labeling ceramides, offering insights into cell
membrane composition and health.

Moreno et al. (2000)

Ethidium
homodimer-2 and bromide

homodimer-1,

Dead cells/ DNA dam-
age

Penetrates cells with damaged membranes, used for
identifying dead or damaged sperm cells.

Garcia-Herreros and
Leal (2014)

SYTOX (blue, gold, green,
and orange)

Dead cells (Viability)

Penetrates only cells with compromised membranes.
Have a high affinity for nucleic acid. Useful for distin-
guishing between viable and non-viable sperm cells.

Moya et al. (2022)

DRAQ5 DNA Deep red fluorescent dye that binds to DNA allows for Lamy et al. (2017)
detailed analysis of nuclear morphology and DNA con-
tent.

SYBR Green I DNA Binds to DNA, providing a more sensitive alternative Garcia-Herreros and

to other DNA dyes for assessing DNA content and in-
tegrity.

Leal (2014)

Acridine orange
(different concentrations)

DNA and RNA

At different concentrations, it can be used to differen-
tiate between DNA and RNA, providing insights into
nucleic acid content.

Andraszek et al. (2014)

Hoechst 34580

DNA content

Similar to Hoechst 33342 and 33258, it’s used for stain-
ing DNA to assess the content and integrity of sperm
nuclei.

Kumar et al. (2017)

Hoechst 33258

DNA content and In-
tegrity

Binds to DNA, allowing for the assessment of DNA
content and integrity in sperm nuclei.

Kumar et al. (2017)

Hoechst 33342

Viability and DNA in-
tegrity

Stains live spermatozoa and allow for assessment of

DNA integrity and sperm viability.

Hallap et al. (2006);
Duran and
Hufana-Duran (2017)

TUNEL
deoxynucleotidyl transferase
dUTP nick end labeling)

assay (terminal

DNA fragmentation

Detects fragmented DNA, a marker of apoptosis or se-
vere DNA damage in sperm.

Takeda et al. (2015)

Acridine orange

DNA integrity and dam-
age

Fluorescent dye is used to assess DNA integrity and
damage in sperm.

Andraszek et al. (2014)

PI/YOYO-1 combination

DNA integrity and via-
bility

YOYO-1 is a potent nucleic acid stain used with PI to
evaluate both DNA integrity and cell viability.

Duran and
Hufana-Duran (2017)

Chromomycin A3

DNA packaging

Binds to G-C-rich regions of DNA, used to assess DNA
packaging and integrity in sperm.

Simdes et al. (2009)

Bromodeoxyuridine (BrdU)

DNA synthesis

Used to measure DNA synthesis, indicating spermato-
genesis activity and DNA replication.

Anzar et al. (2002)

Rhodamine-phalloidin

F-actin

Specifically binds to F-actin, useful for studying sperm
cytoskeleton and morphological integrity.

Flaherty et al. (1986)

Calcein blue

General cell viability

A fluorescent dye is used for assessing general cell vi-
ability, giving a quick assessment of sperm health.

Bucher et al. (2019)

Calcein violet 450 AM

General cell viability

A cell-permeant dye that emits violet fluorescence
when hydrolyzed is used for assessing general cell via-
bility.

Bucher et al. (2019)

BCECF AM  (2’,7-Bis-
(2-carboxyethyl)-5-(and-
6)-carboxyfluorescein,
ecetoxymethyl Ester)

Intracellular pH

A fluorescent dye used to measure intracellular pH is
important for understanding sperm physiology.

Vredenburgh-Wilberg
and Parrish (1995)
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Table 3: Continued

Stain

Category

How it works

Reference

SNARF-5F AM

Intracellular pH

A fluorescent dye used to measure intracellular pH is
important in sperm physiology and capacitation pro-

cesses.

Chévez et al. (2019)

BODIPY 581/591 C11

Lipid peroxidation

Sensitive to changes in lipid peroxidation, indicative
of oxidative stress and membrane damage in sperm.

Brouwers and
Gadella (2003)

LysoSensor green DND-189

Lysosomal activity

A fluorescent dye that accumulates in lysosomes, al-
lowing for the assessment of lysosomal activity in
sperm cells.

Jones et al. (2013)

LysoTracker

Lysosomal activity

Fluorescent dye is used for labeling and tracking lyso-
somal activity within cells, indicating cellular health
and functionality.

Thomas et al. (1997)

Merocyanine 540

Membrane fluidity

Assesses the fluidity and stability of the sperm plasma
membrane, indicative of sperm functionality.

Hallap et al. (2006)

M540 Bodipy

Membrane fluidity and
integrity

Used to assess sperm membrane fluidity and integrity,
crucial for sperm functionality.

Bernecic et al.
(2019)

Carboxyfluorescein diacetate

Membrane integrity

Measures membrane integrity, as it can only enter cells
with compromised membranes.

Garner et al. (1986)

PKH26 Membrane labeling A fluorescent cell linker for long-term membrane label- Pagano et al. (2020)
ing, useful for tracking sperm in studies of fertilization
and motility.

DiBAC4(3) Membrane potential A voltage-sensitive dye used to assess changes in mem- Thundathil et al.

(Bis-(1,3-dibutyl barbituric acid)
trimethylene Oxonol)

brane potential is important for sperm function.

(2006)

DiOC2(3) Membrane potential A lipophilic dye is used for assessing membrane poten-  Nascimento (2008)
(3,3’-diethyloxacarbocyanine tial relevant to sperm function and vitality.

iodide)

DiOC6(3) Membrane potential Used for assessing membrane potential, crucial for Varela et al. (2020)

(3,3’-dihexyloxacarbocyanine
iodide)

sperm function and viability.

Potentiometric membrane dyes
(e.g., TMRE, TMRM, JC-1)

Membrane potential

A group of dyes used for assessing mitochondrial mem-
brane potential, crucial for mitochondrial health and
function in sperm.

Garner and Thomas

(1999); Treulen et al.

(2018); Maulana and
Kaiin (2023)

MitoTracker

Mitochondrial activity

Selectively stains mitochondria in live cells and is used
to assess mitochondrial activity and health.

Garner et al. (1997)

Rhodamine 123

Mitochondrial function/

Stains active mitochondria, used to assess mitochon-

Celeghini et al.

mitochondrial mem- drial functionality and health. (2007)
brane potential
MitoSOX red Mitochondrial reactive Selectively target mitochondria to measure the pro- Blanco-Prieto et al.

oxygen species (ROS)

duction of reactive oxygen species, indicating oxida-
tive stress.

(2023)

Quantum dots

Multiple (de-
pending on conjugation)

targets

Nanocrystals that can be conjugated with various
molecules to study different aspects of sperm biology.

Sutovsky and
Kennedy (2013)

DAF-FM diacetate
diaminofluorescein
diacetate

Nitric oxide (NO) pro-
duction

Used for detecting nitric oxide production in cells,
providing insights into cellular signaling processes in
sperm.

Martinez-Pastor
et al. (2010)

Aniline blue

Nuclear maturation

Stains immature sperm nuclei, indicating issues in nu-
clear maturation.

Alfadel et al. (2023)

DAPI
(4’,6-diamidino-2-phenylindole)

Nucleic acid staining

Binds strongly to DNA, used for staining the nuclei
and assessing DNA content and integrity.

Komsky-Elbaz and
Roth (2018)

LDS-751

Nucleic acids

A fluorescent dye that binds to nucleic acid is useful
for evaluating sperm cell viability and nucleic acid con-
tent.

Botta et al. (2019)

SYTO (green or red)

Nucleic acids

A green-fluorescent nucleic acid stain that is used for
assessing nucleic acid content and integrity in sperm.

Thomas et al.
(1997); Birck et al.

(2010)
TO-PRO-3 iodide Nucleic acids A DNA stain that is useful for discriminating between Grundler et al.
live and dead sperm cells based on nucleic acid in- (2004)
tegrity.
DCFDA Oxidative stress Measures reactive oxygen species (ROS) production, Okano et al. (2019)
(2’,7-dichlorofluorescein indicating oxidative stress levels in sperm.
diacetate)
SNARF-1 pH indicator Used to measure intracellular pH, an important pa- Ballester et al.

rameter in sperm maturation and function.

(2007)

Fast green FCF

Protein content

Stains protein-rich structures within sperm, useful in
assessing protein content and distribution.

Way et al. (1995)

Fluorescein isothiocyanate

Protein localization and

Used to label proteins and assess their localization and

Thomas et al. (1997)

(FITC) function function within sperm cells.

DCFH-DA ROS A cell-permeable probe that is oxidized by ROS, form-  Giirler et al. (2016)
(2’,7’-dichlorofluorescein ing a fluorescent compound, is useful for studying ox-

diacetate) idative stress.

DHR (dihydrorhodamine) ROS Converts to rhodamine 123 in the presence of ROS, Giirler et al. (2016)

useful for assessing oxidative stress in sperm.

15



Table 3: Continued

Stain Category How it works Reference
Hydroethidine ROS Oxidized by ROS to ethidium, which binds to DNA, al- Mostek et al. (2017)
(dihydroethidium) lowing for the assessment of oxidative stress in sperm

cells.
H2DCFDA ROS detection Measures the production of ROS, providing insights into Murphy et al. (2013)
(2°,7- oxidative stress levels in sperm.
dichlorodihydrofluorescein
diacetate)
Monobromobimane Thiol groups Reacts with thiol groups, particularly glutathione, in- Salman et al. (2023)

dicative of cellular redox state and health.

ThiolTracker violet Thiol groups

A fluorescent probe that specifically labels thiol groups,
indicating cellular redox state and protein status.

Rocha-Frigoni et al.
(2016)

7-Aminoactinomycin D Viability Identifies non-viable cells by intercalating into double- Varela et al. (2020)

(7-AAD) stranded DNA.

Propidium iodide (PI) Viability Penetrates only dead or membrane-compromised sperm, Garner et al. (1994)
indicating non-viable sperm.

SYBR-14 Viability Combines with PI for live/dead distinction. Stains live Garner et al. (1994)
sperm nuclei bright green.

YO-PRO-1 Viability and mem- Penetrates only the membranes of apoptotic or dead Hallap et al. (2006)

brane Integrity

cells, used in conjunction with PI for viability assess-
ment.

FluoZin-3 AM Zinc ion concentra-

tion

A zinc-sensitive dye is used for detecting intracellular
zinc levels, which are important in sperm metabolism
and function.

Zoca et al. (2023)

trolled release of sperm from the alginate gel beads, potentially
leading to improved conception rates. Studies have shown that
pregnancy rates achieved with encapsulated cryopreserved sperm
are comparable to those obtained with conventionally cryopre-
served sperm (Nebel et al., 1993; Perteghella et al., 2017). The
technique of encapsulating bovine spermatozoa in alginate shows
promise in enhancing the release and survival of sperm within
the uterus, thereby prolonging its viability. Nonetheless, further
refinement and optimization of this technology are required for
its practical application in the field.

Choosing bovine sperm before freezing is a more effective
strategy than selecting bulls based on their ability to withstand
freezing. This approach minimizes the risk of inadvertently fa-
voring unwanted traits in the gene pool. Methods for collect-
ing competent bovine sperm include sperm migration (such as
swimming-up), sperm filtration (like using Sephadex beads), and
colloid centrifugation (for example, single layer centrifugation)
(Januskauskas et al., 2005; Morrell and Rodriguez-Martinez,
2011; Salman et al., 2023). A newer technique involves using
rheotaxis and thermotaxis (Nagata et al., 2019). This process
involves incubating the sperm in a fluid that rotates slowly (rheo-
taxis) and has a temperature gradient from 25°C at the bottom
to 30°C at the top (thermotaxis). The motile, viable sperm mi-
grate to the warmer upper layers, where they can be collected.
This method has shown significant improvements in sperm qual-
ity post-thaw compared to controls (Nagata et al., 2019). An-
other study explores the potential of a centrifuge-free commercial
device called MIGLIS® for selecting high-quality frozen-thawed
bovine sperm. The MIGLIS method shows promise in improv-
ing sperm quality (motility, viability, and acrosome integrity
rates) and reducing ROS concentrations compared to conven-
tional centrifugation-based techniques. Moreover, the blasto-
cyst formation rates were similar, while the intracellular ROS
concentrations of embryos fertilized with spermatozoa were se-
lected using the MIGLIS method compared with conventional
centrifugation-based techniques (Nguyen et al., 2024).

Current status and advancement in bull semen analysis

The field of bovine andrology has faced challenges in accurately
analyzing sperm motion and morphology. Traditional methods
like bright-field and differential interference contrast (DIC) mi-
croscopy are subjective, lack precision, and are limited in provid-
ing detailed, quantitative data about spermatozoa. The need for
an objective, automated system to analyze sperm effectively was
paramount for advancements in reproductive medicine, research,
and clinical practice.

The solution to this problem was the development and re-
finement of computer-assisted sperm analysis (CASA) systems.
These systems represent a significant technological advancement
over traditional sperm analysis methods, offering automated,
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precise, and objective data. Early CASA systems required sig-
nificant manual input and were less efficient. Modern systems
integrate advanced imaging technologies and software for more
detailed and automated analysis. While CASA systems provide
more accurate and precise data than manual analysis, they have
limitations in predicting male fertility due to the complex na-
ture of sperm attributes and fertilization processes (Amann and
Katz, 2004). For example, CASA does not adequately consider
the complex flagellar waveforms of spermatozoa, hindering the
understanding of cell motility. Therefore, high-fidelity computer-
assisted beat-pattern analysis (CABA) was introduced as a sta-
tistical approach to distinguish between samples based on com-
plex flagellar beating patterns (Walker et al., 2020).

Flow cytometry is widely used in bull sperm analysis for as-
sessing sperm integrity and functionality. Benchtop flow cytome-
ters and versatile markers allow for measuring various sperm pa-
rameters, from viability to reactivity to external stimuli. Flow
cytometry aids in sorting sperm for potential fertilization and de-
termining chromosomal sex. It has applications in sperm freez-
ing, sperm selection, and sperm sorting. Routine spermiogram
evaluations are suitable for identifying infertility but not for pre-
dicting fertility levels (Hossain et al., 2011). Flow cytometry
provides objective and repeatable analyses of sperm, even with
small sample sizes (DeJarnette et al., 2022). Flow cytometry is
used to enumerate the total sperm count per ejaculate or straw
accurately.

Different fluorescent probes like SYBR-14/propidium iodide
(PI) are used to assess viability and membrane integrity. Flow
cytometry can also evaluate membrane permeability, stability,
early changes, and acrosome integrity using various probes (Ta-
ble 3). However, Labeling cells for evaluation can alter the shape
and size of the spermatozoa. Moreover, stepwise regression mod-
els indicated that including multiple semen quality attributes like
CASA at 0 and 3 h, flow cytometry viability, and DNA Integrity
did not significantly increase the predictive power of semen qual-
ity (DeJarnette et al., 2022). The inclusion of multiple semen
quality attributes explained only about 3% of the total variance
in sire conception rate (SCR) fertility deviations, which means a
limited correlation between semen quality and fertility was found
(DeJarnette et al., 2022). Therefore, a multidisciplinary collab-
oration like digital holography, super-resolution microscopy, and
next-generation sequencing (NGS), artificial intelligence (AI) is
crucial for further progress in improving sperm and genetics
analysis and improved access to point-of-care assays (Dai et al.,
2021). These new promising techniques for sperm evaluation can
be adopted for more accurate bull sperm analysis.

The study of bull sperm cells’ morphology is traditionally
conducted using optical microscopy. Traditional optical mi-
croscopy uses X- and Y-plan; therefore, it is not enough to pro-
vide a detailed analysis of the sperm cells. Obtaining a com-



prehensive view necessitates a meticulous z-axis scanning of the
biological specimen to gather various focal planes, which are
subsequently processed to construct a three-dimensional (3D)
representation of the subject being examined. Atomic force
microscopy (AFM) offers more in-depth morphological details.
AFM operates by scanning a surface with a fine-tipped probe to
map out the surface’s topography at a nanometric scale, thereby
providing a highly detailed morphological image (Allen et al.,
1996; Saeki et al., 2005; Carvalho et al., 2013). However, despite
its precision, AFM is not widely adopted in the animal produc-
tion industry. This is primarily due to the intricate preparation
required for the samples and the significant costs associated with
AFM equipment, making it less feasible for widespread use (Fer-
rara et al., 2015).

Holography emerges as a cutting-edge method for non-
invasive, quantitative examination of cells and tissues, eliminat-
ing the need for staining or labeling. Specifically, digital holog-
raphy (DH) has proven effective in analyzing the morphology of
bovine sperm cells. A notable aspect of DH is its ability to gen-
erate a 3D image from a single captured hologram, bypassing
any mechanical scanning (Di Caprio et al., 2010). This tech-
nique significantly enhances the ability to handle quantitative
data and perform various numerical analyses. Such capabilities
are crucial in exploring the relationship between atypical sperm
morphology and male infertility (Ferrara et al., 2015).

A full label-free analysis of bovine sperm cells using a novel
experimental setup that integrates DH microscopy and Ra-
man spectroscopy (RS) (Ferrara et al., 2015; De Angelis et al.,
2017). DH microscopy provided high-resolution images and
quantitative 3D reconstructions of sperm heads, identifying mor-
phological irregularities, including a notable ”protuberance” in
the post-acrosomal region. Raman imaging further confirmed
this anomaly, attributing it to protein vibrations, possibly re-
lated to centrioles in the region connecting the sperm tail and
head. Additionally, this setup distinguished between X and Y-
chromosome-bearing sperm cells, although physical parameters
like head size and volume were not definitive indicators. RS’s
non-invasive detection of DNA content and plasma-membrane
proteins proved more effective, achieving over 90% accuracy in
identifying the sperm chromosome (Ferrara et al., 2015).

A partially spatially coherent digital holographic microscope
(PSC-DHM) was developed to provide quantitative phase imag-
ing (QPI) and distinguish normal vs stressed sperm cells based
on nanoscale morphology changes. Sperm cell motility and mor-
phology under bright field microscopy are currently the main
criteria used to evaluate sperm. However, factors such as ox-
idative stress, cryotolerance, and heat can negatively affect the
quality of sperm cells and their potential to fertilize by altering
subcellular structures that are not visible under bright field mi-
croscopy. Therefore, the PSC-DHM system was developed to dis-
tinguish differences between normal sperm cells and cells under
stressed conditions. Phase maps were reconstructed for a total
of 10,163 sperm cells acquired from the PSC-DHM system (2,400
control cells, 2,750 cryopreserved cells, 2,515 oxidative stressed
cells, and 2,498 ethanol-affected cells). Seven deep neural net-
works (DNNs) were employed to classify the phase maps into
normal vs stressed sperm cell categories. When validated on the
test dataset, the DNNs provided an average sensitivity of 85.5%,
specificity of 94.7%, and accuracy of 85.6%. The QPI + DNN
framework demonstrates the potential for improving diagnostic
efficiency in semen analysis regarding fertilization potential (Bu-
tola et al., 2020).

Another recent technique for sperm analysis is stochastic
optical reconstruction microscopy (N-STORM). N-STORM is a
super-resolution microscopy technique that can achieve spatial
resolutions of up to 10 nanometers. This level of resolution allows
for the visualization of subcellular structures, such as centrioles,
in much finer detail. N-STORM allows researchers to capture
the position of both the sperm head and tail at the microscale
and centriolar substructure details at the nanoscale. N-STORM
enables the analysis of individual sperm cells, providing insights
into the dynamic movement of structures within the sperm neck
during tail-beating cycles. N-STORM has been crucial in identi-
fying and studying atypical centrioles and the process of centriole
remodeling during spermatogenesis (Royfman et al., 2024).

High-resolution 4-D imaging of sperm was developed recently

for imaging of freely swimming human sperm cells without the
need for staining. The problem addressed is the limitations of
current imaging techniques in assessing the 3-D morphology and
dynamics of sperm cells, which impacts both biological assays
and clinical use. The method captures the 3-D morphology of
the sperm head, including internal organelles, and the dynamic
motion of the flagellum (Dardikman-Yoffe et al., 2020).

Conclusion

Despite the advancements in traditional semen analysis meth-
ods, they still show limited predictive power for semen quality
and fertility. Therefore, multidisciplinary approaches integrat-
ing advanced techniques like digital holography, super-resolution
microscopy, and artificial intelligence are crucial for progress in
sperm and genetics analysis. Innovative methods like digital
holography (DH) and Raman spectroscopy (RS), partially spa-
tially coherent digital holographic microscope (PSC-DHM), and
stochastic optical reconstruction microscopy (N-STORM) have
shown potential in providing more accurate and comprehensive
sperm evaluation. The adoption of these advanced techniques for
a more detailed analysis of bull sperm is vital for understanding
fertility and improving cryopreservation methods.

Article Information

Funding. This research received no external funds.

Conflict of Interest. The author declares no conflict of interest.
Publisher’s Note. The claims and data contained in this manuscript
are solely those of the author(s) and do not represent those of the
GMPC publisher and the
editors disclaim the responsibility for any injury to people or prop-

GMPC publisher, editors, or reviewers.

erty resulting from the contents of this article.

17

References

Abavisani, A., Arshami, J., Naserian, A.A., Sheikholeslami Kan-
delousi, M.A., Azizzadeh, M., 2013. Quality of bovine chilled or
frozen-thawed semen after addition of omega-3 fatty acids supple-
mentation to extender. International Journal of Fertility & Steril-
ity 7, 161-168. URL: https://www.ncbi.nlm.nih.gov/pubmed/
24520481.

Aires, V.A., Hinsch, K.D., Mueller-Schloesser,
Mueller-Schloesser, S., Hinsch, E., 2003.
vivo comparison of egg yolk-based and soybean lecithin-based ex-

K.
In-vitro and textitin-

F., Bogner,

s

tenders for cryopreservation of bovine semen. Theriogenology 60,
269-279. 10.1016/s0093-691x(02)01369-9.
Alfadel, F., Yimer, N., Hiew, M.W.H., 2023.

for sperm protamination-a valuable add-on to the bull breeding

Aniline blue test

soundness evaluation. Tropical Animal Health and Production 55,
76. 10.1007/s11250-023-03490-x.

Allen, M.J., Lee, J.D., Lee, C., Balhorn, R., 1996. Extent of sperm
chromatin hydration determined by atomic force microscopy.
Molecular Reproduction and Development 45, 87-92. 10.1002/
(SICI)1098-2795(199609)45:1<87::AID-MRD12>3.0.C0;2-U.

Amann, R., Pickett, B., 1987. Principles of cryopreservation and
a review of cryopreservation of stallion spermatozoa. Journal of
Equine Veterinary Science 7, 145-173. 10.1016/S0737-0806(87)
80025-4.

Amann, R.P., Katz, D.F., 2004. Reflections on CASA after 25 years.
Journal of Andrology 25, 317-325. 10.1002/j.1939-4640.2004.
tb02793.x.

Amirat, L., Tainturier, D., Jeanneau, L., Thorin, C., Gérard, O.,
Courtens, J.L., Anton, M., 2004. Bull semen in-vitro fertility
after cryopreservation using egg yolk LDL: A comparison with
optidyl, a commercial egg yolk extender. Theriogenology 61, 895
907. 10.1016/s0093-691x(03)00259-0.

D., Czubaszek, M., Wéjcik, E.,

Szostek, M., 2014. Comparison of different chromatin staining

Andraszek, K., Banaszewska,

techniques for bull sperm. Archives Animal Breeding 57, 1-15.
10.7482/0003-9438-57-013.

Anzar, M., He, L., Buhr, M.M., Kroetsch, T.G., Pauls, K.P., 2002.
Sperm apoptosis in fresh and cryopreserved bull semen detected
by flow cytometry and its relationship with fertility. Biology of
Reproduction 66, 354-360. 10.1095/biolreprod66.2.354.

Anzar, M., Rajapaksha, K., Boswall, L., 2019. Egg yolk-free cry-
opreservation of bull semen. Plos One 14, €0223977. 10.1371/

journal.pone.0223977.


https://www.ncbi.nlm.nih.gov/pubmed/24520481
https://www.ncbi.nlm.nih.gov/pubmed/24520481
http://dx.doi.org/10.1016/s0093-691x(02)01369-9
http://dx.doi.org/10.1007/s11250-023-03490-x
http://dx.doi.org/10.1002/(SICI)1098-2795(199609)45:1<87::AID-MRD12>3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1098-2795(199609)45:1<87::AID-MRD12>3.0.CO;2-U
http://dx.doi.org/10.1016/S0737-0806(87)80025-4
http://dx.doi.org/10.1016/S0737-0806(87)80025-4
http://dx.doi.org/10.1002/j.1939-4640.2004.tb02793.x
http://dx.doi.org/10.1002/j.1939-4640.2004.tb02793.x
http://dx.doi.org/10.1016/s0093-691x(03)00259-0
http://dx.doi.org/10.7482/0003-9438-57-013
http://dx.doi.org/10.1095/biolreprod66.2.354
http://dx.doi.org/10.1371/journal.pone.0223977
http://dx.doi.org/10.1371/journal.pone.0223977

Ashrafi, I., Kohram, H., Tayefi-Nasrabadi, H., 2013. Antioxidant ef-
fects of bovine serum albumin on kinetics, microscopic and oxida-
tive characters of cryopreserved bull spermatozoa. Spanish Jour-
nal of Agricultural Research 11, 695. 10.5424/sjar/2013113-3870.

Avdatek, F., Yeni, D., inang, M.E., Cil, B., Tuncer, B., Tiirkmen,
R., Tagdemir, U., 2018.
vanced DNA integrity in bull semen cryopreservation. Andrologia

50, €12975. 10.1111/and.12975.

Awad, M.M., 2011.
CASA motility results in cryopreserved bull spermatozoa. Ani-

Supplementation of quercetin for ad-

Effect of some permeating cryoprotectants on

mal Reproduction Science 123, 157-162. 10.1016/j.anireprosci.
2011.01.003.

Bailey, J., Morrier, A., Cormier, N., 2003. Semen cryopreservation:
Successes and persistent problems in farm species. Canadian Jour-
nal of Animal Science 83, 393—401.

Bailey, J.L., Bilodeau, J.F., Cormier, N., 2000. Semen cryopreser-
vation in domestic animals: A damaging and capacitating phe-
nomenon. Journal of Andrology 21, 1-7. URL: https://www.

ncbi.nlm.nih.gov/pubmed/10670514.

Ballester, J., Johannisson, A., Saravia, F., Haard, M., Gustafsson,
H., Bajramovic, D., Rodriguez-Martinez, H., 2007. Post-thaw vi-
ability of bull Al-doses with low-sperm numbers. Theriogenology
68, 934-943. 10.1016/j.theriogenology.2007.07.008.

Bansal, A.K., Bilaspuri, G.S., 2010. Impacts of oxidative stress and
antioxidants on semen functions.
tional 2010. 10.4061/2011/686137.

Bergeron, A., Créte, M.H., Brindle, Y., Manjunath, P., 2004. Low-
density lipoprotein fraction from hen’s egg yolk decreases the

Veterinary Medicine Interna-

binding of the major proteins of bovine seminal plasma to sperm
and prevents lipid efflux from the sperm membrane. Biology of
Reproduction 70, 708-717. 10.1095/biolreprod.103.022996.

Bergeron, A., Manjunath, P., 2006. New insights towards under-
standing the mechanisms of sperm protection by egg yolk and
milk. Molecular Reproduction and Development 73, 1338-1344.
10.1002/mrd. 20565.

Bernecic, N.C., Gadella, B.M., Leahy, T., de Graaf, S.P., 2019. Novel
methods to detect capacitation-related changes in spermatozoa.
Theriogenology 137, 56-66. 10.1016/j.theriogenology.2019.05.
038.

Birck, A., Christensen, P., Labouriau, R., Pedersen, J., Borchersen,
S., 2010. In-vitro induction of the acrosome reaction in bull sperm
and the relationship to field fertility using low-dose inseminations.
Theriogenology 73, 1180-1191. 10.1016/j.theriogenology.2009.
10.010.

Blanco-Prieto, O., Mislei, B., Martinez-Pastor, F., Spinaci, M., Mari,
G., Bucci, D., 2023. Mitochondrial function in thawed bull sper-
matozoa using selective electron transfer chain inhibitors. Theri-
ogenology , 8-1410.1016/j.theriogenology.2023.05.021.

Boonkong, S., Hongladdaporn, C., Matra, A., Siriburee, A., Kulla-
wong, S., Khuttaka, S., Noimay, P., 2019. Effects of aloe vera ex-
tract in semen extender on frozen semen quality of bovine. Khon
Kaen Agriculture Journal 47, 549-554.

Botta, D., de Arruda, R.P., Watanabe, Y.F., de Carvalho Balieiro,
J.C., Romanello, N., do Nascimento Barreto, A., de Andrade Pan-
toja, M.H., Giro, A., de Carvalho, C.P.T., de Sousa Oliveira, A.,
Garcia, A.R., 2019.
ment on bovine sperm characteristics and in-vitro fertility. An-
drologia 51, e13266. 10.1111/and.13266.

Brouwers, J.F.H.M., Gadella, B.M., 2003. In situ detection and lo-
calization of lipid peroxidation in individual bovine sperm cells.
Free Radical Biology & Medicine 35, 1382-1391. 10.1016/j.
freeradbiomed.2003.08.010.

Bucak, M.N., Bagpinar, N., Tuncer, P.B., Coyan, K., Sariézkan,
S., Akalin, P.P.; Biiyiikleblebici, S., Kii¢iikgiinay, S., 2012. Ef-
fects of curcumin and dithioerythritol on frozen-thawed bovine
semen. Andrologia 44 Suppl 1, 102-109. 10.1111/j.1439-0272.
2010.01146.x.

K., Malama, E., Siuda, M., Janett, F., Bollwein, H.,
2019. Multicolor flow cytometric analysis of cryopreserved bovine

Influence of post-thawing thermal environ-

Bucher, ,

sperm: A tool for the evaluation of bull fertility. Journal of Dairy
Science 102, 11652-11669. 10.3168/jds.2019-16572.

18

Butola, A., Popova, D., Prasad, D.K., Ahmad, A., Habib, A.,
Tinguely, J.C., Basnet, P., Acharya, G., Senthilkumaran, P.,
Mehta, D.S., Ahluwalia, B.S., 2020. High spatially sensitive quan-
titative phase imaging assisted with deep neural network for clas-
sification of human spermatozoa under stressed condition. Scien-
tific Reports 10, 13118. 10.1038/s41598-020-69857-4.

Carvalho, J.O., Silva, L.P., Sartori, R., Dode, M.A.N., 2013.
Nanoscale differences in the shape and size of X and Y
chromosome-bearing bovine sperm heads assessed by atomic force
microscopy. Plos One 8, ¢59387. 10.1371/journal.pone.0059387.

Celeghini, E.C.C., de Arruda, R.P., de Andrade, A.F.C., Nasci-
mento, J., Raphael, C.F., 2007. Practical techniques for bovine
sperm simultaneous fluorimetric assessment of plasma, acrosomal
and mitochondrial membranes. Reproduction in Domestic Ani-
mals 42, 479-488. 10.1111/3.1439-0531.2006.00810.x.

ChaithraShree, A., Ingole, S.D., Dighe, V.D., Nagvekar, A.S.,
Bharucha, S.V., Dagli, N.R., Kekan, P.M., Kharde, S.D., 2020.
Effect of melatonin on bovine sperm characteristics and ultra-
structure changes following cryopreservation. Veterinary Medicine
and Science 6, 177-186. 10.1002/vms3.224.

Chen, Y., Foote, R., Brockett, C., 1993. Effect of sucrose, trehalose,
hypotaurine, taurine, and blood serum on survival of frozen bull
sperm. Cryobiology 30, 423-431. 10.1006/cryo.1993.1042.

Chavesz, J.C., Darszon, A., Trevino, C.L., Nishigaki, T., 2019. Quan-
titative intracellular pH determinations in single live mammalian
spermatozoa using the ratiometric dye SNARF-5F. Frontiers

in Cell and Developmental Biology 7, 366. 10.3389/fcell.2019.

00366.

Cragle, R., Myers, R., Waugh, R., Hunter, J., Anderson, R., 1955.
The effects of various levels of sodium citrate, glycerol, and equi-
libration time on survival of bovine spermatozoa after storage
at -79°c. Journal of Dairy Science 38, 508-514. 10.3168/jds.
50022-0302(55)95005-0.

Cross, N., Watson, S., 1994. Assessing acrosomal status of bovine
sperm using fluoresceinated lectins. Theriogenology 42, 89-98.

10.1016/0093-691x(94)90665-6.

Dai, C., Zhang, Z., Shan, G., Chu, L.T., Huang, Z., Moskovtsev, S.,
Librach, C., Jarvi, K., Sun, Y., 2021. Advances in sperm anal-
ysis: Techniques, discoveries and applications. Nature Reviews.
Urology 18, 447-467. 10.1038/s41585-021-00472-2.

Dardikman-Yoffe, G., Mirsky, S.K., Barnea, I., Shaked, N.T., 2020.
High-resolution 4-D acquisition of freely swimming human sperm
cells without staining. Science Advances 6, eaay7619. 10.1126/

sciadv.aay7619.

Darin-Bennett, A., White, 1.G., 1977.
content of mammalian spermatozoa on susceptibility to cold-
shock. Cryobiology 14, 466-470. 10.1016/0011-2240(77)90008-6.

Influence of the cholesterol

De Angelis, A., Manago, S., Ferrara, M.A., Napolitano, M., Cop-
pola, G., De Luca, A.C., 2017. Combined Raman spectroscopy
and digital holographic microscopy for sperm cell quality analysis.
Journal of Spectroscopy 2017, 1-14. 10.1155/2017/9876063.

De Leeuw, F.E., De Leeuw, A.M., Den Daas, J.H., Colenbran-
der, B., Verkleij, A.J., 1993.
agents and membrane-stabilizing compounds on bull sperm mem-

Effects of various cryoprotective

brane integrity after cooling and freezing. Cryobiology 30, 32—44.
10.1006/cryo.1993.1005.

DeJarnette, J.M., Harstine, B.R., McDonald, K., Marshall, C.E.,
2022.
ing bull sperm. Animal Reproduction Science 246,
10.1016/j.anireprosci.2021.106838.

Commercial application of flow cytometry for evaluat-
106838.

Dementieva, N.V., Dysin, A.P., Shcherbakov, Y.S., Nikitkina, E.V.,
Musidray, A.A., Petrova, A.V., Mitrofanova, O.V., Plemyashov,
K.V., Azovtseva, A.I., Griffin, D.K., Romanov, M.N., 2024. Risk
of sperm disorders and impaired fertility in frozen—thawed bull

Animals 14, 251.

semen: A genome-wide association study.

10.3390/ani14020251.

Di Caprio, G., Gioffre, M.A., Saffioti, N., Grilli, S., Ferraro, P.,
Puglisi, R., Balduzzi, D., Galli, A., Coppola, G., 2010. Quanti-
tative label-free animal sperm imaging by means of digital holo-
graphic microscopy. IEEE Journal of Selected Topics in Quantum
Electronics 16, 833-840. 10.1109/JSTQE.2009.2036741.


http://dx.doi.org/10.5424/sjar/2013113-3870
http://dx.doi.org/10.1111/and.12975
http://dx.doi.org/10.1016/j.anireprosci.2011.01.003
http://dx.doi.org/10.1016/j.anireprosci.2011.01.003
https://www.ncbi.nlm.nih.gov/pubmed/10670514
https://www.ncbi.nlm.nih.gov/pubmed/10670514
http://dx.doi.org/10.1016/j.theriogenology.2007.07.008
http://dx.doi.org/10.4061/2011/686137
http://dx.doi.org/10.1095/biolreprod.103.022996
http://dx.doi.org/10.1002/mrd.20565
http://dx.doi.org/10.1016/j.theriogenology.2019.05.038
http://dx.doi.org/10.1016/j.theriogenology.2019.05.038
http://dx.doi.org/10.1016/j.theriogenology.2009.10.010
http://dx.doi.org/10.1016/j.theriogenology.2009.10.010
http://dx.doi.org/10.1016/j.theriogenology.2023.05.021
http://dx.doi.org/10.1111/and.13266
http://dx.doi.org/10.1016/j.freeradbiomed.2003.08.010
http://dx.doi.org/10.1016/j.freeradbiomed.2003.08.010
http://dx.doi.org/10.1111/j.1439-0272.2010.01146.x
http://dx.doi.org/10.1111/j.1439-0272.2010.01146.x
http://dx.doi.org/10.3168/jds.2019-16572
http://dx.doi.org/10.1038/s41598-020-69857-4
http://dx.doi.org/10.1371/journal.pone.0059387
http://dx.doi.org/10.1111/j.1439-0531.2006.00810.x
http://dx.doi.org/10.1002/vms3.224
http://dx.doi.org/10.1006/cryo.1993.1042
http://dx.doi.org/10.3389/fcell.2019.00366
http://dx.doi.org/10.3389/fcell.2019.00366
http://dx.doi.org/10.3168/jds.S0022-0302(55)95005-0
http://dx.doi.org/10.3168/jds.S0022-0302(55)95005-0
http://dx.doi.org/10.1016/0093-691x(94)90665-6
http://dx.doi.org/10.1038/s41585-021-00472-2
http://dx.doi.org/10.1126/sciadv.aay7619
http://dx.doi.org/10.1126/sciadv.aay7619
http://dx.doi.org/10.1016/0011-2240(77)90008-6
http://dx.doi.org/10.1155/2017/9876063
http://dx.doi.org/10.1006/cryo.1993.1005
http://dx.doi.org/10.1016/j.anireprosci.2021.106838
http://dx.doi.org/10.3390/ani14020251
http://dx.doi.org/10.1109/JSTQE.2009.2036741

Diniz, J.V.A., Satrapa, R.A., Segabinazzi, L.G.T.M., Carneiro,
J.A.M., Oba, E., Papa, F.O., Del’Aqua, C.d.P.F., Loureiro,
B., Junior, J.A.D., 2020. Sodium caseinate improves longevity
and fertility of frozen bull semen. Theriogenology 154, 59—65.
10.1016/j.theriogenology.2020.05.028.

Dogan, S., Mason, M.C., Govindaraju, A., Belser, L., Kaya, A.,
Stokes, J., Rowe, D., Memili, E., 2013. Interrelationships between
apoptosis and fertility in bull sperm. Journal of Reproduction and
Development 59, 18-26. 10.1262/jrd.2012-068.

Dragileva, E., Rubinstein, S., Breitbart, H., 1999. Intracellular ca2+-
mg2+-ATPase regulates calcium influx and acrosomal exocytosis
in bull and ram spermatozoa. Biology of reproduction 61, 1226—
1234. 10.1095/biolreprod61.5.1226.

Duran, P., Hufana-Duran, D., 2017. Fourier harmonic analysis as
tool in predicting bull fertility for improved buffalo breeding,
Agriculture and Forestry University, Rampur, Chitwan, Nepal.
pp. 118-126.

Eidan, S.M., 2016. Effect on post-cryopreserved semen character-
istics of Holstein bulls of adding combinations of vitamin ¢ and
either catalase or reduced glutathione to tris extender. Animal Re-
production Science 167, 1-7. 10.1016/j.anireprosci.2016.01.014.

Eidan, S.M., Abdulkareem, T.A., Sultan, O., 2015.
adding manganese to tris extender on some postcryopreservation

Influence of

semen attributes of Holstein bulls. International Journal of Ap-
plied Agricultural Sciences 1, 26-30. 10.11648/j.ijaas.20150102.
12.

El-Harairy, M., Eid, L.N., Zeidan, A., Abd El-Salaam, A., El-Kishk,
M., 2011. Quality and fertility of the frozen-thawed bull semen as
affected by the different cryoprotectants and glutathione levels.
Journal of American Science 7, 791-801.

Evans, H.C., Dinh, T.T.N., Hardcastle, M.L., Gilmore, A.A., Ugur,
M.R., Hitit, M., Jousan, F.D.; Nicodemus, M.C., Memili, E.,
2021. Advancing semen evaluation using lipidomics.
in Veterinary Science 8, 601794. 10.3389/fvets.2021.601794.

Ferrara, M.A., Di Caprio, G., Managd, S., De Angelis, A., Sirleto,
L., Coppola, G., De Luca, A.C.; 2015. Label-free imaging and
biochemical characterization of bovine sperm cells. Biosensors 5,
141-157. 10.3390/bios5020141.

Flaherty, S.P., Winfrey, V.P., Olson, G.E., 1986.
actin in mammalian spermatozoa: A comparison of eight species.
The Anatomical Record 216, 504-515. 10.1002/ar.1092160407.

Forero-Gonzalez, R.A., Celeghini, E.C.C., Raphael, C., Andrade, A.,
Bressan, F.F., Arruda, R.P.d., 2012. Effects of bovine sperm cry-
opreservation using different freezing techniques and cryoprotec-

Frontiers

Localization of

tive agents on plasma, acrosomal and mitochondrial membranes.
Andrologia 44, 154-159. 10.1111/3j.1439-0272.2010.01154 .x.

Franchi, A., Moreno-Irusta, A., Dominguez, E.M., Adre, A.J., Gio-
jalas, L.C., 2020. Extracellular vesicles from oviductal isthmus
and ampulla stimulate the induced acrosome reaction and signal-
ing events associated with capacitation in bovine spermatozoa.
Journal of Cellular Biochemistry 121, 2877-2888. 10.1002/jcb.
29522.

Gao, D., Critser, J.K., 2000. Mechanisms of cryoinjury in living
cells. National Research Council, Institute of Laboratory Animal
Resources Journal / 41, 187-196. 10.1093/ilar.41.4.187.

Garcia-Herreros, M., Leal, C.L.V., 2014. Sperm morphometry: A
tool for detecting biophysical changes associated with viability
in cryopreserved bovine spermatozoa. Andrologia 46, 820-822.

10.1111/and.12141.

Garner, D.L., Johnson, L.A., Yue, S.T., Roth, B.L., Haugland, R.P.,
1994. Dual DNA staining assessment of bovine sperm viability
using SYBR-14 and propidium iodide. Journal of Andrology 15,
620-629. 10.1002/j.1939-4640.1994.tb00510.x.

Garner, D.L., Pinkel, D., Johnson, L.A., Pace, M.M., 1986. Assess-
ment of spermatozoal function using dual fluorescent staining and
flow cytometric analyses. Biology of Reproduction 34, 127-138.
10.1095/biolreprod34.1.127.

Garner, D.L., Thomas, C.A., 1999.
1 identifies membrane potential differences in the mitochon-

Organelle-specific probe JC-

drial function of bovine sperm. Molecular Reproduction and
Development 53, 222-229. 10.1002/(sici)1098-2795(199906)53:
2\%3C222: :aid-mrd11\%3E3.0.co;2-1.

19

Garner, D.L., Thomas, C.A., Joerg, HW., DeJarnette, J.M., Mar-
shall, C.E., 1997. Fluorometric assessments of mitochondrial func-
tion and viability in cryopreserved bovine spermatozoa. Biology
of Reproduction 57, 1401-1406. 10.1095/biolreprod57.6.1401.

Gomes, F.P., Park, R., Viana, A.G., Fernandez-Costa, C., Top-
per, E., Kaya, A., Memili, E., Yates, J.R., Moura, A.A., 2020.
Protein signatures of seminal plasma from bulls with contrast-
ing frozen-thawed sperm viability. Scientific Reports 10, 14661.
10.1038/s41598-020-71015-9.

Graham, J.K., Foote, R.H., 1987. Effect of several lipids, fatty acyl
chain length, and degree of unsaturation on the motility of bull
spermatozoa after cold shock and freezing. Cryobiology 24, 42-52.
10.1016/0011-2240(87)90005-8.

Grundler, W., Dirscherl, P., Beisker, W., Weber, F., Stolla, R., Boll-
wein, H., 2004. Quantification of temporary and permanent sub-
populations of bull sperm by an optimized SYBR-14/propidium
iodide assay. Cytometry 60, 63-72. 10.1002/cyto.a.20015.

Giirler, H., Malama, E., Heppelmann, M., Calisici, O., Leiding,
C., Kastelic, J.P., Bollwein, H., 2016.
vation on sperm viability, synthesis of reactive oxygen species,

Effects of cryopreser-

and DNA damage of bovine sperm. Theriogenology 86, 562-571.
10.1016/j.theriogenology.2016.02.007.

Hallap, T., Nagy, S.,
Martinez, H., 2006.
bination merocyanine 540/Yo-Pro 1/Hoechst 33342 in assessing

Jaakma, , Johannisson, A., Rodriguez-

Usefulness of a triple fluorochrome com-

membrane stability of viable frozen-thawed spermatozoa from Es-
tonian Holstein AI bulls. Theriogenology 65, 1122-1136. 10.1016/
j.theriogenology.2005.07.009.

Hammerstedt, R.H., Graham, J.K., Nolan, J.P., 1990. Cryopreserva-
tion of mammalian sperm: what we ask them to survive. Journal
of Andrology 11, 73-88. URL: https://www.ncbi.nlm.nih.gov/
pubmed/2179184.

Hammerstedt, R.H., Keith, A.D., Snipes, W., Amann, R.P., Arruda,
D., Griel, L.C., 1978. Use of spin labels to evaluate effects of
cold shock and osmolality on sperm. Biology of Reproduction 18,
686-696. 10.1095/biolreprodi8.4.686.

Hezavehei, M., Sharafi, M., Kouchesfahani, H.M., Henkel, R., Agar-
wal, A., Esmaeili, V., Shahverdi, A., 2018.
vation:

Sperm cryopreser-
A review on current molecular cryobiology and ad-
vanced approaches. Reproductive Biomedicine Online 37, 327—
339. 10.1016/j.rbmo.2018.05.012.

Holt, W.V., 2000. Basic aspects of frozen storage of semen. Animal
Reproduction Science 62, 3-22. 10.1016/s0378-4320(00)00152-4.

Hossain, M.S., Johannisson, A., Wallgren, M., Nagy, S., Siqueira,
A.P., Rodriguez-Martinez, H., 2011. Flow cytometry for the as-
sessment of animal sperm integrity and functionality: State of the
art. Asian Journal of Andrology 13, 406-419. 10.1038/aja.2011.
15.

Hu, J., Tian, W., Zhao, X., Zan, L., Xin, Y., Li, Q., 2011a. The
cryoprotective effects of vitamin B12 supplementation on bovine
semen quality. Reproduction in Domestic Animals 46, 66-73.
10.1111/3.1439-0531.2009.01575.%.

Hu, J.H., Zan, L.S., Zhao, X.L., Li, Q.W., Jiang, Z.L., Li, Y.K,,
Li, X., 2010. Effects of trehalose supplementation on semen qual-
ity and oxidative stress variables in frozen-thawed bovine semen.
Journal of Animal Science 88, 1657-1662. 10.2527/jas.2009-2335.

Hu, J.H., Zhao, X.L., Tian, W.Q., Zan, L.S., Li, Q. W., 2011b. Ef-
fects of vitamin e supplementation in the extender on frozen-
thawed bovine semen preservation. Animal 5, 107-112. 10.1017/
S1751731110001679.

inang, M.E., Qil, B., Yeni, D., Avdatek, F., Orakgi, D., Tuncer,
P.B., Tirkmen, R., Tagdemir, U., 2019. The effect of green tea
extract supplementation in bull semen cryopreservation. Kafkas
Universitesi Veteriner Fakiiltesi Dergisi 10.9775/kvfd.2019.21702.

Jahanbin, P., Amin Afshar, M., Moham-
madi Sangcheshmeh, A., Varnaseri, H., Chamani, M., Nazaran,
M.H., Bakhtiyarizadeh, M.R., 2015. Effect of zinc nano-complex
on bull semen quality after freeze-thawing process. Animal Pro-
duction , 371-380URL: https://jap.ut.ac.ir/article_-54040.html?
lang=en.

Jahanbin, R., Yazdanshenas, P., Rahimi, M., Hajarizadeh,
A., Tvrda, E., Nazari, S.A., Mohammadi-Sangcheshmeh, A.,
Ghanem, N., 2021. textitIn-vivo and in-vitro evaluation of bull

R., Yazdanshenas,


http://dx.doi.org/10.1016/j.theriogenology.2020.05.028
http://dx.doi.org/10.1262/jrd.2012-068
http://dx.doi.org/10.1095/biolreprod61.5.1226
http://dx.doi.org/10.1016/j.anireprosci.2016.01.014
http://dx.doi.org/10.11648/j.ijaas.20150102.12
http://dx.doi.org/10.11648/j.ijaas.20150102.12
http://dx.doi.org/10.3389/fvets.2021.601794
http://dx.doi.org/10.3390/bios5020141
http://dx.doi.org/10.1002/ar.1092160407
http://dx.doi.org/10.1111/j.1439-0272.2010.01154.x
http://dx.doi.org/10.1002/jcb.29522
http://dx.doi.org/10.1002/jcb.29522
http://dx.doi.org/10.1093/ilar.41.4.187
http://dx.doi.org/10.1111/and.12141
http://dx.doi.org/10.1002/j.1939-4640.1994.tb00510.x
http://dx.doi.org/10.1095/biolreprod34.1.127
http://dx.doi.org/10.1002/(sici)1098-2795(199906)53:2%3C222::aid-mrd11%3E3.0.co;2-l
http://dx.doi.org/10.1002/(sici)1098-2795(199906)53:2%3C222::aid-mrd11%3E3.0.co;2-l
http://dx.doi.org/10.1095/biolreprod57.6.1401
http://dx.doi.org/10.1038/s41598-020-71015-9
http://dx.doi.org/10.1016/0011-2240(87)90005-8
http://dx.doi.org/10.1002/cyto.a.20015
http://dx.doi.org/10.1016/j.theriogenology.2016.02.007
http://dx.doi.org/10.1016/j.theriogenology.2005.07.009
http://dx.doi.org/10.1016/j.theriogenology.2005.07.009
https://www.ncbi.nlm.nih.gov/pubmed/2179184
https://www.ncbi.nlm.nih.gov/pubmed/2179184
http://dx.doi.org/10.1095/biolreprod18.4.686
http://dx.doi.org/10.1016/j.rbmo.2018.05.012
http://dx.doi.org/10.1016/s0378-4320(00)00152-4
http://dx.doi.org/10.1038/aja.2011.15
http://dx.doi.org/10.1038/aja.2011.15
http://dx.doi.org/10.1111/j.1439-0531.2009.01575.x
http://dx.doi.org/10.2527/jas.2009-2335
http://dx.doi.org/10.1017/S1751731110001679
http://dx.doi.org/10.1017/S1751731110001679
http://dx.doi.org/10.9775/kvfd.2019.21702
https://jap.ut.ac.ir/article_54040.html?lang=en
https://jap.ut.ac.ir/article_54040.html?lang=en

semen processed with zinc (Zn) nanoparticles. Biological Trace
Element Research 199, 126-135. 10.1007/s12011-020-02153-4.

Jain, Y.C., Anand, S.R., 1976. Fatty acids and fatty aldehydes of
buffalo seminal plasma and sperm lipid. Journal of Reproduction
and Fertility 47, 261-267. 10.1530/jrf.0.0470261.

Jankovicova, J., Simon, M., Antalikova, J., Horovskd, , 2008. Acro-
somal and viability status of bovine spermatozoa evaluated by
two staining methods. Acta Veterinaria Hungarica 56, 133—-138.
10.1556/AVet.56.2008.1.14.

Januskauskas, A., Lukoseviciute, K., Nagy, S., Johannisson, A.,
Rodriguez-Martinez, H., 2005.
Sephadex G-15 filtration of bovine spermatozoa for cryopreser-

Assessment of the efficacy of

vation. Theriogenology 63, 160-178. 10.1016/j.theriogenology.
2004.04.002.

Jones, S., Lukanowska, M., Suhorutsenko, J., Oxenham, S., Barratt,
C., Publicover, S., Copolovici, D.M., Langel, , Howl, J., 2013.
Intracellular translocation and differential accumulation of cell-
penetrating peptides in bovine spermatozoa: evaluation of effi-
cient delivery vectors that do not compromise human sperm motil-
ity. Human Reproduction 28, 1874-1889. 10.1093/humrep/det064.

Khalil, W.A., El-Harairy, M.A., Zeidan, A.E.B., Hassan, M.A.E.,
2019.
bull sperm quality after cryopreservation. Theriogenology 126,
121-127. 10.1016/j.theriogenology.2018.12.017.

Khan, I.M., Cao, Z., Liu, H., Khan, A., Rahman, S.U., Khan, M.Z.,
Sathanawongs, A., Zhang, Y., 2021. Impact of cryopreservation

Impact of selenium nano-particles in semen extender on

on spermatozoa freeze-thawed traits and relevance OMICS to as-
sess sperm cryo-tolerance in farm animals. Frontiers in Veterinary
Science 8, 609180. 10.3389/fvets.2021.609180.

Komarek, R., Pickett, B., Lanz, R., Jensen, R., 1964. Lipid com-
position of bovine spermatozoa and seminal plasma. Journal of
Dairy Science 47, 531-534. 10.3168/jds.S0022-0302(64)88704-X.

Komsky-Elbaz, A., Roth, Z., 2018. Fluorimetric techniques for the
assessment of sperm membranes.
ments , €5862210.3791/58622.

N., Pande, M., Prasad, J., Sirohi, A.,

2017. Protocols in Semen Biology (Comparing Assays). 1% ed.,

Springer. 10.1007/978-981-10-5200-2.

Lamb, G., Mercadante, V., Henry, D., Fontes, P., Dahlen, C.,
Larson, J., DiLorenzo, N., 2016.
of current and future reproductive technologies for beef cat-
tle production. The Professional Animal Scientist 32, 162-171.
10.15232/pas.2015-01455.

Lamy, J., Corbin, E., Blache, M.C., Garanina, A.S., Uzbekov, R.,
Mermillod, P., Saint-Dizier, M., 2017. Steroid hormones regu-
late sperm-oviduct interactions in the bovine. Reproduction 154,
497-508. 10.1530/REP-17-0328.

Layek, S.S., Mohanty, T.K., Kumaresan, A., Parks, J.E., 2016. Cry-
opreservation of bull semen: Evolution from egg yolk based to

Journal of Visualized Experi-

Kumar, P., Srivastava,

Invited review: Advantages

soybean based extenders. Animal Reproduction Science 172, 1-9.
10.1016/j.anireprosci.2016.04.013.

van Wagtendonk-de Leeuw, A.M., Haring, R.M., Kaal-Lansbergen,
L.M., den Daas, J.H., 2000. Fertility results using bovine semen
cryopreserved with extenders based on egg yolk and soybean ex-
tract. Theriogenology 54, 57-67. 10.1016/S0093-691X(00) 00324-1.

Lone, S., Prasad, J., Ghosh, S., Das, G., Kumar, N., B, B., Kati-
yar, R., Verma, M., 2016. Effect of cholesterol loaded cyclodex-
trin (CLC) on lipid peroxidation and reactive oxygen species
levels during cryopreservation of buffalo (Bubalus bubalis) sper-
matozoa. Asian Pacific Journal of Reproduction 5, 476-480.
10.1016/j.apjr.2016.10.003.

Lovelock, J.E., Polge, C., 1954. The immobilization of spermatozoa
by freezing and thawing and the protective action of glycerol. The
Biochemical Journal 58, 618-622. 10.1042/bj0580618.

Ma, Y.h., Liu, R.z., Xu, Z.g., Zhang, H.g., Li, Z., 2006. Re-
lationship between sperm motility parameters and sperm mor-
phology. National Journal of Andrology 12, 590-593. URL:
https://www.ncbi.nlm.nih.gov/pubmed/16894932.

Mack, S.R., Everingham, J., Zaneveld, L.J., 1986. Isolation and par-
tial characterization of the plasma membrane from human sper-
matozoa. The Journal of Experimental Zoology 240, 127-136.
10.1002/jez.1402400116.

20

Manjunath, P., Chandonnet, L., Leblond, E., Desnoyers, L., 1994.
Major proteins of bovine seminal vesicles bind to spermatozoa.
Biology of Reproduction 50, 27-37. URL: https://pubmed.ncbi.
nlm.nih.gov/8312447/.

Martinez-Pastor, F., Mata-Campuzano, M., Alvarez-Rodriguez, M.,
Alvarez, M., Anel, L., de Paz, P., 2010. Probes and techniques for
sperm evaluation by flow cytometry. Reproduction in Domestic
Animals 45 Suppl 2, 67-78. 10.1111/3.1439-0531.2010.01622.x.

Maulana, T., Kaiin, E.M., 2023. Mitochondiral membrane potential
of Bali bulls frozen-thawed semen assessed by mitostatus TMRE,
American Institute of Physics Publishing. 10.1063/5.0182788.

Medeiros, C.M.O., Forell, F., Oliveira, A.T.D., Rodrigues, J.L.,
2002.
better?
00674-4.

Menchaca, A., 2023. Assisted reproductive technologies (ART) and
genome editing to support a sustainable livestock. Animal Repro-
duction 20, €20230074. 10.1590/1984-3143-AR2023-0074.

Moore, A., Squires, E., Bruemmer, J., Graham, J., 2006. Effect
of cooling rate and cryoprotectant on the cryosurvival of equine

Current status of sperm cryopreservation: Why isn’t it
Theriogenology 57, 327-344. 10.1016/s0093-691x(01)

spermatozoa. Journal of Equine Veterinary Science 26, 215-218.
10.1016/3 . jevs.2006.03.003.

Moore, S.G., Hasler, J.F., 2017. A 100-year review: Reproductive
technologies in dairy science. Journal of Dairy Science 100, 10314—
10331. 10.3168/jds.2017-13138.

Moreno, R.D., Ramalho-Santos, J., Sutovsky, P., Chan, E.K., Schat-
ten, G., 2000. Vesicular traffic and Golgi apparatus dynam-
ics during mammalian spermatogenesis:
some architecture. Biology of Reproduction 63, 89-98. 10.1095/
biolreprod63.1.89.

Implications for acro-

Morrell, J., Rodriguez-Martinez, H., 2011. Practical applications of
sperm selection techniques as a tool for improving reproductive
efficiency. Veterinary Medicine International 2011. 10.4061/2011/
894767.

Mostek, A., Dietrich, M.A., Stowiniska, M., Ciereszko, A., 2017.
Cryopreservation of bull semen is associated with carbonyla-

tion of sperm proteins. Theriogenology 92, 95-102. 10.1016/j.
theriogenology.2017.01.011.
Mousavi, S.M., Towhidi, A., Zhandi, M., Amoabediny, G.,

Mohammadi-Sangcheshmeh, A., Sharafi, M., Hussaini, S.M.H.,
2019. Comparison of two different antioxidants in a nano lecithin-
based extender for bull sperm cryopreservation. Animal Repro-
duction Science 209, 106171. 10.1016/j.anireprosci.2019.106171.

Moya, C., Rivera-Concha, R., Pezo, F., Uribe, P., Schulz, M.,
Sénchez, R., Hermosilla, C., Taubert, A., Gartner, U., Zam-
brano, F., 2022. Adverse effects of single neutrophil extracellular
trap-derived components on bovine sperm function. Animals 12.
10.3390/ani12101308.

Muino, R., Fernandez, M., Pena, A.l., 2007.
and longevity of bull spermatozoa frozen with an egg yolk-
based or two egg yolk-free extenders after an equilibration pe-
riod of 18 h. Reproduction in Domestic Animals 42, 305-311.
10.1111/3.1439-0531.2006.00784.x.

Murphy, C., Fahey, A.G., Shafat, A., Fair, S., 2013. Reducing sperm
concentration is critical to limiting the oxidative stress challenge

Journal of Dairy Science 96, 4447-4454.

Post-thaw survival

in liquid bull semen.
10.3168/jds.2012-6484.
Nagata, M.B., Egashira, J., Katafuchi, N., Endo, K., Ogata, K.,
Yamanaka, K., Yamanouchi, T., Matsuda, H., Hashiyada, Y., Ya-
mashita, K., 2019.
cryopreservation for improvement of post-thawed semen quality

Bovine sperm selection procedure prior to

and fertility. Journal of Animal Science and Biotechnology 10,
91. 10.1186/s40104-019-0395-9.

Nascimento, J.M., 2008. Analysis of sperm motility and physiology
using optical tweezers. Phd. thesis. University of California, San
Diego.

Nebel, R.L., Bame, J.H., Saacke, R.G., Lim, F., 1985. Microencap-
sulation of bovine spermatozoa. Journal of Animal Science 60,
1631-1639. 10.2527/jas1985.6061631x.

Nebel, R.L., Vishwanath, R., McMillan, W.H., Saacke, R.G., 1993.
Microencapsulation of bovine spermatozoa for use in artificial in-
semination: A review. Reproduction, Fertility, and Development
5, 701-712. 10.1071/rd9930701.


http://dx.doi.org/10.1007/s12011-020-02153-4
http://dx.doi.org/10.1530/jrf.0.0470261
http://dx.doi.org/10.1556/AVet.56.2008.1.14
http://dx.doi.org/10.1016/j.theriogenology.2004.04.002
http://dx.doi.org/10.1016/j.theriogenology.2004.04.002
http://dx.doi.org/10.1093/humrep/det064
http://dx.doi.org/10.1016/j.theriogenology.2018.12.017
http://dx.doi.org/10.3389/fvets.2021.609180
http://dx.doi.org/10.3168/jds.S0022-0302(64)88704-X
http://dx.doi.org/10.3791/58622
http://dx.doi.org/10.1007/978-981-10-5200-2
http://dx.doi.org/10.15232/pas.2015-01455
http://dx.doi.org/10.1530/REP-17-0328
http://dx.doi.org/10.1016/j.anireprosci.2016.04.013
http://dx.doi.org/10.1016/S0093-691X(00)00324-1
http://dx.doi.org/10.1016/j.apjr.2016.10.003
http://dx.doi.org/10.1042/bj0580618
https://www.ncbi.nlm.nih.gov/pubmed/16894932
http://dx.doi.org/10.1002/jez.1402400116
https://pubmed.ncbi.nlm.nih.gov/8312447/
https://pubmed.ncbi.nlm.nih.gov/8312447/
http://dx.doi.org/10.1111/j.1439-0531.2010.01622.x
http://dx.doi.org/10.1063/5.0182788
http://dx.doi.org/10.1016/s0093-691x(01)00674-4
http://dx.doi.org/10.1016/s0093-691x(01)00674-4
http://dx.doi.org/10.1590/1984-3143-AR2023-0074
http://dx.doi.org/10.1016/j.jevs.2006.03.003
http://dx.doi.org/10.3168/jds.2017-13138
http://dx.doi.org/10.1095/biolreprod63.1.89
http://dx.doi.org/10.1095/biolreprod63.1.89
http://dx.doi.org/10.4061/2011/894767
http://dx.doi.org/10.4061/2011/894767
http://dx.doi.org/10.1016/j.theriogenology.2017.01.011
http://dx.doi.org/10.1016/j.theriogenology.2017.01.011
http://dx.doi.org/10.1016/j.anireprosci.2019.106171
http://dx.doi.org/10.3390/ani12101308
http://dx.doi.org/10.1111/j.1439-0531.2006.00784.x
http://dx.doi.org/10.3168/jds.2012-6484
http://dx.doi.org/10.1186/s40104-019-0395-9
http://dx.doi.org/10.2527/jas1985.6061631x
http://dx.doi.org/10.1071/rd9930701

Nguyen, S.T., Edo, A., Nagahara, M., Otoi, T., Taniguchi, M., Tak-
agi, M., 2024. Selection of spermatozoa with high motility and
quality from bovine frozen-thawed semen using the centrifuge-
free device. Animal Reproduction Science 260, 107386. 10.1016/
j.anireprosci.2023.107386.

Nicholas, F., 1996. Genetic improvement through reproductive tech-
nology. Animal Reproduction Science 42, 205-214. 10.1016/
0378-4320(96)01511-4.

Okano, D.S., Penitente-Filho, J.M., Gomez Leén, V.E., Maitan, P.P.,
Silveira, C.0O., Waddington, B., Diaz-Miranda, E.A., da Costa,
E.P., Guimaraes, S.E.F., Guimaraes, J.D., 2019. In-vitro evalua-
tion of cryopreserved bovine sperm and its relation to field fertility
in fixed-time artificial insemination. Reproduction in Domestic
Animals 54, 604-612. 10.1111/rda.13401.

Oztiirk, C., Gi'mgér, , Ataman, M.B., Bucak, M.N., Bagpinar, N.,
Ili, P., Inang, M.E., 2017. Effects of arginine and trehalose on
post-thawed bovine sperm quality. Acta Veterinaria Hungarica
65, 429-439. 10.1556/004.2017.040.

Pagano, N., Kosior, M.A., Gasparrini, B., Longobardi, V., De Can-
ditiis, C., Albero, G., Deregibus, M.C., Bosi, G., Idda, A.,
Lange Consiglio, A., 2020.
tracellular vesicles from bovine seminal plasma. Reproduction,
Fertility and Development 32, 200. 10.1071/RDv32n2Ab148.

Papa, P.M., Maziero, R.D., Guasti, P.N., Junqueira, C.R., Freitas-
Dell’Aqua, C.P., Papa, F.O., Vianna, F.P., Alvarenga, M.A.,
Crespilho, A.M., Dell’Aqua Jr, J.A., 2015. Effect of glycerol on
the viability and fertility of cooled bovine semen. Theriogenology
83, 107-113. 10.1016/j.theriogenology.2014.08.009.

Parks, J.E., Arion, J.W., Foote, R.H., 1987. Lipids of plasma mem-
brane and outer acrosomal membrane from bovine spermatozoa.
Biology of Reproduction 37, 1249-1258. 10.1095/biolreprod37.5.
1249.

Parks, J.E., Hammerstedt, R.H., 1985. Development changes oc-
curring in the lipids of ram epididymal spermatozoa plasma

Biology of Reproduction 32, 653-668. 10.1095/

biolreprod32.3.653.

148 bull spermatozoa uptake of ex-

membrane.

Parks, J.E., Lynch, D.V., 1992. Lipid composition and thermotropic
phase behavior of boar, bull, stallion, and rooster sperm mem-
branes. Cryobiology 29, 255-266. 10.1016/0011-2240(92)90024-v.

Perteghella, S., Gaviraghi, A., Cenadelli, S., Bornaghi, V., Galli,
A., Crivelli, B., Vigani, B., Vigo, D., Chlapanidas, T., Faustini,
M., Torre, M.L., 2017. Alginate encapsulation preserves the qual-
ity and fertilizing ability of Mediterranean Italian water buffalo
(Bubalus bubalis) and Holstein Friesian (Bos taurus) spermato-
zoa after cryopreservation. Journal of Veterinary Science 18, 81—
88. 10.4142/jvs.2017.18.1.81.

Phillips, P.H., Spitzer, R.R., 1946. A synthetic pabulum for the
preservation of bull semen. Journal of Dairy Science 29, 407-414.
10.3168/jds.S50022-0302(46)92496-4.

Pileckas, V., Riskeviciené, V., Jomantas, Z., 2014. Comparative eval-
uation of bovine semen cryopreservation methods and extenders.
Veterinarija Ir Zootechnika 68. URL: https://vetzoo.lsmuni.lt/
data/vols/2014/68/pdf/pileckas.pdf.

Polge, C., Smith, A.U., Parkes, A.S., 1949. Revival of spermatozoa
after vitrification and dehydration at low temperatures. Nature
164, 666. 10.1038/164666a0.

Poulos, A., Darin-Bennett, A., White, I.G., 1973. The phospholipid-
bound fatty acids and aldehydes of mammalian spermatozoa.
Comparative Biochemistry and Physiology 46, 541-549. 10.1016/
0305-0491(73)90094-1.

Prathalingam, N.S., Holt, W.V., Revell, S.G., Mirczuk, S., Fleck,
R.A., Watson, P.F., 2006. Impact of antifreeze proteins and an-
tifreeze glycoproteins on bovine sperm during freeze-thaw. Theri-
ogenology 66, 1894-1900. 10.1016/j.theriogenology.2006.04.041.

Puglisi, R., Krvavac, L., Bonacina, C., Galli, A., 2010.
competitive binding index using fluorochrome-labelled spermato-
zoa for predicting bull fertility. Zygote 18, 281-291. 10.1017/
S0967199409990347.

Purdy, P.H., Graham, J.K., 2004. Effect of cholesterol-loaded cy-
clodextrin on the cryosurvival of bull sperm. Cryobiology 48,
36-45. 10.1016/j.cryobiol.2003.12.001.

Qin, Z., 2008. Contribution of a sperm protein, PAWP, to the signal
transduct pathway during vertebrate fertilization. Master Thesis.

In-vitro

Queen’s University Kingston, Ontario, Canada.

21

Rajamanickam, G., Kroetsch, T., Kastelic, J., Thundathil, J., 2017.
Testis-specific isoform of Na/K-ATP ase (ATP 1A4) regulates
sperm function and fertility in dairy bulls through potential mech-
anisms involving reactive oxygen species, calcium and actin poly-
merization. Andrology 5, 814-823. 10.1111/andr.12377.

Rasul, Z., Ahmed, N., Anzar, M., 2007. Antagonist effect of DMSO
on the cryoprotection ability of glycerol during cryopreserva-
tion of buffalo sperm. Theriogenology 68, 813-819. 10.1016/j.
theriogenology.2007.06.014.

Rocha-Frigoni, N.A.S., Ledo, B.C.S., Dall’Acqua, P.C., Mingoti,
G.Z., 2016.

oocytes matured in-vitro with intracellular and/or extracellu-

Improving the cytoplasmic maturation of bovine

lar antioxidants is not associated with increased rates of em-
bryo development. Theriogenology 86, 1897-1905. 10.1016/j.
theriogenology.2016.06.009.

Rodriguez-Martinez, H., 2012. Livestock semen biotechnology and
management. Animal Reproduction in Livestock. Encyclopedia
of Life Support Systems (EOLSS), Developed under the Aus-
pices of the UNESCO, EOLSS Publishers, Oxford, UK. http:
//www.eolss.net (Verified 24 July 2013) .

Royfman, A., Khanal, S., Avidor-Reiss, T., 2024. Structural anal-
ysis of sperm centrioles using N-STORM. Methods in Molecular
Biology 2725, 103—-119. 10.1007/978-1-0716-3507-0\_6.

Ryu, D.Y., Song, W.H., W.K., Yoon, S.J.,
M.S., Pang, M.G., 2019. Freezability biomarkers in bull epi-

Scientific Reports 9, 12797. 10.1038/

Pang, Rahman,
didymal spermatozoa.
s41698-019-49378-5.

Ropke, T., Oldenhof, H., Leiding, C., Sieme, H., Bollwein, H., Wolk-
ers, W.F., 2011. Liposomes for cryopreservation of bovine sperm.
Theriogenology 76, 1465-1472. 10.1016/j.theriogenology.2011.
06.015.

Saadeldin, I.M., Khalil, W.A., Alharbi, M.G., Lee, S.H., 2020. The
current trends in using nanoparticles, liposomes, and exosomes
for semen cryopreservation. Animals 10. 10.3390/ani10122281.

Saberivand, A., Mehrabi, R., Peighambarzadeh, S.Z., Saberivand,
M., Shirafkan, M., Haghgouei, T., Sarvarzadeh, F., Safaei, P.,
Saki, M., Siahpoush, K.J., 2023.
guar gum co-supplemented with ethylene glycol and glycerol in
simmental bull semen. Animal Reproduction Science 259, 107362.
10.1016/j.anireprosci.2023.107362.

Saeki, K., Sumitomo, N., Nagata, Y., Kato, N., Hosoi, Y., Mat-
sumoto, K., Iritani, A., 2005.
acrosome-intact and reacted spermatozoa observed by atomic

The cryoprotective effect of

Fine surface structure of bovine

force microscopy. Journal of Reproduction and Development 51,
293-298. 10.1262/jrd.16068.

Salas-Huetos, A., Ribas-Maynou, J., Mateo-Otero, Y., Tamargo,
C., Llavanera, M., Yeste, M., 2023.
in cryopreserved bovine sperm is related to their fertility po-

Expression of miR-138

tential. Journal of Animal Science and Biotechnology 14, 129.
10.1186/s40104-023-00909-1.

Salman, A., Caamano, J.N., Fernandez-Alegre, E., Hidalgo, C.O.,
Nadri, T., Tamargo, C., Fueyo, C., Fernandez, A., Merino, M.J.,
Martinez-Pastor, F., 2021. Supplementation of the BIOXcell ex-
tender with the antioxidants crocin, curcumin and GSH for freez-
ing bull semen. Research in Veterinary Science 136, 444-452.
10.1016/j.rvsc.2021.03.025.

A E., R.,

Dominguez, J.C., Alvarez Rodriguez, M., J.N.,

Martinez-Pastor, F., Gémez-Martin, R., Ferndndez-Fernandez,

Salman, Fernandez-Alegre, Francisco-Vazquez,

©

Caamaiio,

A., Aredn-Dablanca, H., 2023. Pre-freezing selection of Holstein
bull semen with the BoviPure colloid as double- or single-layer
centrifugation improves the post-thawing quality. Animal Repro-
duction Science 258, 107344. 10.1016/j.anireprosci.2023.107344.

Seshoka, M.M., Mphaphathi, M.L., Nedambale, T.L., 2016. Com-
parison of four different permitting and combination of two best
cryoprotectants on freezing nguni sperm evaluated with the aid
of computer aided sperm analysis. Cryobiology 72, 232-238.
10.1016/j.cryobiol.2016.04.001.

Shangguan, A., Zhou, H., Sun, W., Ding, R., Li, X., Liu, J.,
Zhou, Y., Chen, X., Ding, F., Yang, L., Zhang, S., 2020. Cry-
opreservation induces alterations of miRNA and mRNA frag-
ment profiles of bull sperm. Frontiers in Genetics 11, 419.

10.3389/fgene.2020.00419.


http://dx.doi.org/10.1016/j.anireprosci.2023.107386
http://dx.doi.org/10.1016/j.anireprosci.2023.107386
http://dx.doi.org/10.1016/0378-4320(96)01511-4
http://dx.doi.org/10.1016/0378-4320(96)01511-4
http://dx.doi.org/10.1111/rda.13401
http://dx.doi.org/10.1556/004.2017.040
http://dx.doi.org/10.1071/RDv32n2Ab148
http://dx.doi.org/10.1016/j.theriogenology.2014.08.009
http://dx.doi.org/10.1095/biolreprod37.5.1249
http://dx.doi.org/10.1095/biolreprod37.5.1249
http://dx.doi.org/10.1095/biolreprod32.3.653
http://dx.doi.org/10.1095/biolreprod32.3.653
http://dx.doi.org/10.1016/0011-2240(92)90024-v
http://dx.doi.org/10.4142/jvs.2017.18.1.81
http://dx.doi.org/10.3168/jds.S0022-0302(46)92496-4
https://vetzoo.lsmuni.lt/data/vols/2014/68/pdf/pileckas.pdf
https://vetzoo.lsmuni.lt/data/vols/2014/68/pdf/pileckas.pdf
http://dx.doi.org/10.1038/164666a0
http://dx.doi.org/10.1016/0305-0491(73)90094-1
http://dx.doi.org/10.1016/0305-0491(73)90094-1
http://dx.doi.org/10.1016/j.theriogenology.2006.04.041
http://dx.doi.org/10.1017/S0967199409990347
http://dx.doi.org/10.1017/S0967199409990347
http://dx.doi.org/10.1016/j.cryobiol.2003.12.001
http://dx.doi.org/10.1111/andr.12377
http://dx.doi.org/10.1016/j.theriogenology.2007.06.014
http://dx.doi.org/10.1016/j.theriogenology.2007.06.014
http://dx.doi.org/10.1016/j.theriogenology.2016.06.009
http://dx.doi.org/10.1016/j.theriogenology.2016.06.009
http://www.eolss.net
http://www.eolss.net
http://dx.doi.org/10.1007/978-1-0716-3507-0_6
http://dx.doi.org/10.1038/s41598-019-49378-5
http://dx.doi.org/10.1038/s41598-019-49378-5
http://dx.doi.org/10.1016/j.theriogenology.2011.06.015
http://dx.doi.org/10.1016/j.theriogenology.2011.06.015
http://dx.doi.org/10.3390/ani10122281
http://dx.doi.org/10.1016/j.anireprosci.2023.107362
http://dx.doi.org/10.1262/jrd.16068
http://dx.doi.org/10.1186/s40104-023-00909-1
http://dx.doi.org/10.1016/j.rvsc.2021.03.025
http://dx.doi.org/10.1016/j.anireprosci.2023.107344
http://dx.doi.org/10.1016/j.cryobiol.2016.04.001
http://dx.doi.org/10.3389/fgene.2020.00419

Simoes, R., Feitosa, W.B., Mendes, C., Marques, M., Nicacio, A.C.,
De Barros, F., Visintin, J.A., Assumpg¢io, M., 2009. Use of
chromomycin a3 staining in bovine sperm cells for detection of
protamine deficiency. Biotechnic & Histochemistry 84, 79-83.
10.1080/10520290902843595.

Singh, P., Agarwal, S., Singh, H., Verma, P.K., Pandey, A., Ku-
mar, S., 2020. Antioxidant effects of aloe vera as semen addi-
tive in cryopreservation of cattle bull semen. International Jour-
nal of Current Microbiology and Applied Sciences 9, 1625-1635.
10.20546/1jcmas.2020.909.202.

Snedeker, W., Gaunya, W., 1970. Dimethyl sulfoxide as a cryopro-
tective agent for freezing bovine semen. Journal of Animal Science
30, 953-956. 10.2527/3jas1970.306953x.

Susilowati, S., Sardjito, T., Mustofa, I., Widodo, O.S., Kurnijasanti,
R., 2021.
bull semen on pregnancy rate of recipients.
34, 198-204. 10.5713/ajas.20.0025.

Sutovsky, P., Kennedy, C.E., 2013. Biomarker-based nanotechnol-
ogy for the improvement of reproductive performance in beef and
dairy cattle. Industrial Biotechnology 9, 24-30. 10.1089/ind.2012.
0035.

Takeda, K., Uchiyama, K., Kinukawa, M., Tagami, T., Kaneda, M.,
Watanabe, S., 2015. Evaluation of sperm DNA damage in bulls by
TUNEL assay as a parameter of semen quality. The Journal of Re-
production and Development 61, 185-190. 10.1262/jrd.2014-140.

Thomas, C.A., Garner, D.L., Mel DeJarnette, J., Marshall, C.E.,
1997. Fluorometric assessments of acrosomal integrity and viabil-

Effect of green tea extract in extender of Simmental
Animal Bioscience

ity in cryopreserved bovine spermatozoa. Biology of Reproduction
56, 991-998. 10.1095/biolreprod56.4.991.

Thun, R., Hurtado, M., Janett, F., 2002. Comparison of biociphos-
plus®and TRIS-egg yolk extender for cryopreservation of bull
semen. Theriogenology 57, 1087-1094. 10.1016/s0093-691x(01)
00704-x.

Thundathil, J.C., Anzar, M., Buhr, M.M., 2006. Na+/K+ATPase as
a signaling molecule during bovine sperm capacitation. Biology
of Reproduction 75, 308-317. 10.1095/biolreprod.105.047852.

Thérien, I., Moreau, R., Manjunath, P., 1998. Major proteins of
bovine seminal plasma and high-density lipoprotein induce choles-
terol eflux from epididymal sperm. Biology of Reproduction 59,
768-776. 10.1095/biolreprod59.4.768.

Treulen, F.,; Arias, M.E., Aguila, L., Uribe, P., Felmer, R., 2018. Cry-
opreservation induces mitochondrial permeability transition in a
bovine sperm model. Cryobiology 83, 65-74. 10.1016/j.cryobiol.
2018.06.001.

Tuncer, P.B., Sariézkan, S., Bucak, M.N., Ulutag, P.A., Akalin, P.P.,
Biiyiikleblebici, S., Canturk, F., 2011.
sugars after bull spermatozoa cryopreservation. Theriogenology
75, 1459-1465. 10.1016/j.theriogenology.2010.12.006.

Tvrda, E., Tusimova, E., Kovacik, A., Pail, D., Libova, , Lukac,
N., 2016.
biomarkers in bovine spermatozoa subjected to ferrous ascorbate.

Effect of glutamine and

Protective effects of quercetin on selected oxidative

Reproduction in Domestic Animals 51, 524-537.
12714.

Ugur, M.R., Saber Abdelrahman, A., Evans, H.C., Gilmore, A.A.,
Hitit, M., Arifiantini, R.I., Purwantara, B., Kaya, A., Memili, E.,
2019. Advances in cryopreservation of bull sperm. Frontiers in
Veterinary Science 6, 268. 10.3389/fvets.2019.00268.

Uguz, C., Varisgli, , Agca, C., Agca, Y., 2014. Effects of nonylphe-
nol on motion kinetics, acrosome and mitochondrial membrane

10.1111/rda.

potential in frozen-thawed bull sperm. Kafkas Universitesi Veter-
iner Fakiiltesi Dergisi 20. 10.9775/kvfd.2014.10459.

Varela, E., Rojas, M., Restrepo, G., 2020. Membrane stability and
mitochondrial activity of bovine sperm frozen with low-density
lipoproteins and trehalose. Reproduction in Domestic Animals
55, 146-153. 10.1111/rda.13599.

Verberckmoes, S., Van Soom, A., Dewulf, J., De Pauw, 1., de Kruif,
A., 2004. Storage of fresh bovine semen in a diluent based on the
ionic composition of cauda epididymal plasma. Reproduction in
Domestic Animals 39, 410-416. 10.1111/j.1439-0531.2004.00521.
X.

Vredenburgh-Wilberg, W., Parrish, J., 1995.
bovine sperm increases during capacitation. Molecular Repro-
duction and Development 40, 490-502. 10.1002/mrd.1080400413.

Walker, B.J., Phuyal, S., Ishimoto, K., Tung, C.K., Gaffney, E.A.,
2020. Computer-assisted beat-pattern analysis and the flagellar

Intracellular pH of

waveforms of bovine spermatozoa. Royal Society Open Science 7,
200769. 10.1098/rsos.200769.

Way, A., Henault, M., Killian, G., 1995. Comparison of four stain-
ing methods for evaluating acrosome status and viability of ejac-
ulated and cauda epididymal bull spermatozoa. Theriogenology
43, 1301-1316. 10.1016/0093-{691X}(95)00115-0.

Woelders, H., Matthijs, A., Engel, B., 1997. Effects of trehalose and
sucrose, osmolality of the freezing medium, and cooling rate on
viability and intactness of bull sperm after freezing and thawing.
Cryobiology 35, 93-105. 10.1006/cryo.1997.2028.

Yeste, M., 2016.
markers, and factors affecting the sperm freezability in pigs. The-
riogenology 85, 47-64. 10.1016/j.theriogenology.2015.09.047.

Yeste, M., Rodriguez-Gil, J.E., Bonet, S., 2017. Artificial insemi-
nation with frozen-thawed boar sperm. Molecular Reproduction
and Development 10.1002/mrd.22840.

Yimer, N., Muhammad, N., Sarsaifi, K., Rosnina, Y., Wahid, H.,
Khumran, A., Kaka, A., 2015.
tion into tris extender on cryopreservation of bull spermato-
zoa. Malaysian Journal of Animal Science 18, 47-54. URL:
http://www.msap.my/pdf/mjas_18_2/5.Kazhar-effect_r4.pdf.

Zoca, S.M., Geary, T.W., Zezeski, A.L., Kerns, K.C., Dalton, J.C.,
Harstine, B.R., Utt, M.D., Cushman, R.A., Walker, J.A., Perry,
G.A., 2023. Bull field fertility differences can be estimated with
in-vitro sperm capacitation and flow cytometry. Frontiers in An-
imal Science 4. 10.3389/fanim.2023.1180975.

Sperm cryopreservation update: Cryodamage,

Effect of honey supplementa-

22


http://dx.doi.org/10.1080/10520290902843595
http://dx.doi.org/10.20546/ijcmas.2020.909.202
http://dx.doi.org/10.2527/jas1970.306953x
http://dx.doi.org/10.5713/ajas.20.0025
http://dx.doi.org/10.1089/ind.2012.0035
http://dx.doi.org/10.1089/ind.2012.0035
http://dx.doi.org/10.1262/jrd.2014-140
http://dx.doi.org/10.1095/biolreprod56.4.991
http://dx.doi.org/10.1016/s0093-691x(01)00704-x
http://dx.doi.org/10.1016/s0093-691x(01)00704-x
http://dx.doi.org/10.1095/biolreprod.105.047852
http://dx.doi.org/10.1095/biolreprod59.4.768
http://dx.doi.org/10.1016/j.cryobiol.2018.06.001
http://dx.doi.org/10.1016/j.cryobiol.2018.06.001
http://dx.doi.org/10.1016/j.theriogenology.2010.12.006
http://dx.doi.org/10.1111/rda.12714
http://dx.doi.org/10.1111/rda.12714
http://dx.doi.org/10.3389/fvets.2019.00268
http://dx.doi.org/10.9775/kvfd.2014.10459
http://dx.doi.org/10.1111/rda.13599
http://dx.doi.org/10.1111/j.1439-0531.2004.00521.x
http://dx.doi.org/10.1111/j.1439-0531.2004.00521.x
http://dx.doi.org/10.1002/mrd.1080400413
http://dx.doi.org/10.1098/rsos.200769
http://dx.doi.org/10.1016/0093-{691X}(95)00115-O
http://dx.doi.org/10.1006/cryo.1997.2028
http://dx.doi.org/10.1016/j.theriogenology.2015.09.047
http://dx.doi.org/10.1002/mrd.22840
http://www.msap.my/pdf/mjas_18_2/5.Kazhar-effect_r4.pdf
http://dx.doi.org/10.3389/fanim.2023.1180975

