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PREFACE

Advances in reproductive biotechnology have created exceptional
opportunities for the conservation, management, and commercial production
of aquatic species. Among these technologies, cryopreservation of sperm has
emerged as a powerful and versatile tool. It offers long-term genetic preservation,
enhanced breeding control, and improved sustainability within aquaculture
systems. As global pressures on aquatic biodiversity increase and the demand
for reliable aquaculture production rises, the ability to preserve and utilize high-
quality genetic material has become more essential than ever.

This book, Cryopreservation of Sperm in Aquatic Animals, brings
together updated knowledge and practical insights across a wide range of
aquatic species and reproductive systems. The review chapters including
Cryopreservation of Sturgeon Sperm. Techniques, Challenges, and Applications
in Conservation and Aquaculture, Sperm Cryopreservation in the European
Sea Bass, Cryopreservation of Shabout Barbus grypus (H, 1843) Sperm,
Sperm Cryopreservation in Turbot (Scophthalmus maximus), Cryopreservation
of Sperm in Hermaphroditic Fish Species: A Review, and Developments on
Solutions Used in the Vitrification of Fish Sperm synthesize current research
findings and provide comprehensive evaluations of the methods, challenges, and
recent advancements shaping this rapidly evolving field.

I believe that this resource will serve as a valuable guide for academic
researchers, technical experts, aquaculture professionals, and conservation
scientists working to improve reproductive technologies and conserve the genetic
heritage of aquatic organisms. I would like to thank the dedicated researchers
who contributed to the preparation of this volume, as well as to the Livre De
Lyon team for their assistance in publishing of this book.

Yusuf Bozkurt, PhD, Prof. Dr.
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CHAPTER 1

CRYOPRESERVATION OF STURGEON
SPERM: TECHNIQUES, CHALLENGES, AND
APPLICATIONS IN CONSERVATION AND
AQUACULTURE

Yusuf BOZKURT

(Prof. Dr.) Mersin University, Faculty of Fisheries,
Department of Aquaculture, 33160, Mersin, Tiirkiye
E-mail: yusuf.bozkurt@mersin.edu.tr; yfbozkurt06(@gmail.com
ORCID: 0000-0002-6162-2466

1. Introduction

turgeons are members of the Acipenseridae and Polyodontidae families,

which are considered crucial freshwater fish in aquaculture. It is believed

that they have inhabited the natural aquatic environments of the world’s
northern hemisphere for 200 million years (Bozkurt and Chebanov, 2024).
Among the most valuable fish species worldwide, sturgeons stand out due to
their pleasant meat, famous black caviar, and isinglass, which is a kind of gelatin
used for various industrial purposes derived from the sturgeon’s swim bladder.

Sturgeons represent the most promising temperate freshwater species
for aquaculture. Today, sturgeons are considered the ideal candidate species
for aquaculture due to their high commercial value (Zhang et al., 2013).
However, sturgeon populations and their diversity have suffered declines as a
result of environmental pressures like water pollution, dam building, and the
development of nearby watersheds for irrigation. Sturgeons, currently known
as ‘living fossils’, are at risk of extinction based on the Red List created by the
IUCN (Bozkurt and Chebanov, 2024).

It is apparent that the standard approaches of reducing pollution and
conserving habitats have not been effective in preserving and replenishing these
populations. Thus, there is an urgent need to develop more stringently measures
for the conservation of sturgeon stocks (Pourkazemi, 2006). Considering the
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threatened extinction of sturgeon populations, the preservation of their sperm
via ex-situ methods is critical for their prolonged conservation (Bozkurt and
Saber, 2026). This necessitates the rapid integration of biotechnological tools,
including cryopreservation, into ex-situ conservation programs (Bozkurt, 2023;
Bozkurt and Chebanov, 2024). In this context, for critically endangered species
like the sturgeon, cryopreservation offers hope for preserving genetic diversity
where natural reproduction is severely compromised (Saber and Bozkurt, 2024).

The evolution of sperm management techniques has made cryopreservation
an exceptionally valuable instrument within aquaculture. This method,
commonly employed in artificial reproduction, provides continuous access to
sperm samples, enables the coordination of male and female biological material
availability, simplifies the transfer of samples to various research facilities or
production locations, and lowers both the necessity and expenses associated
with maintaining broodstock in confinement (Martinez- Paramo et al., 2017).

Even though this procedure offers convenience, scientists are persistently
seeking innovative approaches to prevent and reverse cellular cryodamage.
Such damage is linked to several problems, including membrane defects,
DNA breakage, shifts in mitochondrial membrane potential, and a decline in
spermatozoa’s ability to move and survive, ultimately jeopardizing fertilization
rates, future larval survival, and healthy development (Cabrita et al., 2010;
Figueroa et al., 2019).

This review summarizes sturgeon sperm cryopreservation, highlighting
species-specific protocols, factors affecting post-thaw quality, and applications
in aquaculture and conservation, while addressing current challenges and future
directions for preserving genetic diversity.

2. Physiological and Biological Features of Sturgeon Sperm

Sturgeon spermatozoa stand out among bony fish because they retain
several ancestral traits that teleosts shed during evolution, and comprehending
these features appears vital for effective cryopreservation.

The common structure of a spermatozoon includes a lengthy cylindrical
head, which is finished with an active acrosome, a concise mid-section containing
numerous mitochondria, and a flagellum featuring fin-like projections on both
sides (Figure 1). The head’s configuration promotes its passage through one of
several narrow micropyle canals embedded in the robust, thick egg membrane.
The head encompasses the nucleus and an apical acrosome, which is designed
like a cap with a rounded summit. The acrosome houses enzymes such as
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acrosine and arylsulfatase, which are essential for the acrosome reaction that
takes place during fertilization (Mims et al., 2009; Horvath et al., 2006; Linhart
and Kudo 1997).

During the acrosome reaction, a fertilization filament forms; this filament
is theorized to serve as a signal transducer that transmits information to the egg
regarding the arrival of a fertilizing spermatozoon (Alavi et al., 2012). The mid-
piece includes mitochondria and is attached to a sheath encasing the flagellum’s
initial section, which possesses opposing lateral fins.

Figure 1. Ultrastructure and morphology of different sturgeon sperm. Microscopic
images are selected from research conducted on the Russian sturgeon (a: Hatef et
al., 2012), Siberian sturgeon (b, e: Psenicka et al., 2007) and Persian sturgeon (c,
d, f: Hatef et al., 2011). A: acrosome, B: bridge, CC: cytoplasmic channel, CDM:
central doublets of microtubules, DC: distal centriole, EDA: outer dynein arms,
ENC: endonuclear canals, F: Flagellum, IDA: inner dynein arms, IF: implantation
fossa, M: midpiece, Mt: mitochondria, N: nucleus, NM: nuclear membrane, PC:
proximal centriol, PDM: peripheral doublets of microtubules, PLP: posterolateral
projections, RJ: radial joins, SA: Subacrosome (Alavi et al., 2012).

In contrast to teleost fish, whose seminal plasma has an osmolality of
approximately 300 mosmol/kg, the seminal plasma of sturgeons exhibits a low
osmolality, ranging from 30 to 80 mosmol/kg. This low level persists even
though their blood plasma maintains an osmolality near 300 mosmol/kg. Larger
male sturgeons are known for generating a considerable quantity of sperm,
specifically between 1 and 1.5 liters. However, sperm concentration is recorded
at 0.5-2x10° spermatozoa/ml, which is a lower level compared to teleosts. The
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activated spermatozoa exhibit motility for an extended period of 5—6 minutes,
a duration much greater than the 20 seconds to 2 minutes observed in teleosts
(Alavi and Cosson, 2006).

Activation of motility depends primarily on osmotic and ionic shifts: for
freshwater species, hypoosmotic conditions trigger motility, whereas marine
and anadromous species may require specific ionic environments (Alavi and
Cosson, 2006). Environmental factors such as temperature, photoperiod, and
hormonal state strongly affect semen quality (Dzyuba et al., 2021; Cosson et
al., 2008).

3. Main Stages of Cryopreservation Process
3.1. Cryomedium

It is very important to prevent gamete cell’s activity in a successful
cryopreservation procedure. The cryomedium consists of two main components:
an extender and a cryoprotective agent (CPA). The extender is responsible for
sustaining the dormant state of gamete cells and supporting their metabolism,
whereas CPAs shield cells from harm inflicted by freezing and thawing (Baust
et al., 2009).

3.1.1. Extenders

After ensuring gamete quality, the next step in cryopreservation is to
dilute the gametes with extenders containing cryoprotectants. This allows the
cryoprotectants to penetrate the cells before freezing. For this purpose, there are
two main approaches to the development of the extender composition. The first
approach is to use complex cryosolution formulations that mimic the composition
of fish seminal plasma, while the second approach is to use carbohydrate-based
cryosolutions that provide energy to sperm cells. Extenders make it easier to
work with gamete cells by increasing the cell volume (Bozkurt, 2020).

An ideal sperm cryopreservation extender should exhibit several key
characteristics (Bozkurt, 2017):

-It must preserve the correct electrolytic balance and osmotic pressure
within cells to minimize salt-induced harm.

-It should contain metal-complexing agents capable of sequestering heavy
metals that are toxic to spermatozoa.

-It needs to be robust, resisting both enzymatic and non-enzymatic
degradation.
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-The presence of antibiotics is crucial to prevent bacterial contamination
of the sample.

-It should also facilitate a substantial increase in sperm volume to
optimize fertilization potential.

-It should provide a suitable environment for the normal metabolic
activities of the spermatozoa.

Extenders used in sturgeon sperm cryopreservation are designed to
maintain osmotic balance, stabilize membranes, and provide a suitable ionic
environment before the addition of cryoprotectants. Across Acipenserid species,
simple salt- or sugar-based extenders are most common, including variants of
glucose, sucrose or lactose solutions, as well as Ringer-type or Tris-buffered
media (Judycka et al., 2015; Dadras et al., 2022; Igna et al., 2022).

For instance, in Siberian sturgeon (Acipenser baerii) a “glucose—methanol”
extender comprising 0.10-0.15 M glucose in combination with 15 % methanol
was developed and shown to yield good post-thaw motility and fertilization
rates (Judycka et al., 2015).

In another case, for Sterlet (Acipenser ruthenus), extenders based on Tris—
sucrose—KCl have been widely used, facilitating sperm cryopreservation prior to
supplementation of antioxidants (Dadras et al., 2022). In yet another study of the
Russian sturgeon (Acipenser gueldenstaedtii), two extenders were compared:
one containing 50 mM NaCl, 5 mM KCI, 10 mM Tris and 10 % DMSO; the
other 30 mM sucrose, | mM KCI, 25 mM Tris with 10 % methanol (Igna et al.,
2022). In a comprehensive study of Caspian Sea sturgeon species, including
beluga sturgeon (Huso huso), Persian sturgeon (Acipenser persicus), stellate
sturgeon (Acipenser stellatus), and ship sturgeon (Acipenser nudiventris), a
standardized protocol employed a Tris buffer (»118 mM Tris, pH 8) with 23.4
mM sucrose as an extender, in combination with 15% DMSO as a cryoprotectant
(Saber and Bozkurt, 2024).

These formulations help prevent premature activation of sperm motility
while buffering pH and maintaining cell volume during cooling. Many protocols
also incorporate cryoprotective supplements, such as egg yolk, bovine serum
albumin (BSA), or citrate, which provide additional membrane-stabilising
lipoproteins and mitigate cold shock (Rusco et al., 2019; Torres et al., 2022). The
“optimal extender” varies between species and even among individual males, but
sturgeon research consistently demonstrates that the composition of the extender
significantly affects post-thaw motility, membrane integrity, and fertilization
success. This underscores the importance of optimizing extenders and tailoring
biochemical formulations specifically for each species.
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3.1.2. Cryoprotectants

Cryoprotectants are defined as chemicals used to prevent damage in
gamete cells during freezing and thawing applications. In general, they show
their protective effect by increasing the unfrozen fraction in the medium and
reducing the amount of ions. Before the cells are frozen, they are incubated with
cryoprotectants and it is ensured that they come to balance in intracellular terms.
The most important characteristics of cryoprotectants are that they have low
molecular weight (Alcay et al., 2016). On the other hand, most cryoprotectants
are toxic to cells depending on their doses. Thus, cryoprotectants should be
added slowly to the extenders to minimize this toxic effect. Following this,
the extender and cryoprotectant mixture should be stored at a low temperature
before being added to the semen (Karimi et al., 2025).

Cryoprotectant substances are classified according to their penetrating
properties through the cell membrane such as those that can pass through the
cell membrane (permeable-internal) and those that can’t pass through the cell
membrane (non-permeable-external) (Sieme et al., 2016).

Cryoprotectants that can penetrate into the cell have a low molecular weight
and include DMSO, glycerol, ethylene glycol, 1.2 propanediol, 2.3 butanediol,
propylene glycol, and some other alcohols. Before freezing occurs, the fluid
in the sperm cells is replaced by permeable cryoprotectants due to the osmotic
pressure difference. Thus, both the changes in cell volume are reduced and the
formation of ice crystals inside sperm cells is minimized. In this way, damage to
cells during the freezing process is minimized. Permeable cryoprotectants show
their protective effects by binding to H,0O and reducing the toxic effects caused
by higher concentrations of other components (Oztiirk et al., 2020).

On the other hand, external cryoprotectants that can’t penetrate into the
cell are divided into two groups. These are low-molecular-weight (glucose,
sucrose, trehalose, raffinose, galactose, and some other sugars) and high-
molecular-weight (PVA, PVP, and some other polymers) cryoprotectants that
can’t penetrate into the cell (Oztiirk et al., 2020). In this concept, low molecular
weight cryoprotectants, which can’t penetrate into the cell, show their effects by
dehydrating the cells, and reducing the formation of ice crystals formed during
the freezing process. On the other hand, high molecular weight cryoprotectants
that can’t penetrate into the cell show their effects by changing the shapes and
sizes of ice crystals formed during the freezing and thawing of cells in such a
way that they are harmless (McGann, 1978).
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Permeating cryoprotectants (P-CPAs) are essential for conserving sturgeon
sperm during freezing, and among these, methanol (MeOH) and dimethyl
sulfoxide (DMSO) remain the most widely applied across Acipenserid species.
For example, in the cold-water species Siberian sturgeon (Acipenser baerii),
a glucose—methanol extender (0.10-0.15 M glucose + 15% MeOH) produced
strong post-thaw motility and fertilization results (Judycka et al., 2015).

In comparative work on the same species, MeOH conserves sperm achieved
higher fertilization results than DMSO, despite similar motility (Dietrich et al.,
2025). In the Russian sturgeon (Acipenser gueldenstaedtii), a study found that
MeOH as the cryoprotectant yielded fertilization rates of ~72.7% vs ~37.5%
for DMSO in a yolk-free extender (Igna et al., 2022). Conversely, for multiple
Caspian Sea species including Beluga sturgeon (Huso huso), Persian sturgeon
(Acipenser persicus) and Stellate sturgeon (Acipenser stellatus), 10-15%
DMSO paired with sucrose-Tris extenders is commonly reported as a standard
approach for cryobanking (Saber and Bozkurt, 2024). Other permeating CPAs
(glycerol, ethylene glycol, propylene glycol) have been evaluated in some
sturgeons but generally show lower success because of slower permeability or
higher cytotoxicity (Kolyada et al., 2023a).

Non-permeating cryoprotectants (NP-CPAs) act extracellularly to control
osmotic stress, inhibit ice crystal growth and stabilize membranes. Sugars
such as sucrose, trehalose, lactose and maltose are widely used. For instance,
disaccharide supplementation (maltose, trehalose, lactose or lactulose) in
extenders improved post-thaw motility in both Persian and Beluga sturgeon
(Golshahi et al., 2018).

The application of Tris—sucrose extenders (e.g., at 23.4 mM sucrose) in
combination with DMSO for Caspian sturgeon species has been documented in
sturgeon-related research (Saber and Bozkurt, 2024). The application of glucose
(a monosaccharide) within the glucose—methanol extender in Siberian sturgeon
provided osmotic and metabolic benefits (Judycka et al., 2015).

Macromolecular NP-CPAs — such as egg yolk components, bovine serum
albumin (BSA), citrate — though less frequently detailed in sturgeon literature,
are also applied in fish sperm cryopreservation to provide lipoprotein shielding
and buffer cold shock (Rusco et al., 2019; Torres et al., 2022). Moreover,
recent reviews highlight sugars like trehalose as both NP-CPAs and antioxidant
adjuncts in semen cryopreservation because of their ability to reduce reactive-
oxygen species (ROS) and stabilize membranes (Jia et al., 2024).
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These studies indicate that the selection and concentration of both
permeating and non-permeating cryoprotectants vary significantly among
sturgeon species. Optimizing the combinations of extenders and cryoprotectants
is crucial for maximizing sperm freezability, preserving membrane integrity,
recovering motility, and enhancing fertilization capacity.

3.2. Sperm Dilution

Sperm dilution is a critical step in sturgeon sperm cryopreservation
because it increases the usable volume for multiple inseminations and
regulates sperm exposure to extenders and cryoprotectants. It is imperative
to carefully establish the semen-diluent ratio, considering that sperm
concentration, osmotic stability, cryoprotectant permeation dynamics, and
the inherent buffering capacity of seminal plasma are all critical determinants
of subsequent fertilizing potential. Since fertilization requirements vary
among Acipenserid species, it is crucial to establish an optimal sperm-to-egg
ratio before calculating dilution ratios for cryopreservation. It is essential to
acknowledge the characteristic reduction in motility and viability that typically
occurs after a sample has been thawed. Diluent should be added gradually
to avoid osmotic or pH shock, and any extender that induces spontaneous
motility should be replaced.

Species-specific studies highlight the importance of optimizing dilution
ratios. In Stellate sturgeon (Acipenser stellatus), a study comparing dilution
ratios of 1:0.5, 1:1, 1:2, and 1:5 found that a 1:1 semen-to-extender ratio
produced the best post-thaw motility and motility duration after 30 and 60 days
of storage (Sadeghi et al., 2013).

In Persian sturgeon (Acipenser persicus), motility duration was greatest
at dilution ratios of 1:1 and 1:2, whereas higher dilutions (1:5 or 1:10)
significantly reduced sperm survival (Shaluei et al. 2017). Consistent with
these findings, the Caspian broodstock programme for Beluga sturgeon
(Huso huso) and Persian sturgeon (Acipenser persicus) routinely employs a
1:1 dilution before cryoprotectant addition and freezing (Saber and Bozkurt,
2024).

Collectively, these data indicate that moderate dilution—typically 1:1 to
1:2—helps maintain protective seminal plasma components while permitting
uniform cryoprotectant equilibration, whereas excessive dilution (>1:5)
diminishes membrane protection and increases cryoinjury. Thus, species- and
male-specific optimization of dilution ratios remains indispensable for
effective sturgeon sperm cryopreservation.
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3.3. Equilibration Period

The equilibration period—the interval after cryoprotectant addition and
prior to cooling—is critical in sturgeon sperm cryopreservation because it
allows permeating cryoprotectants to diffuse into the cells, equilibrate osmotic
conditions and stabilize membranes before freezing.

For example, in the cold-water species Siberian sturgeon (Acipenser
baerii), one study found that a 30-minute equilibration in a glucose-methanol
extender produced no significant difference in post-thaw motility or fertilization
compared to immediate freezing, suggesting flexibility in handling time in this
species (Judycka et al., 2015).

In contrast, in the Persian sturgeon (Acipenser persicus), a detailed
assessment across equilibration times of 0, 5, 10, 20, 40, and 60 min revealed
that motility and fertility outcomes were significantly improved at intermediate
times (e.g., 10-20 min) compared with zero or very prolonged equilibration
(Shaluei et al., 2017).

Meanwhile, a uniform protocol for Caspian Sea sturgeon species (including
Beluga sturgeon (Huso huso), Persian sturgeon (Acipenser persicus), and Stellate
sturgeon (Acipenser stellatus) employed an equilibration of one hour (60 min) at
4°C before cryofreezing (Saber and Bozkurt, 2024).

These species-specific differences illustrate that optimum equilibration
period depends on factors such as cryoprotectant type and concentration,
extender composition, sperm cell membrane permeability and species
physiological traits. Too short an equilibration period may lead to
inadequate cryoprotectant penetration and increased ice-crystal damage,
while excessively long equilibration may increase toxicity or oxidative
stress (Rodrigues et al., 2021; Saha et al., 2022). Consequently, achieving
species-specific optimisation of the equilibration period is indispensable
to maximize post-thaw motility and fertilisation efficacy of cryopreserved
sturgeon sperm.

3.4. Packaging Process

Following equilibration, diluted sturgeon semen must be packaged
appropriately prior to freezing, and the choice of packaging method can
significantly influence post-thaw sperm quality. Three primary approaches are
commonly used: a) pellet formation, b) ampoules/vials/visotubes, and c) plastic
straws.
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a) Packaging in Pellets

In pellet freezing, small droplets of the equilibrated semen—extender
mixture are placed into shallow depressions or holes drilled into blocks of
solid dry ice (-79°C). Rapid cooling in these depressions forms frozen pellets,
which are subsequently transferred into liquid nitrogen (-196°C) for long-term
storage. Although this traditional method provides very rapid cooling, it offers
limited dose standardization and is used less frequently in modern sturgeon
cryopreservation (Billard et al., 2004, Agarwal, 2011).

b) Packaging in Ampoules, Vials, or Visotubes

Glass ampoules, cryovials, or visotubes have historically been used to
store diluted milt prior to controlled freezing. This method was widely adopted
in early fish cryobiology research (Mounib, 1978), allowing relatively large
sample volumes and providing good protection from contamination. However,
the slower heat transfer and variable cooling rate within larger containers can
reduce post-thaw sperm quality compared with more modern packaging systems
(Agarwal, 2011).

¢) Packaging in Straws

Straw packaging has become the most widely used method in contemporary
fish and sturgeon cryopreservation due to superior thermal properties and
improved post-thaw performance. As demonstrated by Erdahl et al. (1984),
straws reduce the risk of ice recrystallization during thawing and provide more
consistent cooling rates, ultimately enhancing sperm survival. In this system,
equilibrated diluted semen is drawn into 0.25-0.5 mL plastic straws, which are
then sealed manually—commonly using polyvinyl alcohol (PVA) powder—or
with factory-prepared heat seals. Straws are compatible with programmable
freezing systems and can be easily labeled, standardized, and stored in liquid
nitrogen, making them highly suitable for hatcheries, cryobanks, and long-term
conservation programs (Billard et al., 2004, Agarwal, 2011).

3.5. Cooling Process

Cooling—the controlled removal of heat that leads to freezing—is the
single most influential physical step in sperm cryopreservation because it
determines ice-nucleation dynamics, ice-crystal size, the degree and rate of
cellular dehydration, and the magnitude of solute-concentration (solution)
effects. Slow cooling allows osmotic equilibration (cell dehydration) and reduces
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the risk of lethal intracellular ice, but excessive slowness prolongs exposure of
cells to hypertonic residual solution and CPA toxicity; conversely, very rapid
cooling can trap water intracellularly and promote intracellular ice formation
(Suquet et al., 2000; Thirumala et al., 2005).

Studies emphasize that an intermediate, well-defined cooling profile
is required for sturgeon sperm to balance these competing risks (Suquet et
al., 2000; Thirumala et al., 2005). Also, literature regarding sturgeon sperm
cryopreservation suggests that reproducible cooling rates are best achieved
through vapor-phase LN or programmable freezing equipment. Furthermore, it
is observed that practical cooling of 0.5-mL straws typically results in effective
rates approximated at tens of °C per minute (Billard et al., 2004).

Experimental work in specific sturgeon species confirms that cooling
rate markedly affects post-thaw motility, ATP content, oxidative markers and
fertilization. For Persian sturgeon (Acipenser persicus), systematic testing
of freezing rates demonstrated large differences in motility, fertilization and
hatching, indicating clear rate-dependence of cryosurvival (Aramli, et al.,
2016). In Russian sturgeon (Acipenser gueldenstaedtii), studies using simple
vapor-phase protocols (straws equilibrated above LN2) report that controlled
distancing/time in the vapor phase prior to plunge into LN2 gives consistent
cooling and good post-thaw function; these practical vapor-phase approaches
are widely adopted in hatchery protocols for this species (Igna et al., 2022).
Sterlet (Acipenser ruthenus) work linking ultrastructural cryoinjury to freezing
protocols likewise shows that different cooling profiles produce distinct patterns
of membrane, mitochondrial and axonemal damage, supporting species-specific
optimisation of cooling curves (Dadras et al., 2022).

In practice, cryobiologists working with sturgeons choose ecither (a)
programmable slow-freezers to apply a precisely controlled multi-step cooling
profile, or (b) standardized vapor-phase (straw) methods in which straw size
and height above the LN: surface are used to reproduce target cooling rates;
both approaches have been validated across sturgeon species. Because optimal
cooling rates depend on straw/volume, CPA type and species membrane
properties, empirical testing (pilot trials comparing post-thaw motility and
fertilization under a small set of candidate cooling profiles) remains essential
for each species and broodstock population (Horvath et al., 2011).

3.6. Freezing Methods

The freezing stage represents a critical phase in the cryopreservation of
sturgeon sperm, as it determines whether cells undergo controlled dehydration
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or lethal intracellular ice formation. Sturgeon gametes may be frozen using
either slow freezing or vitrification, although slow freezing remains the standard
method applied in commercial hatcheries and conservation programs (Cuevas-
Uribe et al., 2015). Slow freezing is the most widely used technique because
it provides a predictable balance between cooling rate, osmotic responses, and
cryoprotectant toxicity, resulting in high post-thaw motility and fertilization
rates across numerous sturgeon species (Billard et al., 2004; Aramli et al., 2016).

In slow-freezing protocols, extended semen is first equilibrated—usually
at 4°C for 1015 minutes—before it is packaged into 0.25-mL or 0.5-mL plastic
straws, which allow for reproducible cooling conditions. The sealed straws are
arranged horizontally on metal or plastic combs and placed approximately 4
cm above the liquid nitrogen (LN2) surface, exposing them to nitrogen vapor at
—110 to —120°C. This vapor-phase exposure typically lasts 10 minutes, during
which extracellular ice formation draws water out of the spermatozoa, limiting
the risk of intracellular ice crystallization. At the end of this cooling step,
straws are plunged directly into LNz at —196°C for long-term storage (Dadras
et al., 2022). This approach has proven highly effective for Siberian sturgeon
(Acipenser baerii), where freezing semen in 0.5-mL straws under vapor cooling
produced post-thaw motility above 50—70% when used with cryoprotectants
such as DMSO or methanol (Tsvetkova et al., 1996). Similarly, Russian sturgeon
(Acipenser gueldenstaedtii) semen has shown consistently high fertilization
rates when frozen in the vapor phase at similar distances, reflecting the species’
sensitivity to osmotic stress and the need for a controlled dehydration process
(Billard et al., 2004; Alavi et al., 2012).

For Persian sturgeon (Acipenser persicus), experimental trials have
highlighted that cooling rate is more critical than cryoprotectant concentration
in determining post-thaw sperm quality. Studies using 0.25-mL straws
demonstrated that moderate vapor-phase cooling produced superior motility
and fertilization outcomes compared with faster dry-ice freezing or overly slow
programmable cooling steps (Tiersch and Green, 2011; Yang et al., 2010). These
findings emphasize the importance of tailoring cooling rates to species-specific
differences in membrane composition, osmotic tolerance, and cryoprotectant
permeability.

Although pellet freezing on dry ice (—79°C) is one of the earliest methods
employed in fish sperm cryopreservation, it is now used far less frequently. In
this technique, small depressions are carved into a disk of solid CO-, and ~0.1
mL drops of equilibrated semen are pipetted directly into these pits, freezing
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almost instantly. The hardened pellets are then transferred into LN- for storage.
This approach has occasionally been applied in small-scale laboratory work
with sturgeons such as Acipenser baerii or Acipenser gueldenstaedtii, but it
offers lower control of cooling dynamics, produces more variable post-thaw
results, and lacks dose precision compared with straw-based methods. For these
reasons, pellet freezing has largely been replaced by standardized vapor-phase
straw freezing in both research and hatchery settings (Tsvetkova et al., 1996;
Psenicka et al., 2007; Igna et al., 2022).

In contrast to slow freezing, vitrification represents a method of ultra-
rapid freezing in which the sample transitions into an amorphous glass-like state
without ice crystal formation. While vitrification has attracted interest in fish
reproduction, its application in sturgeons has so far been limited predominantly
to oocytes, ovarian follicles, and early embryos, rather than sperm. Sturgeon
sperm cells have low membrane permeability and are highly sensitive to osmotic
shock, making them poor candidates for the extremely high cryoprotectant
concentrations (40-60% CPA mixtures) required for vitrification. Attempts to
vitrify sturgeon embryos and ovarian tissues have achieved partial structural
preservation but very low survival or developmental success post-warming
(Cuevas-Uribe et al., 2015).

Overall, slow vapor-phase freezing in sealed plastic straws continues
to be the most reliable, practical, and widely adopted method for sturgeon
sperm cryopreservation (Tsvetkova et al., 1996). Species-specific differences
in membrane physiology and osmoregulatory properties underscore the need
for carefully optimized cooling rates for each taxon (Aramli et al., 2016). As
conservation efforts expand and hybridization programs grow, developing
standardized, species-tailored freezing curves will remain an essential goal in
sturgeon reproductive biotechnology (Igna et al., 2022).

3.7. Thawing Process

The thawing process is a critical step in the successful utilization of
cryopreserved sturgeon gametes, involving controlled warming of straws or
pellets to restore spermatozoa from ultra-low storage temperatures (—196°C) to
fertilizing conditions (Tsvetkova et al., 1996). Typically, cryopreserved gametes
are immersed in a water bath at temperatures ranging from 20 to 37°C, with
immersion times depending on straw size and species (0.25-0.5 mL straws
usually require 5-10 seconds). Immediate use of thawed sperm is recommended
because a substantial proportion of cells may already have sustained membrane,
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mitochondrial, or axonemal damage during freezing, and prolonged exposure in
the thawed state can further reduce motility and fertilization success (Tsvetkova
et al., 1996; Glodowski et al., 2022).

The effectiveness of thawing is strongly influenced by the cooling history
of the sperm. Slowly cooled sperm often experience sufficient dehydration
prior to solidification, minimizing intracellular ice formation. In such cases,
rapid warming from the frozen state can effectively reduce recrystallization
and osmotic stress. For example, Siberian sturgeon (Acipenser baerii) semen
frozen in 0.5-mL straws and thawed at 35°C for 10 seconds exhibited post-
thaw motility of 65—70% and high fertilization rates (>70%) (Tsvetkova et al.,
1996). Similarly, Russian sturgeon (Acipenser gueldenstaedtii) sperm thawed
at 30°C for 8-10 seconds after vapor-phase freezing maintained fertilization
rates of 50-80%, highlighting the importance of rapid warming to avoid ice
recrystallization (Billard et al., 2004; Alavi et al., 2012).

In Persian sturgeon (Acipenser persicus), studies have shown that post-
thaw motility and fertilization vary depending on freezing protocol and
extender composition; for example, the highest fertilization rate was achieved
with a —40°C/min freezing rate (Aramli et al., 2016). Across sturgeon species,
the general principle is that thawing should be rapid enough to prevent
recrystallization, yet controlled to avoid thermal shock. During thawing,
water re-enters the spermatozoa, solute concentrations normalize, and cellular
metabolism gradually resumes, allowing the sperm to regain motility and
fertilizing capacity (Mazur, 1984; Tsvetkova et al., 1996; Cabrita et al., 2008).

Overall, species-specific optimization of thawing conditions—temperature,
time, and straw/pellet size—is essential for achieving high post-thaw sperm
quality and fertilization efficiency in sturgeon aquaculture and conservation
programs.

3.8. Storage in Liquid Nitrogen

Long-term storage of cryopreserved sturgeon sperm is typically carried out
in liquid nitrogen (LN-) at —196°C, a temperature at which all biochemical and
enzymatic processes effectively cease, allowing gametes to remain viable for
extended periods. Sperm samples stored in sealed straws or cryotubes can retain
motility, membrane integrity, and fertilization potential for decades when proper
handling and storage protocols are followed (Tiersch et al., 2007).

Species-specific studies confirm the stability of cryopreserved sturgeon
sperm over several years. For example, Siberian sturgeon (Acipenser baerii)
semen frozen in 0.5-mL straws and stored in LN2 showed no significant decline
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in motility or fertilization capacity even after five years of storage (Tsvetkova
et al., 1996). Russian sturgeon (Acipenser gueldenstaedtii) and Persian sturgeon
(Acipenser persicus) have shown substantial post-thaw motility and fertilization
potential following cryopreservation and LNz storage (Igna et al., 2022; Aramli
and Nazari, 2014; Alipour et al., 2009). Long-term success in cryobanking
depends on maintaining straw integrity and minimizing temperature fluctuations
to avoid ice recrystallization and reduced fertility (Billard et al., 2004; Tiersch
et al., 2007).

These findings highlight the effectiveness of LN as a cryogenic medium
for both conservation and aquaculture applications, enabling the creation of
sperm banks for genetic preservation, selective breeding, and hybridization
programs.

4. Challenges in Sturgeon Sperm Cryopreservation

Despite decades of research and significant advances, sturgeon sperm
cryopreservation remains technically challenging due to a combination of
biological, physiological, and technical factors. The major challenges can be
grouped into the following categories:

4.1. Species-Specific Physiological Differences

Sturgeon species exhibit wide variation in sperm size, membrane
composition, and osmoregulatory capacity, which affects their sensitivity to
freezing and thawing. For example, Siberian sturgeon (Acipenser baerii) sperm
generally show robust tolerance to standard cryopreservation protocols, whereas
Russian sturgeon (Acipenser gueldenstaedtii) sperm display greater sensitivity
to cryoprotectant composition and handling conditions (Igna et al., 2022; Billard
et al., 2004). These species-specific variations complicate the standardization of
cryopreservation protocols across diverse taxa.

4.2. Cryodamage

Cryogenic injury can induce a wide range of morphological, physiological,
and biochemical alterations in male gametes, which ultimately compromise
post-thaw sperm viability and fertilization potential. Major forms of cryodamage
include:

-Membrane disruption, leading to loss of selective permeability
-Mitochondrial dysfunction, reducing ATP availability for motility
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-DNA fragmentation, compromising genetic integrity

-Oxidative stress, producing reactive oxygen species that damage lipids
and proteins (Cabrita et al., 2010; Figueroa et al., 2019). These injuries can
lead to reduced motility, viability, fertilization success, and impaired larval
development.

4.3. Optimization of Cryoprotectants (CPAs)

The choice and concentration of permeating and non-permeating
cryoprotectants critically influence sperm survival. DMSO, methanol, glycerol,
and combinations are commonly used, but toxicity varies among species, and
suboptimal CPA concentrations can exacerbate cryodamage. Furthermore,
equilibration time must be optimized to balance cryoprotection with osmotic
stress (Cabrita et al., 2010).

4.4. Cooling and Warming Rate Challenges

The rate of cooling and thawing directly affects sperm survival. Slow
cooling can cause solution effects and prolonged exposure to hypertonic
environments, while excessively rapid cooling may induce intracellular ice
formation. Similarly, thawing must be fast enough to prevent recrystallization
but controlled to avoid thermal shock (Tiersch and Green, 2011).

4.5. Dilution and Seminal Plasma Interactions

Semen must be diluted with extenders prior to freezing to allow uniform
CPA penetration. However, excessive dilution reduces protective seminal plasma
factors, while insufficient dilution can hinder cryoprotectant equilibration.
Optimizing sperm-to-extender ratios is often species- and even male-specific
(Suquet et al., 2000; Bergeron et al., 2002; Tiersch and Green, 2011).

4.6. Storage and Handling Constraints

While liquid nitrogen storage ensures long-term viability, temperature
fluctuations during handling or transfer can compromise sperm quality.
Maintaining a consistent —196°C environment across global sperm banks
requires careful infrastructure and handling protocols (Tiersch and Green, 2011;
Martinez-Paramo et al., 2017).

4.7. Limited Molecular Understanding

Although practical protocols exist, the molecular and biochemical
mechanisms governing sperm freezability are not fully understood. Factors
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such as membrane lipid composition, antioxidant defenses, and gene expression
patterns influencing cryotolerance remain underexplored, limiting the ability to
rationally design species-specific protocols (Figueroa et al., 2019).

4.8. Hybridization and Genetic Variability

In hatcheries, the use of cryopreserved sperm for hybrid production (e.g.,
sterbel hybrids: Huso huso X Acipenser ruthenus) requires careful genetic
management to avoid inbreeding and preserve diversity. Indeed, cryopreserved
beluga sperm has been used successfully to produce “sterbel” (Acipenser
ruthenus x Huso huso) hybrids, with molecular verification of hybrid origin and
maintained viability (Fopp-Bayat et al., 2023; Fopp-Bayat et al., 2024).

5. Conservation and Aquaculture Applications

Cryopreservation of sturgeon sperm has become a pivotal tool for both
conservation biology and aquaculture, enabling long-term preservation of
valuable genetic resources while supporting sustainable breeding programs.
Sperm-banks have been established for a variety of sturgeon species, including
sterlet (Acipenser ruthenus), Siberian sturgeon (Acipenser baerii), and Beluga
sturgeon (Huso huso) (Billard et al., 2004; Alipour et al., 2009; Martinez-Paramo
et al., 2017). These biobanks not only provide gametes for routine artificial
fertilization and hatchery operations, but also facilitate restocking initiatives
aimed at recovering endangered wild populations (Comizzoli, 2017).

In aquaculture, cryopreserved sperm has enabled the production of hybrid
sturgeon, such as bester hybrids (Huso huso x Acipenser ruthenus), which
combine the rapid growth of Beluga with the hardiness and disease resistance
of sterlet. Such hybrids are increasingly used to improve productivity while
reducing pressure on wild stocks. Beyond local breeding programs, sperm
cryopreservation has fostered international exchange of genetic resources,
allowing hatcheries and research institutions worldwide to maintain genetic
diversity, conduct selective breeding programs, and mitigate inbreeding risks in
cultured and endangered populations (Tiersch and Green, 2011).

Furthermore, cryobanks serve as living genetic repositories, preserving
alleles fromrare or geographically isolated populations, which can be reintroduced
into the gene pool decades later. This capability is especially critical for sturgeon
species, many of which face severe declines due to overfishing, habitat loss, and
pollution. In this way, cryopreservation integrates conservation and production
objectives, bridging aquaculture innovation with species preservation and
offering a sustainable strategy to safeguard sturgeon biodiversity globally.



18 4 ¢ CRYOPRESERVATION IN AQUATIC ANIMALS I

6. Conclusion

Advancements in sperm management techniques have firmly established
cryopreservation as an essential tool inboth sturgeon aquaculture and conservation
programs. This technology enables the creation of genetic repositories, facilitates
the combination and preservation of desirable traits, and supports selective
breeding programs aimed at developing improved genetic stocks (Tiersch and
Green, 2011; Martinez-Paramo et al., 2017). Cryopreservation also ensures the
continuous availability of sperm samples, synchronizes the use of male and
female gametes, simplifies the transport of genetic material across research
or production facilities, and reduces both the costs and logistical challenges
associated with maintaining broodstock in captivity (Martinez-Paramo et al.,
2017).

Despite these advantages, cryodamage remains a major limitation,
affecting plasma membranes, mitochondrial function, and DNA integrity, while
often reducing sperm motility and viability. Such damage can compromise
fertilization success, larval survival, and normal embryonic development
(Cabrita et al., 2010; Figueroa et al., 2019). Sturgeon sperm are particularly
sensitive due to their large cell size, low membrane permeability, and species-
specific differences in osmotic tolerance, highlighting the need for continued
refinement of cryopreservation protocols (Tsvetkova et al., 1996; Glogowski et
al., 2002; Cosson, 2019).

Cryoprotectants are used to reduce cryo-injury in sperm, and therefore
selecting the most suitable cryoprotectant for a given semen sample is essential.
Additionally, various chemicals added to sperm extenders aim to protect the
integrity of the sperm plasma membrane. Ongoing research also focuses on
preventing sperm DNA damage caused by oxidative stress during the thawing
process, as well as minimizing negative effects on sperm kinematics and motility.
Similarly, studies continue to optimize sturgeon sperm cryopreservation and to
achieve high fertilization rates following thawing and artificial insemination
(Tsvetkova et al., 1996; Gil et al., 2017; Cabrita et al., 2010; Badr et al., 2021;
Kolyada et al., 2023b; Igna et al., 2022).

Overall, the cryopreservation of sturgeon sperm represents an invaluable
tool for both conservation and aquaculture, enabling the preservation of
genetic diversity and supporting artificial breeding programs for endangered
and commercially important species. Although significant progress has been
made in optimizing cryopreservation protocols, our understanding of the
molecular and biochemical mechanisms governing sperm freezability remains
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incomplete. Future research integrating molecular biology, metabolomics, and
bioinformatics holds great promise for enhancing post-thaw sperm quality,
improving fertilization outcomes, and safeguarding the genetic heritage of
Acipenseridae for generations to come.
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1. Introduction

he European sea bass (Dicentrarchus labrax) is the first non-salmonid
I marine fish to be commercially cultivated in Europe (Bagni, 2005). This
species is endemic to the coastal waters of the north-eastern Atlantic,
the Mediterranean, and the Black Sea. They are typically found at depths
shallower than 100 m. They can tolerate wide salinity ranges (0-90 ppt) and
temperatures (2-32°C). Sexual maturation occurs earlier in males, usually at two
to three years of age, while females mature at three to four years of age (Perez-
Ruzafa & Marcos, 2014). The reproductive cycle of the species is seasonal,
with the period of spawning occurring between the months of December and
March in the Mediterranean region and between March and June in the Atlantic
region. Females are highly fecund and release large number of eggs, which are
fertilized externally. Juveniles generally occupy estuaries and lagoons from
spring to autumn, before migrating with adults to deeper waters in winter, where
temperatures remain above 9-10°C (Pickett & Pawson, 1994).

The initial attempts to cultivate sea bass, which entailed the rearing
of juveniles from the wild, commenced in the 1970s. In the early 1980s,
research focusing on captive breeding and rearing techniques facilitated the
development of hatchery methods for juvenile production (Bagni, 2005;
Chatain and Chavanne, 2009). This specialized method of fry production, based
on the year around voluntary spawning of broodstock in tanks under natural
and artificial photoperiod regimes, was adopted in the Mediterranean basin in
the 1990s. The accelerated proliferation of this production technique and the
consequent escalation in output have precipitated the predominance of sea bass
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as the prevailing species within the European mariculture sector. Consequently,
since 1992, production of aquaculture has surpassed that of fisheries. In 2023,
global European sea bass production reached 292,523.5 tons, with aquaculture
accounting for 98.1% of this production (FAO, 2024). The primary contributors
to this achievement have been Tiirkiye (160,802.0 tons), Greece (44,200.8 tons),
Egypt (34,077.0 tons), and Spain (24,413.3 tons) (FAO, 2024).

The rapid growth of the European sea bass farming sector, while offering
certain benefits, also raises concerns about the sustainability of production. In
this context, selective breeding is emerging as a critical management strategy
to ensure the sustainability of the sector. Indeed, the first selective breeding
programs employing hatchery-raised broodstock were initiated in the 1990s
(Chatain and Chavanne, 2009). Subsequent years witnessed the continuation
of endeavors aimed at developing lines that exhibited genetically enhanced
production performance (Chavanne et al., 2016; Janssen et al., 2017). In recent
years, there has been significant progress in the development of tools that
can facilitate the implementation of highly effective genome-based selective
breeding programs (Vandeputte et al., 2019). However, in contrast to the
voluntary spawning technique that is typically utilized in hatcheries, selective
breeding programs necessitate the controlled production of specific brooders.
This necessity has prompted research initiatives focused on the development
of reproductive biotechnologies, encompassing controlled gamete production,
insemination, and sperm storage. This chapter provides a comprehensive
overview of the current state of research in the field of cryopreservation of
sperm in European sea bass. The applications, limitations, and future prospects
of this technique as a long-term sperm preservation method are highlighted.

2. Sperm characteristics

Studies on sperm production dynamics of European sea bass have shown
that, although the breeding season varies by region from December to June,
spawning generally occurs over a two- to three-month period in a particular
location (Carrillo et al., 1995). A single 11-ketotestosterone peak initiates and
maintains spermatogenesis and spermiogenesis (Prat et al., 1990). Furthermore,
gametogenesis begins earlier in males than in females, which ensures availability
of sperm before the spawning of females (Prat et al., 1990; Carrillo et al., 1995).

Males produce a highly concentrated milt containing up to 60 x 10°
spermatozoa/ml, packed in a relatively small amount of seminal plasma that
may constitute only 10% of the milt (Billard 1978a; Zohar et al., 1984; Fauvel
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et al., 1999). Osmolality and pH of their seminal plasma are 371£9 mOsm/
kg and 8.06+0.03, respectively (Fauvel et al., 2012). Furthermore, milt volume
and spermatozoa concentration may remain relatively stable throughout the
spawning season. Zohar et al. (1984) observed only a slight decline in sperm
concentration over a reproductive season lasting more than two months. Sorbera
et al. (1996) also reported that weekly stripping of males does not significantly
affect sperm production, expressible milt from a particular male is available for
28 days during a spawning period without significant change in spermatozoa
density. Additionally, they showed that males treated with GnRHa implants
remain fluent for a longer duration of 44 days without variation in sperm
concentration. Fauvel et al. (1999) observed only a slight decline in sperm
concentration of monthly sampled fish but reported that frequent stripping may
shorten the spermiation period and the number of spermiating males declines
towards the end of spawning season.

As in most marine teleost, sperm motility in European sea bass is triggered
by hyperosmotic shock upon dilution in seawater (Billard, 1984). Differences
in motility duration were reported across studies (ranging from 30 s to several
min; Billard, 1984; Villani & Catena, 1991; Sorbera et al., 1996) due to
methodological variations, including sperm preparation, dilution, and activation
procedures. Predilution in a non-activating media and subsequent high-ratio
dilution (e.g., 1:1000) have been shown to synchronize activation and provide
more accurate motility assessments (Billard & Cosson, 1992). Studies using
higher dilution ratios showed that European sea bass sperm exhibits unusually
short motility duration compared to other marine fish species, behaving more
like freshwater fish sperm in this respect. Motility is typically last around 30-45
s (Dreanno et al., 1999; Fauvel et al., 1999). Dreanno et al. (1999) demonstrated
that this brief period of motility is controlled by intracellular energy constraints
and ionic regulation. The hyperosmotic shock encountered during activation
causes rapid depletion of ATP stores, and rising internal calcium levels disrupt
the symmetrical flagellar beating pattern toward the end, ultimately limiting
the motility window. Thus, their spermatozoa, which initially swim at high
speed and in linear trajectories after activation, gradually lose motility after
45 s (Dreanno et al., 1999). In addition to brief motility duration, progressive
declines in sperm motility and viability as the reproductive season advanced
was observed by Billard et al. (1977) who evaluated sperm quality at different
times during the spawning period, by measuring both motility duration after
dilution and survival during cold storage. They demonstrated that sperm diluted
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100-fold exhibited decreasing motility duration as the season progressed, from
5 min early in the spawning season to only 30 s at its end. Similarly, sperm
survival at 4°C declined from 70 h at the beginning of the season to less than
30 min later in the cycle, suggesting progressive sperm ageing occurs along the
reproductive season.

Additionally, it was shown that the salinity or osmolality of the activation
solution affects the motility and fertilization capacity of sperm. Physiological
saline solution with a pH of 8.5 or seawater with a lowered salinity of 20 ppt
and/or a pH of 8-9 increased the percentage of motile sperm, improved the
motility duration and fertilization capacity (Billard, 1978a; 1978b; Sansone et
al., 2001). However, majority of researchers usually used full strength sea water
or artificial seawater in their sperm motility assessments (Table 1).

3. Studies on sperm cryopreservation

Sperm cryopreservation is a crucial biotechnological tool in aquaculture
and fisheries research, providing opportunities for selective breeding, genetic
resource conservation, and the stabilization of gamete supply in hatcheries.
However, limited number of studies were devoted to sperm cryopreservation in
marine fish species, including the European sea bass.

The European sea bass milt is thick and highly viscous (Billard 1978a;
Zohar et al., 1984; Fauvel et al., 1999). These characteristics make it difficult
to work with because the quality of the sperm can deteriorate very quickly,
within 30 min to 6 h, after collection due to oxygen depletion (Billard et al.,
1977; Sansone et al., 2001; Fauvel et al., 2012). Additionally, the thickness of
the milt makes homogeneous mixing with eggs during artificial insemination
very difficult (Fauvel et al., 1999). To address these challenges, researchers
evaluated various isotonic media for diluting sea bass sperm and/or its chilled
liquid storage. In the earliest studies, a physiological saline solution adapted
from Mounib (1968) and named B4 was identified as a good candidate for
this purpose (Billard 1978b; 1984). In a comprehensive study on the sperm
characteristics of captive broodstock, researchers used another isotonic saline
solution for diluting sperm before fertilization of eggs stripped from females.
They named this solution non-activating medium or as commonly abbreviated
NAM (Table 1). Furthermore, they showed that predilution of sperm in NAM
up to 128 times does not cause any loss in its initial quality (Fauvel et al., 1999).
Taking advantage of the osmolarity and pH sensitivity of sperm, Sansone et
al. (2001) used a slightly hypotonic NaCl solution (1%, 297 mOsm/kg), pH
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of which was lowered to 5.4 with hydrochloric, citric, or acetic acid. Optimal
motility rates were obtained when using the 1% NaCl-citric acid combination
and a 1:10 dilution ratio.

The earliest studies on long term sperm preservation in European sea
bass revealed that combination of B4 solution adapted from Mounib (1968) in
combination with cryoprotectants such as 10% dimethyl sulfoxide (DMSO) or
17% glycerol, and utilizing a relatively slow cooling rate (-10°C/min up to -80°C)
during freezing provided satisfactory results (Billard 1978b; 1984). However,
an improved diluent (containing a 10 mg/ml bovine serum albumin (BSA)) or a
cell culture medium such as Eagle recommended for the preservation of lower
quality sperm obtained towards the end of spawning season (Billard 1978a).
Later, Fauvel et al. (1998) evaluated a sperm cryopreservation protocol adapted
from turbot, using either 0.25 ml straws or 1.5 ml cryovials by utilizing a higher
dilution rate and a faster initial cooling rate (Table 2). They also reported highly
satisfactory results with post-thaw motilities close to fresh sperm. Sansone et al.
(2002) combined 1% NaCl-citric acid solution with 5 distinct cryoprotectants
at various concentrations (Table 2). Their basic extender also yielded over 65%
post-thaw motility rates when combined with 7% DMSO or 10% ethylene glycol
(EG). Combining the egg-yolk-citrate extender at a higher dilution rate of 1: 20
with a 10% DMSO also allowed the high post-thaw motility rates, but unlike
previous studies the success of cryopreservation significantly declined when
EG, or glycerol was used as cryoprotectant or DMSO was combined with the
urea-egg-yolk and 0.9% NaCl solutions (Badr et al., 2021). The egg-yolk-citrate
extender combined with 10% methanol (MeOH) also effective and yielded
relatively high post-thaw motility rates of 73.33+£10.15% (Badr et al., 2021).

Due to observed variability in the results of cryopreservation studies,
Pefiaranda et al. (2008) evaluated the effects of extenders, previously utilized
by other researchers (NAM from Fauvel et al., 1998; 1999 and 1% NaCl-HCI
solution from Sansone et al., 2001), on the motility and sperm head morphology
of spermatozoa via liquid storage at 4°C. They obtained the best results with
the NAM extender or by adding 1 and 2% of BSA to it. The motility of the
spermatozoa diluted at 1: 20 ratio and incubated in these extenders was similar to
that of fresh sperm until 48 h and was higher than that of undiluted sperm. They
also checked the spermatozoa motility and morphology reactions with some of
the best performing extenders by combining them with three cryoprotectants
at different concentrations (2, 5, 10%). While the combination of extenders
with glycerol caused the activation of spermatozoa motility, combining the
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2% BSA added NAM with either MeOH or DMSO resulted in a low level
of sperm activation and high motility rates 5 min after incubation. Thus,
researchers suggested these combinations are good candidates to be used in the
cryopreservation of sperm. However, a recent study reported that a 10% DMSO
and NAM combination with or without 5% glucose addition yields the highest
post-thaw motility kinetics, but MeOH should be avoided as a cryoprotectant
(Franca et al., 2022).

Other researchers evaluated the effects of antioxidant incorporation into
cryopreservation media. Cabrita et al. (2011) added 1 mM or 10 mM taurine,
hypotaurine, ascorbic acid, 0.1 or 0.5 mM a-tocopherol and 1 ml of a commercial
cell antioxidant to a cryomedium consisting of 1%NaCl and 10% DMSO. They
observed that these antioxidants neither affect the post-thaw motility kinetics of
sperm nor support its viability or provide protection against cryopreservation
induced DNA damage. Furthermore, vitamins may even increase the incidence
of DNA fragmentation or the commercial cell antioxidant may lower the
viability of sperm. In the follow up studies, however, the incorporation of the
same vitamins (0.1 mM a-tocopherol or 1 mM ascorbic acid) to NAM and 10%
DMSO medium containing 1% BSA improved motility and straight-line velocity
of cryopreserved sperm (Martinez-Paramo et al., 2012a). Incorporation of 1 mM
hypotaurine and taurine improved the total motility and straight-line velocity
of cryopreserved sperm, respectively (Martinez-Paramo et al., 2013). However,
taurine and hypotaurine provided only slight protection against DNA damage
and none of the antioxidants support the viability or reduce the lipid and protein
oxidation levels in cryopreserved sperm (Martinez-Paramo et al., 2012b; 2013).

4. Conclusion and future prospects

The European sea bass exhibits peak sperm concentration and quality
at the onset of the spawning season. However, as the season progresses, a
marked decline can be observed in motility and fertilization capacity. Despite
the potential to sustain sperm production through methods such as regular
stripping and hormonal induction, motility rapidly declines after activation
and deteriorates further due to aging as the season progresses. These biological
constraints present considerable challenges to hatchery operations and selective
breeding programs for the species.

The application of cryopreservation technology in hatchery operations
and selective breeding programs has the potential to mitigate these limitations.
Furthermore, cryopreservation technology provides a pivotal instrument in the
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domain of long-term genetic resource banking and conservation. Researchers
working on European sea bass sperm cryopreservation have reported significant
successes to date. However, as outlined in this chapter, there are some
inconsistencies among the studies. Consequently, further research is needed
to optimize sperm cryopreservation protocols in this species. In addition to
the investigation of effective cryoprotectants and freezing protocols, future
studies should include a systematic evaluation of thawed sperm quality.
This will facilitate a more comprehensive examination of the effects of the
freezing-thawing process and storage in frozen form. Systematic evaluations
should include assessments of DNA and membrane integrity, in addition to the
degree of fertilization success. The development of effective and robust sperm
preservation techniques will ultimately contribute to European sea bass farming,
the conservation of biological diversity, and the sustainable use of marine
resources.
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1. Introduction

reezingpreserves genetic material, so promotingbiodiversity conservation,
Fpopulation management, selective breeding, and crossbreeding. It

facilitates out-of-season breeding by allowing the use of genetic material
for breeding purposes. The freezing procedure can be optimized to improve
sperm quality, resulting in higher fertilization rates when relied on for artificial
insemination. Sperm banking preserves genetic resources from diseases that
could wipe out fish populations. It also can help in the adaptation of breeding
programs to environmental changes, such as climate change. Cryopreserved
sperm is an invaluable resource for researchers studying reproductive biology,
genetics, and aquaculture techniques. Furthermore, cryopreservation can
reduce costs related to maintaining live broodstock, especially for species that
are challenging to culture in captivity. Overall, cryopreservation has various
advantages, including higher sperm quality, risk control, and cost-effectiveness
in aquaculture.

Endemic fish species play a crucial role in their ecosystems and serve
as vital genetic reservoirs. Understanding the various biological aspects of
these species, particularly their reproductive traits, is essential for effective
management and conservation efforts. In this regard, numerous studies have
focused on the biological features and meat quality of the shabut fish, scientifically
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known as Barbus grypus. This species is native to the freshwater systems of the
Euphrates-Tigris River basin in Tiirkiye and is also found across Iran, Turkey,
Syria, and Iraq (Nikpei, 1996; Abdoli, 2000). Barbus grypus, a species found
in estuaries, has recently become a candidate species for use in aquaculture. It
can attain a maximum length exceeding one meter and can weigh more than 50
kilograms, with spawning generally taking place between May and mid-June
(Dogu, 2012). Trying to understand the spermatological characteristics and
sperm cryopreservation studies of shabut fish will help their management and
protection in nature and may also contribute to their production under controlled
conditions. In this chapter, sperm preservation methods, characteristics, some
effective factors in freezing, freezing protocol and general methods in frozen
sperm thawing protocol were detailed and discussed based on shabut fish sperm.

2. Shabut Sperm Characteristics

Dogu et al (2014) was reported the semen volume of Shabut as 720.71
+60.88, 829.83 +44.24, 1013.50 £93.04 and 1217.33 £183.23 pL on average in
5, 6, 7 and 8 years old fish, respectively, while the overall average was reported
as 886.00 £78.76 uL. In a study involving 13 parameters, the following ranges
were observed: sperm density ranged from 15 to 23 x 10"9; spermatocrit values
were between 60% and 90%; the duration of sperm motility varied from 90 to
132 seconds; milt volume was recorded at 2.9 to 4.5 milliliters; seminal plasma
pH levels ranged from 7.65 to 8.27; glucose concentrations were between 8.2
and 12.2 mg/dl; cholesterol levels ranged from 21 to 29.3 mg/dl; total protein
content varied from 0.97 to 1.9 g/dl; sodium (Na+) levels were between 84.45
and 103 mM/I; potassium (K+) levels ranged from 36.8 to 49.3 mM/I; calcium
(Ca++) was measured at 0.86 = 0.06 mM/I; magnesium (Mg++) levels ranged
from 1.2 to 1.55 mM/I; total sperm length was between 3.48 and 4.66 um; sperm
head length varied from 0.88 to 1.33 um; and the length of the sperm flagellum
ranged from 12.6 to 13.3 um (Khodadadi et al., 2016). The mean fresh sperm
concentration and motility duration of shabout were estimated as 19 375 + 2894
x10° ml and 1550 = 413.09 s, respectively (Dogu, 2012).

3. Sperm Preservation Methods

Spallanzani, an Italian priest, first documented in 1776 that exposure to snow
and low temperatures affects human sperm, notably impacting sperm motility
(Doetsch, 1976). A major breakthrough came with the atificial insemination with
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frozen sperm in 1950 (Blaxter, 1953). Today, cryopreservation techniques in fish
are mostly applied to sperm. The possibility of cryopreservation of fish sperm has
been available for more than 70 years and, due to the large number of fish species,
experimental methods are still used in most of them today. Most research efforts
have predominantly concentrated on larger aquatic species, including salmon,
carp, and catfish. In contrast, there has been limited investigation into aquarium
fish, which are typically smaller in size and have sperm volumes restricted to
microliter quantities (Tiersch, 2001). Fish sperm storage is typically categorized
into two primary approaches: short-term and long-term preservation. Short-term
preservation is commonly employed in aquaculture and breeding programs to
bridge immediate needs. Long-term preservation methods, by contrast, aim to
retain viability over extended periods. Both strategies rely on carefully controlled
cooling, extender selection, and, when applicable, cryoprotectants to maintain
motility and fertilizing capability. In fact, short-term preservation is also a
process used for long-term preservation. Because in long-term preservation,
diluents, cryoprotectants, some phospholipids and proteins are added to prevent
the sperm from moving before freezing. Typically, storage involves freezing
either as dry ice pellets or within straws exposed to liquid nitrogen vapor, as
described by Kurokura et al. (1984) and Holtz (1993).

The three studies investigated strategies to optimize cryopreservation of
Barbus grypus and related species, focusing on cryoprotectant formulations,
extenders, and adjuncts.

In the first study, three DMSO concentrations (7%, 10%, 15%) were
tested for post-thaw motility and fertility in shabout sperm, with final dilutions
incorporating 10% sperm and glucose extender at varying DMSO percentages.
Compared to fresh milt, cryopreserved sperm showed reduced motility, and
extenders with 7% and 15% DMSO produced lower motile fractions than the
10% DMSO extender, a difference that reached statistical significance. The 10%
DMSO extender yielded the best fertility rate among treatments, indicating
a mid-range DMSO concentration provides the optimal balance for Barbus
grypus cryopreservation. Overall, the data underscore the importance of precise
cryoprotectant optimization to maximize post-thaw performance and hatchery
outcomes (Dogu, 2012).

The second study evaluated long-term cryopreservation feasibility for
Shabout’s sperm using two extenders and two cryoprotectants, comparing Zhang
& Liu versus Hank’s HBSS and methanol versus glycerol. Semen collected
from mature fish during natural spawning was assessed for prefreezing and
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post-thaw motility and survival. Prefreezing motility was higher with Zhang &
Liu/methanol than with Hank’s/glycerol, but post-thaw motility favored Hank’s/
glycerol, suggesting Hank’s HBSS with glycerol is more advantageous for long-
term storage. The results demonstrate that Shabout sperm can be effectively
cryopreserved in liquid nitrogen, with the Hank’s extender and 10% glycerol
being particularly favorable. Short-term preservation may still be possible with
Zhang & Liu, but long-term viability favored Hank’s HBSS. These findings
inform extender and cryoprotectant choices for robust, long-term semen
biobanking in this species, with implications for aquaculture and conservation.
Additional optimization could further refine processing and dosing to maximize
post-thaw viability (Al-Mohammedi et al., 2017).

The third study evaluated oxytetracycline (OTC) supplementation to a
glucose-based extender and its impact on oxidative stress markers, antioxidant
status, DNA integrity, and apoptosis in Barbus grypus post-thaw semen.
OTC at three concentrations (0.78, 1.56, and 3.12 mg) produced a linear
enhancement of post-thaw motility and its duration (P < 0.0001). Oxidative
indicators demonstrated decreases in MDA and total oxidative status, while total
antioxidant status (TAS) and GSH rose with OTC, reflecting an improved redox
balance (P < 0.001). DNA damage measured by 8-OHdG declined with higher
OTC levels, and apoptotic sperm decreased linearly to quadratically with OTC
(P < 0.0001). The results suggest OTC can be a beneficial additive in semen
extenders, enhancing freezing-thawing outcomes without compromising overall
quality. The findings support incorporating OTC into extenders to improve
cryopreservation success, though optimal concentration and potential side
effects warrant further study. Future research should assess long-term fertility
outcomes and any tissue-level implications of OTC use in aquaculture contexts
(Dogu et al., 2022).

Overall, these studies collectively highlight the critical role of extender
composition, cryoprotectants, and adjuncts in maximizing sperm viability,
motility, and fertility after thaw, with implications for fish conservation and
breeding programs.

4. Some effective factors in sperm freezing

In addition, to optimize the cryopreservation of sperm, it is necessary to
consider several fundamental parameters, some of which are described below.
Antioxidant cryoprotective chemicals such as ascorbic acid, lactic acid, and
resveratrol—added to media containing egg yolk and glycerol that protect
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sperm cells from osmotic injury—positively influence sperm quality. Below, by
reviewing the related studies, the criteria that should be taken into account to
achieve optimal outcomes in sperm cryopreservation are elucidated.

4.1 Extenders

For effective cryopreservation, it is crucial to inhibit the activation of
spermatozoa during storage. Undiluted sperm is unsuitable for cryogenic
preservation; thus, it must be mixed with a suitable medium (Stoss, 1983). Given
that the motility of fish spermatozoa typically occurs only once, this medium
should not trigger motility and must not compromise the sperm’s potential
for activation when needed. This type of medium is known as an “Extender”
(Routray and Verma, 2011). By diluting the semen, it facilitates the fertilization
of a larger number of eggs in a confined space.

An extender is a saline solution designed to sustain cell viability throughout
the cryopreservation process. This solution should provide energy sources for
the sperm cells, shield them from damage due to temperature fluctuations, and
create an optimal environment during the cryopreservation period (Kamaruding
et al., 2012). The extender is designed as a buffered physiological saline
solution that mirrors the inorganic makeup of seminal plasma (Borchard and
Schmidt, 1979), and its exact composition varies across species. Its role is to
keep spermatozoa quiescent before dilution by stabilizing their physicochemical
properties (Ohta and Izawa, 1996). Typically, sperm are stored in an extender
with an osmolality close to isotonic with plasma to prevent premature activation
(Bates et al., 1996). Extenders have been developed using saline-based diluents
and sugar-based diluents (Urbanyi et al., 1999). Tris-egg yolk has been shown
to yield a higher percentage of post-thaw motility (50%) for cryopreserved
common carp spermatozoa (Lakra and Krishna, 1997). Sperm diluted with a
solution containing 0.3427 g NaCl, 3.4314 g sucrose, 100 ml distilled water,
21 pl NaOH, 0.5 ml antibiotics (penicillin and streptomycin), and DMSO
demonstrated optimal post-thaw motility (94.5 & 3.3%) in C. carpio (Irawan et
al., 2010). In a study comparing the effectiveness of three extenders—Freshwater
Fish Saline, Modified Fish Ringer, and Physiological Saline—for C. carpio milt
cryopreservation, Modified Fish Ringer achieved the longest motility duration
(Betsy and Kumar, 2016).

To mitigate rapid agglutination in fresh Barbus sperm, a glucose-based
extender (GBE; comprising 40 mM KCI, 30 mM Tris, and 200 mM glucose)
has been utilized, supplemented with 20 pg/mL DNase I (PanReac AppliChem,
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Spain, Germany, Italy) (Kojadinovi¢, 2020). The ideal cryoprotectant varies
among fish species, and the interactions between the extender and cooling rates
are critical (Vuthiphandchai et al., 2014).

In the studies, it has been determined that media formed by mixing
DMSO as a cryoprotectant with a glucose-containing diluent best preserve
sperm quality at the highest level. When using diluents based on bovine
serum albumin (BSA) and fetal bovine serum (FBS), the desired effect was
not observed in the cryopreservation of S. balcanicus sperm; however, very
favorable results have been reported for sperm cryopreservation in certain
freshwater fish species with these media (De Leecuw et al., 1993; Koh et al.,
2010; Marco-Jimenez et al., 2006).

4.2. Cryoprotectants

Cryoprotectants employed for fish sperm cryopreservation can be
categorized into two primary classes: permeable and non-permeable. This
classification is based on the differing characteristics of these substances. Within
the permeable category, Dimethyl Sulfoxide (DMSO) is frequently selected by
researchers owing to its swift interaction characteristics (Suquet et al., 2000).
The Cryoprotectant concentrations used in the cryopreservation medium,
which aid in depressing the freezing point of sperm and limiting crystallization,
generally span from 5% to 12% (v/v) (Kopeika et al., 2003). Studies have shown
that, although this varies by species, both the toxicity of the cryoprotectant
and the rate of DNA damage in cells tend to increase with higher dilution and
concentration of cryoprotectants in the freezing medium (Stoss, 1983; Said et
al., 2010; Boryshpolets et al., 2011; Balamurugan & Munuswamy, 2017).

Determining the optimal mixture of permeating and non-permeating
cryoprotectants in the cryopreservation medium is another essential
consideration. This combination can help minimize sperm damage caused by
ice formation both inside and outside the cells, while also enhancing fertilization
rates (Fowler and Toner, 2016).

Recently, there has been an increasing focus on finding alternatives
to whole egg yolk in sperm extenders. This shift is primarily due to certain
components in egg yolk that can impair sperm respiration and reduce motility.
Research has suggested that these components may negatively affect sperm
functionality (Kampschmidt et al., 1953; Pace and Graham, 1974), along with
the hygienic and practical issues associated with using egg yolk (Pillet et al.,
2011). Consequently, low-density lipoproteins (LDLs) extracted from egg
yolk and soy lecithin (SL) have been identified as promising substitutes. Soy
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lecithin is particularly effective in reducing cryodamage to spermatozoa during
cryopreservation by limiting the release of cholesterol and phospholipids, which
helps to decrease the formation of intracellular ice crystals. Primarily composed
of phosphatidylcholine, soy lecithin is vital for preserving the integrity of the
phospholipid membrane throughout the cryopreservation process. Additionally,
it functions as an antioxidant, protecting against free radical damage and
enhancing sperm viability and motility following thawing (Sun et al., 2021).

Traditionally, egg yolk derived from chicken eggs has served as a
cryoprotective additive in semen freezing extenders to mitigate cold-induced
stress on sperm, with the protective effects largely ascribed to low-density
lipoprotein components. Recent discourse regarding potential cryoprotective
antagonists in egg yolk has spurred renewed interest in utilizing exclusively low-
density lipoproteins (LDLs) isolated from egg yolk in extender formulations. A
range of purified low-density lipoprotein (LDL) concentrations, from 2.5% to
20% (w/v), has been evaluated in bull semen freezing extenders, with outcomes
compared against commercial extender formulations. Results indicated that
adding LDL to the extender significantly improved sperm motility and other
quality parameters compared with commercial extenders containing egg yolk,
with an optimal LDL concentration of 8% (Moussa et al., 2002). Substituting
egg yolk with LDL (which is derived from egg yolk) or sucrose did not improve
the post-thaw quality of Mediterranean trout (Salmo cetti) sperm in vitro,
indicating that egg yolk remains the most effective non-permeable cryoprotectant
for this species. Notably, increasing LDL concentration from 2.5% to 10%
improved cryo-survival rates for Mediterranean trout sperm, while a 15% LDL
concentration was associated with decreased post-thaw sperm quality (Rusco et
al., 2019). Additionally, Dogu (2012) investigated the motility of thawed shabout
spermatozoa after freezing with three different concentrations of DMSO (7%,
10%, and 15%), finding that the highest reduction in motility post-thaw was
41.3 £ 0.8%.

4.3. Equilibration period

The equilibration period is the optimal time for cryoprotectants to penetrate
cells while minimizing toxicity, enabling effective protection during freezing.
Achieving equilibration during cryopreservation is important to maintain the
integrity of sperm membranes (Aral et al., 2009).

When we look at the studies on freezing the sperm of the Shabut, Dogu
(2012) conducted a study and summarized the equilibration time as follows.
Equilibration serves to harmonize sperm with the chosen diluent-cryoprotectant
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system (e.g., 10% methanol or 10% glycerol). This balancing step aims to
minimize osmotic and chemical stress prior to freezing. It was conducted for
30 minutes at 4°C, ensuring the sperm attain a stable state with the diluent and
cryoprotectants. Proper equilibration is described as critical for optimizing post-
thaw viability and motility.

Al-Mohammedi et al. (2017), a 30-minute equilibration at 4°C preceded
loading into cryo-straws, with subsequent nitrogen vapor exposure and
immersion in liquid nitrogen to mitigate any adverse interactions between
semen and diluent that could compromise viability. The equilibration interval is
a deliberate 30-minute, 4°C phase intended to align the sperm with the diluent-
cryoprotectant matrix, thereby improving outcomes after thawing.

In another study, Dogu et al. (2022) reported that both experimental and
control group semen were immediately diluted from each sample at a 1:3 ratio
(sperm to diluent) using a Glucose-based extender (0.3 M Glucose) supplemented
with 10% dimethyl sulfoxide (DMSO). The prepared semen was loaded into
0.25 ml straws and equilibrated at 4°C for 10 minutes, providing a balancing
step before freezing. Subsequently, the straws were frozen by placing them in a
styrofoam container 5 cm above the surface of liquid nitrogen for 12 minutes.

4.4 Thawing rate

To improve the cryopreservation protocol, optimizing both thawing rate
and thawing temperature are important issues, because the thawing rate is a
critical factor for maintaining spermatozoa viability (Moghanloo et al., 2020).
This finding comes from Rusco et al. (2019). The researchers reported that the
thawing rate significantly influences post-thaw sperm quality and fertilization
capacity. Therefore, the thawing rate represents not only a highly sensitive
parameter in the cryopreservation of fish sperm but also a further critical
determinant influencing sperm preservation outcomes (Wheeler & Thorgard,
1991; Fowler & Toner, 2006).

The motility of sperm is adversely affected following the freezing and
thawing process. This impairment is primarily due to the formation of ice
crystals both inside and outside the sperm cells, which can cause damage to the
organelles and their functions (Woelders et al., 1997; Ba-Awadh et al., 2023).
Research conducted by O’Connell et al. (2002) utilizing rhodamine 123 (Rd),
a fluorescent marker, demonstrated that mitochondrial function is reduced by
nearly 50% post-freezing and thawing. Additionally, oxidative stress during the
cryopreservation process plays a significant role in compromising sperm quality
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(Amidi et al., 2016; Saleh et al., 2020). The reduction in motility observed after
thawing is closely linked to an increase in oxidation-reduction potential, which is
associated with damage to the axonal structure and the plasma membrane (Saleh
et al., 2020). Moreover, a considerable body of evidence indicates that sperm
cryopreservation is associated with increased DNA fragmentation (Thomson et
al., 2009). Although sperm DNA fragmentation (SDF) does not markedly impair
oocyte fertilization capability, it can significantly influence subsequent embryo
development and overall reproductive success. Even when high fertilization
rates are achieved, embryo viability tends to be markedly reduced (Gosalvez
et al., 2014). Different temperatures and times were applied to thaw sperm. In
addition to the differences in fish species, it can be said that sperm size, cell
membrane differences, DNA preservation status and their reactions to the
freeze-thaw process.

Dogu (2012) thawed frozen Shabut sperm samples in a 40°C water bath for
7 seconds and stated that good results were obtained at the specified temperatures
and times. Low thawing rates are considered appropriate for impermeable
cryoprotectants. When a low thawing rate (10°C for 30 seconds) was applied
after the freeze-thaw process using impermeable cryoprotectants, the quality of
the sperm improved after thawing. When low thawing rates (5 °C for 90 s and
10 °C for 30 s) were used, higher fertilization rates were obtained compared to
high thawing rates (20 °C for 20 s and 30 °C for 15 s) (Wheeler and Thorgard,
1991). In other studies, when low thawing rates (5 °C for 90 s and 15 °C for 45
s) were used, fertilization rates decreased (Fowler and Toner, 2006; Sarvi et al.,
20006). This difference may be due to DNA disorders, ice crystal formation, cell
membrane damage, and damage to sperm organelle structure and function.

In a different study, Al-Muohammadi et al. (2017), examined thawing
rate effects on Iraqi Shabut sperm preserved with Zhang and Liu’s methanol-
containing extender and Hank’s solution, evaluating post-thaw viability. Sperm
were diluted in extenders at controlled ratios, frozen, and then thawed at defined
rates to assess motility and survival. Results indicate thawing rate significantly
influences post-thaw sperm viability, with methanol-containing extenders
supporting higher motility recovery at optimized thaw speeds compared
to Hank’s. Overall, the thawing rate emerges as a critical parameter guiding
extender selection and freezing protocols to maximize post-thaw sperm function.

On the other hand, Dogu et al. (2022) highlighted that thawing rate as
a critical factor shaping post-thaw sperm performance when oxytetracycline
(OTC) is added to the extender. The data showed that freezing significantly
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reduces motility rate and duration, while OTC supplementation mitigates this
loss, with effects influenced by the thawing process. Both linear and quadratic
trends indicated that higher OTC levels improve motility metrics across thawing
scenarios, suggesting an interaction between OTC concentration and thawing
rate on post-thaw viability. Overall, optimizing thawing rate in conjunction with
OTC supplementation emerges as essential for maximizing post-thaw sperm
motility and its persistence.

Interesting results were obtained after the frozen sperm of B. p.
magdalenae (Pisces, Characiformes) were subjected to a fast thawing rate
(60°C for 8 seconds) and a slow thawing rate (30°C for 16 seconds). It was
observed that a slow thawing rate led to a reduction in variables such as
progressive motility, curvilinear velocity, and straight-line velocity, while
when the freezing rate was increased, the decrease in these properties became
more pronounced. The independent effects of freezing and thawing rates on
motility variables, especially the freezing factor (when slow), were suggested
to be positively significant and determinant in the preservation of these
properties (Martinez and Carrasco, 2013). Different experimental conditions,
including extender composition, freezing rates, and straw volumes, may
account for the divergent results observed across studies. It is broadly
accepted that the freezing rate should be sufficiently low to promote cellular
dehydration, and a moderate to low thawing rate is required to achieve
adequate rehydration. Conversely, high freezing rates can induce intracellular
ice formation, and a rapid thawing rate is commonly deemed necessary to
minimize recrystallization (Rusco et al., 2019).

5. Sperm freezing protocol

The cryopreservation of fish sperm can be achieved through a variety of
techniques, including extenders, dilution, cooling, equilibration, freezing and
thawing rate. In order to achieve the objective of successful performance of
multiple processes in the context of sperm freezing, it is essential to adhere to
the requisite protocol.

When reviewing the literature on cryopreservation protocols for Shabut
sperm, Dogu (2012) is noted that semen samples were prepared by diluting
pooled aliquots at a 1:2 ratio into a glucose-based extender (0.3 M) containing
three DMSO concentrations (7%, 10%, and 15% v/v). Each dilution was then
loaded into 0.5 ml straws, allocated to goblets on canes, and subjected to a
staged freezing process: the straws were first held 1 cm above liquid nitrogen
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for 10 minutes before plunge-freezing into liquid nitrogen at -196°C for long-
term storage, with three replicates per pool. After two weeks, straws were
thawed in a 40°C water bath for 7 seconds, and post-thaw motility was assessed
immediately using standard criteria. Activation was performed using a 0.3%
NaCl saline solution to evaluate functional viability.

Another study evaluated long-term cryopreservation of Shabout’s
(Arabibarbus grypus) sperm in liquid nitrogen (-196°C) using two extenders and
two cryoprotectants to identify the optimal freezing protocol (Al-Mohammedi
et al., 2017). Semen was collected manually from mature fish during the 2015
spring spawning season, then divided for testing with two diluent-cryoprotectant
combinations: Zhang & Liu with 10% methanol, and Calcium-free Hank’s
Balanced Salt Solution with 10% glycerol. Each sample was subjected to
a controlled freezing process, where extended semen was prepared in the
respective diluents, exposed to the cryoprotectants, and then equilibrated as part
of balancing before immersion in LN, followed by storage at -196°C. Post-thaw
motility indicated that Hank’s solution with 10% glycerol yielded higher survival
and activity than Zhang & Liu with methanol, suggesting this combination as
the more effective long-term cryopreservation protocol for Shabout’s sperm,
though Zhang & Liu may be suitable for short-term preservation.

In a further study, Dogu et al. (2022) outlined a freezing protocol for
sperm that includes an experimental design with OTC-supplemented extenders
across three dosage groups (0.78, 1.56, and 3.12 mg) and a control/fresh group
without OTC. Semen from each sample was diluted at a 1:3 ratio into a Glucose-
based extender containing 10% DMSO, then loaded into 0.25 ml straws and
equilibrated at 4°C for 10 minutes prior to freezing. Straws were first held 5 cm
above liquid nitrogen for 12 minutes in a Styrofoam container and then stored in
liquid nitrogen for two weeks before thawing. For post-thaw assessment, straws
were rapidly warmed in a 40°C water bath for § seconds, following established
evaluation procedures.

6. Conclusions

In summary, sperm cryopreservation represents an effective approach for
the preservation and storage of the valuable genetic resources of shabut. Recent
advancements in this research area have been significant. However, further
investigation into extenders and their effectiveness in enhancing preservation is
essential. This research should also delve into the mechanisms underlying sperm
freezability to optimize the efficiency of shabut sperm cryopreservation.
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1. Introduction

demersal species, turbot is distributed along the northeastern Atlantic

coast, from Norway and Iceland to the Mediterranean and Black Seas.

he reproductive period varies depending on the region, ranging from

February to April (Mediterranean), mid-April to mid-June (Black Sea), April

to August (North Sea), and May to July (North Atlantic) (Suquet et al., 2008;
Cardinale et al., 2021; Baiandina et al., 2022).

In the aquaculture sector, egg quality is known to be the main indicator of
fertilisation success. Likewise, sperm quality is emerging as a critical factor in
artificial insemination (Lahnsteiner et al., 1998; Aydin et al., 2022). In addition
to using high-quality gametes, techniques are needed to keep them alive for
longer and maximize their efficiency. Among the approaches aimed at improving
the breeding management of cultivated species, the preservation of gametes,
especially sperm, is of great importance (Chereguini et al., 2003).

Cryopreservation of fish sperm is emerging as a potential application
for fish farmers and breeders in artificial reproduction and enhancement of
genetic diversity of aquatic species and is recognised as an essential technique
for prolonged conservation of germplasm (Yongsheng et al., 2020; Thilak Pon
Jawahar & Betsy, 2020). In this field, frozen sperm technology has enabled the
long-term preservation of sperm, allowing superior germplasm to be spread
over a wider area (Thilak Pon Jawahar & Betsy, 2020). In the rapidly growing
aquaculture sector, the significant impact of biotechnology is particularly
evident in the field of breeding. Broodstock management is carried out using
cryopreservation technology, overcoming time and space constraints in genetic
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improvement. (Pan et al., 2023). Specific applications have been advanced
for certain freshwater fish varieties, notably trout, mullet, carp, and catfish
(Lahnsteiner, 2000). Until today, significant research has also been conducted
on marine species, particularly flatfish species such as turbot (Chereguini et al.,
1992; Dreanno et al., 1997; Chen et al., 2004; Polat & Kurtoglu, 2023), flounder
(Chen & Tian, 2005; Liu et al., 2015), four species of sole (Pullin, 1972; Saitoh,
1996; Richardson et al., 1999) and halibut (Hippoglossus hippoglossus, Verasper
variegatus) (Bolla et al., 1987; Zidni et al., 2020). As a result, the sperm of over
200 fish species have been successfully frozen (Chereguini et al., 2003; Cabrita
et al., 2010; Thilak Pon Jawahar & Betsy, 2020).

The high market value of turbot, its efficient feed conversion ratio, easy
of adaptation to aquaculture conditions, resistance to disease, high reproduction
rate, and ongoing research and development efforts have made it a prominent
species in flatfish farming. In addition, its tough, white meat and mild flavour
make it highly prized in the culinary world. It has established itself as a preferred
variety among both chefs and consumers. The turbot is a serial spawner and lays
eggs maximum 10 times during the spawning season. The asynchronous egg
supply process results in a prolonged spawning season, which is incompatible
with intensive production (Beken, 2024). Turbot (Scophthalmus maximus) was
last assessed for the [IUCN Red List of Threatened Species in 2020. Although
turbot is listed as “Least Concern”, its population trend shows a declining trend
(Cardinaleetal.,2021). The importance of cryopreserved sperm becomes evident
at this point. However, the effective use of cryopreservation methods in turbot
remains challenging due to species-specific physiological and biochemical traits.

This chapter aims to provide a comprehensive overview of sperm
cryopreservation techniques specifically adapted for turbot. These techniques
encompass practical protocols, critical factors influencing the success of
cryopreservation, and methods for assessing sperm quality after thawing.

2. Biological and Technical Background
2.1. Reproductive Biology of Turbot

The flatfish turbot has a benthic lifestyle, and therefore, lives mostly in
shallow waters during its larval and juvenile stages, migrating to deeper waters
when it reaches adulthood (Figueras et al., 2016). The turbot is a predatory
species that inhabits sandy, rocky, or sandy-rocky bottoms; it is widespread in
both marine and brackish waters (Danancher & Garcia-Vazquez, 2007; Froese
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and Pauly, 2025). It exhibits a mysterious body colouration, with mucous-
covered skin, and undergoes a complete metamorphosis to adapt to benthic life
(Amaoka et al., 2001; Figueras et al., 2016; Beken, 2020).

Turbot exhibits remarkable sexual dimorphism in growth. Females grow
faster than males by transferring energy to growth, and therefore, reach sexual
maturity later than males. Eight months after hatching, males begin to grow less
than females and this difference in growth rate continues throughout the rest of
the reproductive cycle, including sexual maturation (Imsland et al., 1997; Aydin
et al., 2011). This situation has led producers to take an interest in producing
entirely female populations (Martinez et al., 2014; Taboada et al., 2018). In
turbot, the first genetic differences between male and female gonads become
apparent at 90 dpf, and therefore the 75-90 dpf range is considered to be the
initial period of sex differentiation (Robledo et al., 2015). In addition to this,
histological differentiation between female and male gonads occurs at around
100 dpf (=7 cm) (Taboada et al., 2018).

Female turbots have a high reproductive potential and lay average 7-8
batches of eggs. During the spawning season, she produces about 0.8 million
oocytes per 1 kg of her total weight (2 to 10 kg) (Giragosov, 2020; Baiandina et
al., 2022). For a fish obtained from wild with an average total length of 55.7 cm
and an average weight of 3742 g, the total fecundity is 2,400,000 eggs and the
relative fecundity is 635,000 eggs/kg, while for a fish obtained through hatchery-
reared with an average total length of 54.3 cm and an average weight of 3604 g,
the total fecundity is 2,300,000 eggs and a relative fecundity of 565,000 eggs/
kg (Aydin et al., 2020).

2.2. Challenges in Sperm Cryopreservation

Aquatic organisms have five different reproductive systems: internal
fertilisation without copulation, external fertilisation, viviparous, oviparous,
and parthenogenesis (Yoshida, 2020). Many fish species carry out external
fertilisation (Crowe and Russell, 2009; Gallego and Asturiano, 2019; Yoshida,
2020). Depending on whether they are freshwater or saltwater species, fish
spermatozoa are totally immobile in the sperm duct until becoming motile when
discharged into the outside environment with a hyper- or hypo-osmotic shock
(Morisawa 2008; Gallego & Asturiano, 2019). Reproduction of fish is controlled
by manipulating gametes and using the best artificial insemination techniques
(Chauvaud et al., 1995). Sperm quality is commonly indicated by the evaluation
of the motility parameter. This information is important because sperm must
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have enough energy to be fully motile in order to penetrate the egg. Therefore,
any sperm characteristic that is measurable and directly related to fertilisation
success can be used as a potential sperm quality biomarker. The sperm biomarkers
associated with the ability to fertilise the egg in the studies conducted so far
are osmolality, pH and chemical composition of seminal plasma (Alavi et al.
2004); enzymatic activity (Burness et al. 2005); ATP concentration (Dzyuba &
Cosson 2014); spermatocrit and sperm density (Serensen et al., 2013); sperm
motility (Ottesen et al., 2009; Gallego et al., 2013); or sperm morphology and
ultrastructure (Ciereszko et al., 2015). Cryopreservation of turbot sperm enables
the production of high-quality offspring, gamete synchronisation, preserves
sperm from superior individuals, and provides material for gene banks (Aydin et
al., 2020; Polat & Kurtoglu, 2023).

Cryopreservation provides many advantages such as preservation of
genetic diversity of endangered species and valuable wild stocks, creation of
genetic banks of specimens threatened with extinction or with favourable traits
obtained through genetic manipulation, eliminating the need for continuous
breeding for artificial reproduction under farm conditions, creation of hybrids of
geographically distant species, solution to the maturation delay between males
and females seen in captivity, reducing transport costs and breeding stocks,
and reducing the risk of disease transmission (Chereguini et al., 2003; Abed-
Elmdoust et al., 2021). The advancement of cryopreservation technologies has
caused significant changes in reproductive biotechnology of animals (Figueroa
et al.,, 2019). However, these methods are related to cellular and molecular
damage influencing mitochondrial function and spermatozoa quality, and
limited studies in fish have been conducted (Figueroa et al., 2016a, 2016b;
Magnotti et al., 2018; Figueroa et al., 2019). The DNA integrity, cell metabolism
and mobility of cryodamaged spermatozoa are adversely affected, resulting in
impaired fertilisation and embryo development (Xin et al., 2020). In addition,
the adverse effects of cryopreservation are listed as significant changes in plasma
membrane structure, mitochondrial membrane potential (A¥m), nDNA and
mtDNA fragmentation, enzyme inactivation, production of free radicals such
as reactive oxygen and nitrogen species (ROS and RNS), ATP concentration
and intracellular calcium homeostasis (Ca™).. Cryopreserved spermatozoa show
significant decreases in motility, fertilisation rate, mitochondrial membrane
potential and Ca™,. (Figueroa et al., 2018, 2019).

Commonly seen genomic damage after cryopreservation is DNA
fragmentation accompanied by lipid peroxidation caused by ROS (Ciereszko
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et al., 2020). The addition of antioxidants to extenders reduces the level of
cryoinjury (Ciereszko et al., 2020; Polat & Kurtoglu, 2023).

3. Cryopreservation Techniques
3.1. Sperm Collection and Preparation

One of the essential parts of cryopreservation is sperm collection because,
based on the species, it allows for the pre-selection of high-quality material to
be used. It is essential to use methods that aim to minimise contamination of
samples; however, such approaches may limit the volume of sperm obtained
from some individuals. Gametes are produced naturally, following hormone
administration or by photoperiod treatments. In general, males do not need
hormone administration because they produce sperm. The optimum dose for
turbot males is 500 IU HCG and 7 mg WSPG/kg bw per liveweight if a high
volume of sperm is required. Females are not like males, they need hormone
treatment. Maturing females with oocytes larger than 0.4 mm are administered
100 pg pellets of LHRHa/kg per body weight. Although gamete collection may
seem simple at first glance, it is often a delicate procedure that requires careful
attention, which can adversely affect the quality of the gametes (Gallego &
Asturiano, 2019).

Firstly, the urinary bladder is discharged by light pressure on the abdomen
of the fish to prevent sperm contamination with urine. Sperm is collected from
ripe males by manually stripping it into a 1 mL sterile syringe after carefully
cleaning the genital area to prevent accidental contact with water, urine, feces
and/or other activating substances that could activate the sperm and stored at
4°C until use (Drenno et al., 1997; Chen et al., 2004; Cabrita et al., 2022) (Figure
1). Sperm samples with high initial motility (min >70%, preferably >90% after
10 seconds of activation) are used for cryopreservation (Drenno et al., 1997). In
comparison to other species, turbot produce sperm at a low rate. Wild-caught
fish produce an average of 2.3+1.2 mL of sperm during the breeding season
(Baiandina et al., 2022), while hatchery-origin individuals produce an average
0f 4.05+0.30 mL of sperm in the Black Sea region (Polat et al., 2014). Stripped
wild Black Sea turbot males are characterised by low and variable spermatozoa
density (0.2 x10° to 11 x10° ml™"). The average height of 8-year-old Black
Sea turbot males originating from hatcheries was 56.20 + 1.05 cm, and their
average weight was 3.25 £ 0.17 g. The average spermatozoid consantration was
determined to be 2.2 + 0.1 x 10° mL! (Polat et al., 2014).
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Figure 1. Procedures for the cryopreservation of fish sperm
(modified from Horvath and Urbanyi 2020)

3.2. Cryoprotectants and Extenders

Cryoprotectants are used to preserve cells from the detrimental impacts of
freezing and thawing. By binding to water, they lower the solution’s freezing
point, thereby preventing ice crystals from forming and possibly stabilising cell
membranes. (Horvath and Urbanyi 2020). Cryoprotectants are classified into
two types: non-penetrating and penetrating, according to their action external
or internal to cells. Sugars or polymers form external cryoprotectants and
have the function of maintaining the osmolarity of the surrounding solution,
protecting cells from osmotic stress, lowering the freezing temperature of the
solution and providing spermatozoa with nutrients (Lahnsteiner et al., 1993).
Glycerol was used as the first internal cryoprotectant. During these periods,
numerous chemicals with cryoprotective properties were identified (Blaxter,
1953). However, few cryoprotectants are used for fish sperm cryopreservation.
These are dimethylsulfoxide (DMSO), methanol (MeOH), dimethylacetamide
(DMA), ethylene glycol (EG), propylene glycol (PG) and methyl glycol
(Mounib 1978; Legendre and Billard 1980; Kurokura et al., 1984; Harvey et
al., 1982; Lahnsteiner et al., 1996; Horvath et al. 2003; McNiven et al., 1993;
Horvath and Urbanyi 2000; Morris et al. 2003; Jahnichen et al., 1999; Conget
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et al., 1996; Viveiros et al., 2012, 2014; Horvath and Urbanyi 2020). In addition
to cryoprotectants, they have demonsrated that the freezing rate also has a
profound effect on cryopreservation success and that a two-stage slow freezing
process with a slow initial cooling rate of 0.5-1 °C/minute is suitable for almost
all organisms and cell types. However, vitrification, which has been used as a
rapid freezing technique in recent years, also gives very successful results in the
cryopreservation of alternative cell sources. (Arslan 2023).

Sperm is diluted in a solution called cryomedia before freezing. Extender
and cryoprotectant are the two main components that make up cryomedyum.
Extenders are composed of salt, sugar, and other chemicals and are responsible
for immobilising sperm so that it can move after being thawed (Glenn III et al.,
2011; Horvath & Urbanyi, 2020). Besides, it contains chemicals that minimise
the formation of cryoinjury in the cell by ice crystals that occur between cells
during the freezing and thawing stages of cryopreservation (Thilak Pon Jawahar
& Betsy, 2020). The success of cryopreservation therefore depends on preventing
intracellular ice formation, controlling the increasing solute concentration by
removing water from the medium, and managing the interplay between these
two conditions (Thilak Pon Jawahar & Betsy, 2020). The extender contents used
for turbot sperm cryopreservation are listed in Table 1.
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Table 1. Extender composition for turbot sperm

Compsition D15 MPRS TS-2 MMM ASL1 ASL2 MRM RM
NaCl (mM) 136.75 60.35 - - 70 70 74 150
NaHCO3 (mM) - 3.0 - - 25 1.59 7
KCI (mM) 6.71 5.23 - - 1.5 1.5 26.8 2.5
CaCl, (mM) - - - - 2.7 2.7 1.8 35
MgCl, (mM) - - - - 6.1 6.1 - 1
D-Glucose (mM) 83.33 55.55 - - - - - 2.8
Sucrose (Mm) - - 110 125 - - - -
KHCO, (Mm) - - 100 100 - - - -
Reduced - 1.8 - 6.5 - - - -
gluthation (Mm)

HEPES (mM) - - - - - - - 10
BSA (mg/ml) - 1.13 - 10 10 10 10 -
Tris—Cl (mM) - 1.13 10 - - - - -
pH 6.5 6.68 820 7.8 8.2 8.0 8.0 7.4
Osmotic pressure 363 202 335 310 200 200 200
(mosM/kg)

DMSO 10 % 10 % 10% 10% 10% 10% 10% 10%
Dilution ratio 1:3 1:3 1:3 1:2 1:2 1:2 1:2 1:9

(sperm: extender)

Source Legendre and Chenet Chen Drennoet Drenno Drenno Drenno Polatand
Billard, 1980 al.,, 2004 etal, al, 1997 etal, etal, etal, Kurtoglu,
Chereguini et Yao et 2004 Suquetet 1997 1997 1997 2023
al., 2003 al., 2000 al., 1998
Chen et al., 2004

D-15: Developed from Chinese carps cryopreservation medium (Chen et al., 1992)

MPRS: modified plaice Ringer solution
TS-2: Modified Mounib (Mounib, 1978)
MMM: Modified Mounib Medium
ASL: Artificial Seminal Liquid

MRM: Modified Ringer Medium

RM: Ringer Medium

3.3. Freezing and Thawing Protocols

Freezing protocols have been developed for species specific around the
world. Numerous studies have focused on species that live in temperate climates
and reproduce seasonally, such as salmon and carp, which have been studied
most extensively due to their high commercial value (Martinez-Paramo et
al., 2016). Sperm packed in straws or cryovials can be frozen in LN (liquid
nitrogen) vapour under controlled or uncontrolled circumstances. Uncontrolled
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cooling is performed by placing a floating tray oo liquid nitrogen that has been
inserted into a Styrofoam box. A controlled-rate freezer consists of a freezing
chamber and a computer. The cooling speed can be adjusted by the user through
a program installed on the computer (Diogo et al., 2018; Horvath & Urbanyi,
2020).

The freezing process involves the Styrofoam box is filled with liquid
nitrogen, and a floating rack is placed inside so that it is 5 cm above the nitrogen
vapour. Sperm is first stored in straws with volumes of 0.25 and 0.5 mL or in
cryovials with volumes of 1.2 and 5 mL for varying periods depending on the
volume, and then directly plunged in liquid nitrogen (Horvath & Urbanyi, 2020).
Cryovials are gradually cooled in liquid nitrogen vapour. In this context, they
are first equilibrated for 10 minutes approximately 6 cm above the surface of the
LN (at around -180 °C), then placed on the surface of the LN and left for another
5 min. In the final stage, cryovials are immersed directly into liquid nitrogen to
complete the freezing process (Chen et a., 2004). Turbot sperm extender ratios
of 1:1, 1:2, 1:3, 1:4 and 1:9 were applied in different ways (Drenno et al., 1997;
Chereguini et al., 2003; Chen et a., 2004; Suquet et al., 2008; Beken et al., 2014;
Polat & Kurtoglu, 2023).

Straws are filled with semen and equilibrated 6.5 cm above the surface
of LN, and then involved in the LN (Drenno et al., 1997; Polat & Kurtoglu,
2023). Straws are thawed by placing them in a water bath set at 40 °C for
7 sec. After the straws have been dissolved, their ends are cut off and they
are transferred to Eppendorf tubes for further analysis and fertilisation trials
(Chereguini et al., 2003).

4. Evaluation of Cryopreserved Sperm
4.1. Assessment of Sperm Viability and Motility

CASA is a technique used worldwide that allows a large number of
spermatozoa to be analysed quickly and highly objectively, leading to a set of
kinetic parameters (Boryshpolets et al., 2018). In recent years, CASA has become
the standard procedure in fish sperm cryopreservation research to determine
sperm quality (Beirdo et al. 2011; Bernath et al., 2016; Judycka et al., 2018;
Riesco et al., 2017; Horvath & Urbanyi, 2020). Among sperm quality indicators,
sperm density is measured by the number of spermatozoa per milliliter of sperm
using various haemocytometers (Thoma, Improved Neubauer, Neubauer,
Funchs-Rosenthal etc.). The membrane integrity of sperm cells, often referred
to as viability, serves to characterise the quality of sperm (Horvath & Urbanyi,
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2020). CASA systems consist of a phase contrast microscope, a camera and
software that allows the video sequences to be analysed (WHO, 2010). The
accuracy of these expensive systems relies on the analyse configuration and the
sperm dilution rate (Horvath & Urbanyi, 2020). In addition to providing better
measurement of motility parameters, this software yields more accurate results
as it can generate various variables related to sperm velocity, movement patterns
and trajectory linearity and track each spermatozoon (motile or immobile)
(Robles et al., 2009).

As an alternative method, a CASA software package that functionsas an
add-on to the United States National Institutes of Health (NIH) Image] software
is publicly accessible and free of charge, allowing all research laboratories to
access CASA software and creating standardisation opportunities. Although the
IMAGE]J plug-in is publicly available, for a large number of video sequences,
it is not as efficient as other CASA software (e.g., ISAS, Hamilton Thorne),
as the data processing time after video acquisition is significant (Purchase &
Earle, 2012).

To determine the sperm quality of the turbot under a microscope, 1 pL
of sperm is pipetted into a Macler chamber and activated by adding 10 pL of
seawater with a salinity of 18 ppt as the activation medium (Chauvaud et al.,
1995; Beken unpublished).

4.2. Fertilization Success and Hatchability

In fertilisation studies conducted with cryopreserved turbot sperm to
date, sperm-egg ratios of 1000:1, 2000:1, 3000:1, 5000:1, 6000:1, 10000:1 and
20000:1 have been used (Drenno et al., 1997; Suquet et al., 1998; Chen et al.,
2004; Polat & Kurtoglu, 2023). Sperm samples are immediately added to the
eggs and activated with seawater. Five minutes after activation, the eggs are
rinsed with incubation water and than incubated in a temperature-controlled
incubator or incubation tanks, if large volumes are used. In fertilisation
experiments with frozen turbot semen, Ringer’s solution and modified Mounib
diluent were used as diluents as well as different sperm: extender ratios (1:2,
1:3) and no difference was found between the results obtained. Fertilisation rate
is calculated by counting at least 100 eggs in each group by determining the
number of eggs that have reached the cell stage in 2-4 division within the total
number of eggs (Chereguini et al., 2001). In the study, fertilisation rates were
obtained between <69.2% and >90.4%. (Chereguini et al., 2003).

In another study, Modified mounib solution was used at a ratio of
1:2 (sperm: extender) and fertilisation rates were obtained between <50%
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<70%. Cryopreservation of turbot sperm was carried out with two different
sized containers (0.5 ml straws and 2 ml cryotubes) with no significantly
different fertilisation rates observed. Fresh and cryopreserved sperm samples
collected from forty-nine turbot did not show any significance difference in
fertilisation and hatching rates (Chereguini et al., 2003; Suquet et al., 2008).
Cryopreserved sperm shows similar fertilisation and hatching rates to fresh
sperm (Chen et al., 2004).

5. Conclusion

Turbot has very low sperm volume and spermatozoa concentration,
and therefore the application of sperm preservation techniques for artificial
reproduction is inevitable (Cabrita et al., 2008). Cryopreserved sperm samples
can provide high-quality male genetic information ready for hatcheries,
intensive larval production, selective breeding programmes or research needs
(Boryshpolets et al., 2020). However, it is necessary to continue studies aimed
at optimising cryopreservation processes by taking into account species-specific
biological characteristics, evaluating sperm quality using objective criteria, and
increasing the fertilisation capacity of frozen sperm. Conservation programmes
need large populations to ensure biodiversity. On the other hand, aquatic
organisms are threatened and their numbers are declining (Bozkurt, 2023).

Genetic resources, which are of vital importance for future generations, are
declining day by day due to factors such as excessive and uncontrolled hunting,
habitat destruction and global climate change. In this context, aquatic organisms
have not been sufficiently protected and many of them have disappeared or are
in danger of extinction (Bozkurt, 2023). Although many protocols can obtain
viable spermatozoa after thawing in aquatic species, the economic applications
of cryopreservation are still very limited (Beken, 2023). Furthermore, the
dissemination of cryobanking practices plays a strategic role in preserving the
genetic diversity of the species and supporting sustainable breeding programmes
for future generations. In conclusion, it is of great importance to further
strengthen the research on turbot sperm cryopreservation with multidisciplinary
approaches.

Research on turbot sperm cryopreservation has made significant progress;
however numerous topics remain to be investigated in light of new technologies
and applications. Future studies should focus on optimising species-specific
cryoprotectants and their concentrations, developing sperm extender ingredients
and standardising freeze-thaw protocols. Besides, it would be helpful to follow
the long-term effects of fertilisation capacity, which is a good indicator of
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cryopreservation success, on embryo development and offspring quality. The use
of advanced imaging techniques, biomarker analyses, and artificial intelligence-
assisted monitoring systems should be encouraged to assess sperm quality after
cryopreservation objectively. However, the expansion of cryobanking practices
for the conservation of genetic diversity is a strategic approach in terms of
sustainable breeding and genetic breeding programmes.
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1. Introduction

A

are placed on prompting oocytes to reach full maturity, ensuring that ovulation
occurs properly, and managing the release of milt during spermiation. It also
involves the handling of gametes and other procedures prior to hatching. A key
challenge in artificial reproduction is the mismatch in timing between estrus in
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rtificial reproduction in fish aquaculture encompasses a range of
methods designed to generate high-quality offspring for future
cultivation or restocking efforts (Zhu et al., 2023). In aquaculture, the
later reproductive phases are chiefly guided by human control, where efforts



80 ¢ ¢ CRYOPRESERVATION IN AQUATIC ANIMALS I

females and the hormonal response in both male and female broodstocks (Billard,
1999; Alavi et al., 2012; Zhu et al., 2023). This challenge can be successfully
mitigated through the use of sperm cryopreservation. In addition, by maintaining
stored sperm, hatcheries gain a dependable source of male gametes, genetic
material can be exchanged more easily between different facilities, overall
genetic variation within populations can be strengthened, and the likelihood of
inbreeding in vulnerable fish species can be reduced (Lahnsteiner et al., 2002;
Gao et al., 2019).

In hermaphroditic species, a single organism fulfills both reproductive
functions, generating eggs and sperm either at the same time or at different
stages of its life cycle. This trait is observed across major plant classifications
and is common among numerous Metazoan species (Lewis 1942; Leonard
2013; Plaetal., 2021). Simultaneous hermaphroditism is particularly prevalent
among invertebrates, with an estimated 65,000 hermaphroditic species,
accounting for roughly 5-6% of all animal species. However, if insects are
excluded, this proportion increases to approximately 30% (Jarne and Auld,
2006; Pla et al., 2021).

Among vertebrates, the occurrence of hermaphroditism is limited to fish,
where it is expressed in two fundamental ways. One of these is sequential
hermaphroditism, a strategy in which an organism alters its sex over the course
of'its life. This group consists of: a) species that begin their reproductive phase as
females and later adopt the male function permanently (protogynous), b) species
that first operate as males and then shift to the female role for the remainder
of their lifespan (protandrous), and c) species that are able to switch between
male and female roles in both directions, particularly when population numbers
decline (bi-directional sequential hermaphroditism) (Pla et al., 2021). In the
case of simultaneous hermaphroditism, both types of gametes—sperm and
eggs—can be produced by the same organism, whether this occurs within the
same moment or over a very brief span of time (Pla et al., 2021). An extensive
research literature has emerged evaluating the effectiveness of cryogenic sperm
preservation protocols in fish species exhibiting hermaphroditic reproductive
strategies. This review highlights studies on sperm cryopreservation in
hermaphroditic fish species, offering a unique perspective for future research.

2. Sperm Quality

Ensuring high-quality sperm remains a critical issue within aquaculture,
as it underpins the reliable production of existing cultured species and supports
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the successful domestication and commercialization of emerging species
with significant market value. The establishment of robust and reproducible
biomarkers of sperm quality would substantially advance multiple research
domains and simultaneously strengthen the technological development capacity
of biotechnology-oriented industries. Estimating sperm quality accurately has
been a major challenge and linking these quality indicators to the sperm’s
ability not only to reach and fertilize the egg but also to support successful
early embryonic development, as will be shown, is still difficult. To better
understand how sperm is affected and to manage factors that influence overall
gamete quality, evaluating sperm quality is essential. These determinants can
be influenced by the biological and behavioral background of male spawners,
as well as by the conditions under which they are maintained. Factors such as
broodstock dietary regimes, alterations to the rearing environment, approaches
used to stimulate spawning, and the specific methods applied during sperm
collection and manipulation all play important roles (Cabrita et al., 2014).

Evaluating sperm quality commonly entails determining the sperm’s
capacity to initiate successful egg activation and its ability to contribute to the
production of healthy, well-developing larvae (Bobe and Labb’e, 2010). Motility
and velocity are the primary biomarkers used to assess sperm quality, but these
kinematic factors only evaluate one specific trait of the sperm — its capacity to
travel toward the egg (Gallego and Asturiano, 2019). Therefore, metrics derived
solely from sperm movement do not reveal deeper molecular impairments—
including alterations in DNA integrity or heightened oxidative stress—that can
compromise overall sperm functionality (Cabrita et al., 2014). New analytical
strategies for determining sperm quality now surpass the limits of standard
microscopy, placing greater attention on molecular indicators—ranging from
cellular stress signatures and antioxidant defenses to DNA integrity, lipid
oxidation processes, mitochondrial health, and broader genomic characteristics
(Cabrita et al., 2014; Hess et al., 2024).

3. Sperm Cryopreservation

By enabling sperm cells to be stored at extremely low temperatures,
cryopreservation provides a means to mitigate several reproductive constraints,
including the limited presence of suitable males, fluctuations in when and how
individuals reach reproductive maturity, and skewed male—female proportions
in cultured populations (Oh et al., 2013). Sperm cryopreservation provides the
advantage of selecting sperm from disease-free fish through reducing the risk
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of contamination (Lubzens et al., 1997; Oh et al., 2013). Optimizing various
essential factors, including extender composition, cryoprotectants, packaging
methods, dilution rates, equilibration duration, and cooling rates, is crucial
for establishing an effective sperm cryopreservation protocol (Tiersch et al.
2007; Yang et al., 2020; Yang et al., 2022). The composition of the extender
is considered a critical determinant among the factors influencing the success
of cryopreservation. To prevent activation before freezing, an ideal extender
should effectively preserve sperm viability while offering a strong buffering
capacity (Yang et al., 2022).

In fish, sperm cells are typically preserved using liquid nitrogen, which
supports both regulated and non-regulated freezing procedures during the
cryopreservation process. Under certain conditions, a steady supply of liquid
nitrogen (LN) may not be guaranteed. Furthermore, improper handling of liquid
nitrogen (LN) can pose risks to operators. An LN-free freezing method provides
a compelling alternative for practical use (Yang et al., 2021).

In the context of aquatic organisms, cryogenic storage of sperm ensures
that male gametes remain continuously accessible for reproductive interventions,
thereby offering substantial support to commercial aquaculture, safeguarding
endangered species, and advancing various biomedical studies (Martinez-
Paramo et al., 2017). Although cryopreservation provides clear advantages
for fish reproduction, the freeze—thaw cycle can adversely affect sperm
performance. This process may compromise structural integrity and cellular
function, resulting in membrane disruption, oxidative degradation of lipids,
breaks in DNA, impaired mitochondrial activity, and ultimately a decline in the
sperm’s capacity to fertilize eggs (Sandoval-Vargas et al., 2021). One of the key
factors believed to contribute to sperm cryodamage during cryopreservation is
the overproduction of reactive oxygen species (ROS) (Alevra et al., 2022). The
combination of a PUFA-rich membrane composition and a limited amount of
cytoplasm renders fish spermatozoa exceptionally sensitive to oxidative stress,
especially under conditions that elevate reactive oxygen species (ROS) (Cabrita
et al., 2014). The protection against ROS is insufficient because of the low
antioxidant content in seminal plasma after semen dilution, despite the inherent
antioxidant defense system in fish semen that helps neutralize free radicals
(Lahnsteiner and Mansour, 2010). In spermatozoa, cryopreservation-induced
perturbations to cellular homeostasis can shift the redox balance, allowing
reactive oxygen species to accumulate beyond the neutralizing capacity of
endogenous antioxidant systems, thereby promoting oxidative damage.
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For successful sperm cryopreservation and induced spawning, it is vital
to assess quality using standardized methods (Torres et al., 2016; Liu et al.,
2018). In studies designed to refine cryopreservation protocols for aquatic
species, sperm quality serves as a central criterion for assessing how various
procedures influence critical stages of the process. These stages include the
selection of extenders, the mechanisms used to trigger motility, the potential
cytotoxicity of cryoprotectants, the specific cooling and thawing regimes
applied, and the outcomes of fertilization trials (Tiersch, 2011). Because
motility percentage can be measured quickly—without waiting for fertilization
or embryo development—it is frequently used as a primary indicator of sperm
quality in aquatic species and is considered a strong predictor of fertilization
success (Cosson et al., 2008). The proportion and persistence of sperm motility
can be quantified either through direct microscopic observation or by employing
computer-assisted sperm analysis (CASA) systems. If assessment techniques
are applied inconsistently, both the reliability of experimental outcomes and the
stability of production performance can be compromised (Torres et al., 2018).
The diverse methods of motility assessment from different sources hinder
direct comparison of research outcomes, while inadequate checkpoints during
large-scale cryopreservation processes result in unpredictability regarding the
quality of the final products. Evaluating sperm quality also requires considering
sperm concentration when samples are collected. While sperm concentration
has a major impact on motility, the level of clumping in thawed sperm, and
fertilization outcomes, many studies on aquatic species’ sperm cryopreservation
fail to standardize or report this parameter (Bart and Dunham, 1996; Dong et al.,
2007; Nynca et al., 2017).

Thanks to commercial cryopreservation techniques—which help ensure
sperm is available precisely when needed—frozen sperm can be used once
females enter their optimal spawning period, improving the chances of successful
fertilization (Hu et al., 2011, 2014). The benefits of cryopreservation include
establishing cryobanks for species preservation or genetic improvement, enabling
genetic resource transport, simplifying breeding management, maximizing
sperm efficiency through optimized insemination doses, and decreasing gonadal
asynchrony (Cabrita et al., 2010; Motta et al., 2022).

4. Hermaphroditism in Fish

Fish represent over half of the world’s extant vertebrate species,
comprising more than 32,000 out of a total of 60,000 species (Nelson et al.,
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2016; Kuwamura et al., 2020). With nearly 99% of vertebrate species having
individuals that are strictly male or female, gonochorism clearly demonstrates
how separate sexes dominate vertebrate evolution. In contrast, only 1% of
vertebrate species exhibit hermaphroditism with most fish (Avise 2011; Ashman
et al. 2014; Kuwamura et al., 2020). In hermaphroditic fish, four distinct sexual
strategies are observed: protandry, bidirectional sex change—also known as
reversed sex change in protogynous species—simultaneous (or synchronous)
hermaphroditism, and protogyny, reflecting the diverse ways these fishes can
alter or express their sex (Sadovy de Mitcheson and Liu 2008; Munday et al.
2010; Kuwamura et al. 2014; Kuwamura et al., 2020). Though uncommon
among fish, the ability of simultaneous hermaphrodites to form both eggs and
sperm within the same gonads illustrates a reproductive adaptation that can be
advantageous when potential mates are limited (Avise 2011; Kuwamura et al.,
2020). Since the 1990s, there has been an increase in reports of bidirectional
sex change occurring within certain species. Throughout their lives, sequential
hermaphrodites—predominantly protogynous species—may undergo sex
transitions, with protogyny (PG) allowing females to become males and protandry
(PA) enabling males to turn into females, providing flexibility in reproductive
roles (Kuwamura and Nakashima 1998; Munday et al. 2010; Kuwamura et al.
2014, 2016; Kuwamura et al., 2020).

Across 156 genera, 41 families, and 17 teleost orders, more than 450
species have been shown to exhibit functional hermaphroditism—including
simultaneous (SH), protandry (PA), protogyny (PG), and bidirectional sex
change (BS)—according to Nelson et al. (2016). Remarkable variation exists
in the prevalence of hermaphroditic species: Cichlidae show only 0.1% (2 of
1,762 species), whereas Giganturidae and Eleginopsidae consist entirely of
hermaphroditic species. In families with over 30 species, Sparidae stands out
with 84%, followed by Scaridae (35%), Ipnopidae (28%), Lethrinidae (26%),
Pomacanthidae (26%), Labridae (19%), Cirrhitidae (18%), and Serranidae
(17%), emphasizing how hermaphroditism is unevenly distributed across teleost
lineages (Kuwamura et al., 2020).

4.1. Sperm Cryopreservation in Hermaphroditic Fish

Hermaphroditic fish sperm cryopreservation has become important in fry
production through artificial breeding. Hermaphroditic fish may face challenges
with natural mating due to the inability to coordinate male and female spawning,
which stems from reproductive strategy factors (He et al., 2011; Che-Zulkifli et
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al., 2020). In captive fish, natural spawning is often not possible due to fact that
the maturation of male and female gonads occurs at different times. By using
cryopreserved sperm, it is possible to achieve successful reproduction of various
hermaphroditic fish species year-round (Che-Zulkifli et al., 2020).

To date, numerous researchers have conducted cryopreservation of
sperm from hermaphroditic fish with variable results. Different cryoprotectants
and extenders have been applied in the cryopreservation techniques for
hermaphroditic fish. The protocol and success rates of sperm cryopreservation
of hermaphroditic fish species studied by researches are presented Table 1.

5. Conclusions

Sperm cryopreservation is a powerful tool for managing and conserving
hermaphroditic fish species. While challenges remain, advances in
cryopreservation techniques and species-specific protocols are paving the way for
its broader application in aquaculture and conservation. In the farming industry,
artificial insemination has proven to be highly effective. Hatchery managers
control breeding schedules during artificial insemination by stimulating the
maturation of female broodstock with reproductive hormones. In the aquaculture
sector, some hermaphroditic fish species are economically important, and sperm
cryopreservation is crucial for these species for the success of production. By
reducing the financial burden associated with maintaining male broodstock,
breeders can prioritize the maintenance of female broodstock through the
commercial application of cryopreservation techniques in hatcheries. A small
number of male broodstock is sufficient for collecting milt for cryopreservation,
which reduces maintenance needs and eliminates the need for synchronization
with female broodstock. The development of new cryopreservation methods for
hermaphroditic fish species will support artificial breeding, improve fertilization
outcomes, and increase aquaculture production. By preserving genetic diversity
and enabling flexible breeding strategies, cryopreservation holds great promise
for the future of hermaphroditic fish species.
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1. Introduction

itrification typically requires relatively high cooling rates, resulting

in non-uniform temperature distributions throughout the samples.

Cryopreservation by vitrification is achieved by perfusion, diffusion
or a combination of these after the biological solutions have been replaced by
cryoprotectant solutions (CPA).

Because vitrification relies on ultra-rapid cooling rather than specialized
instrumentation, it can be applied with ease both in hatchery-scale operations
and in remote field settings; in this method, the abrupt exposure of the sperm
suspension to liquid nitrogen causes a marked rise in medium viscosity,
preventing water within the cells and extender from arranging into ice crystals
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and instead driving the formation of a glass-like amorphous solid phase
(Cuevas-Uribe et al., 2011a, 2011b). Preventing ice crystal formation is only
one of the requirements for successful cryopreservation by vitrification; other
important factors affecting successful sample recovery from cryopreservation
are CPA toxicity, thermo-mechanical stresses caused by sample preparation and
cryopreservation protocols, and natural degradation. A concise description of
the physicochemical mechanisms underlying vitrification is presented, with the
aim of clarifying how these processes operate during the cryopreservation of
fish spermatozoa.

This chapter has been prepared to give the properties of the various
solutions and their constituents used in fish sperm vitrification, and to show the
concentrations and combinations of substances used.

2. Ultra-rapid cooling or vitrification

In vitrification-based cryopreservation of fish sperm, minute aliquots
of semen are rapidly plunged into liquid nitrogen, enabling ultra-fast cooling
rates required for glass-state formation. This technique has been employed in
the study of spermatozoa from various fish species, including rainbow trout,
swordtail, and Atlantic salmon (Merino et al., 2011, 2012; Cuevas-Uribe et al.,
2011a, 2011b, 2015; Figueroa et al., 2013, 2015).

This technique is distinguished by its simplicity and expeditiousness
when compared with conventional cryopreservation methods. The efficacy
of vitrification is contingent on numerous factors, including the precise steps
involved in the addition and removal of cryoprotectants, the method employed
for vitrification, and the viscosity and proportions of the solutions (Yavin & Arav,
2007; Rabin & Steif, 2006). The primary discrepancy between vitrification and
slow cryopreservation can be attributed to the distinct mechanisms involved in
each process. During direct immersion in liquid nitrogen, an increase in medium
viscosity hinders the organisation of water molecules within the sample, thereby
preventing the formation of a crystalline structure. Instead, the molecules
adopt an amorphous form of solid, resulting in the characteristic vitrified water
behaviour. The objective is to facilitate the glass transition by accelerating it
through rapid cooling or by increasing the concentration of cryoprotectants
(Cuevas-Uribe et al., 2011a, 2011b). evertheless, elevating cryoprotectant levels
during the cryopreservation of fish spermatozoa may impose substantial cellular
stress, manifested as osmotic imbalance, disruptions in membrane transport
properties, and an increased incidence of DNA damage.
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It is widely recognized that using a combination of cryoprotective
agents with complementary physicochemical characteristics provides a more
effective approach for the cryopreservation of fish spermatozoa. The utilisation
of cryoprotectants in low concentrations has been demonstrated to facilitate
vitreous formation with minimal toxicity, as evidenced by Saragusty and
Arav’s (2011) research. For instance, human serum albumin in association
with sucrose has been successfully used as an impermeable cryoprotectant
for human sperm vitrification by means of ultrafreezing (Isachenko et al.,
2008). Cuevas-Uribe et al. (2015) conducted a series of tests on different
concentrations of cryoprotectants, finding that the combination of permeable
and impermeable substances yielded superior results when compared with the
utilisation of a single cryoprotectant at a high concentration. In the course of
these experiments, it was established that a combination of 15% DMSO +
15% G + 10% Gli + 1% X-1000™(X) + 1% Z-1000™(Z) yielded the optimal
levels of vitrification rate, motility, and membrane integrity in semen samples
from three species of fish: Lutjanus campechanus, Cynoscion nebulosus,
and Sciaenops ocellatus. However, favourable outcomes were observed for
motility and membrane integrity when other combinations of permeable and
impermeable compounds were employed (for example, 10% DMSO + 30%
EG + 0.25 M trehalose).

Seminal plasma has been shown to be a successful cryoprotectant in the
vitrification of salmon semen. Researchers such as Merino et al. (2011, 2012),
Figueroa et al. (2013, 2015) have utilised a solution composed of 10% DMSO,
1-2% BSA, 0.13 M sucrose, and 30%-50% seminal plasma from rainbow trout
and Atlantic salmon, to vitrify spermatozoa. When the Cortland solution was
used in a combination with BSA, and its permeable cryoprotectant was replaced
with 40% seminal plasma, enhanced outcomes were observed in terms of >80%
motility, >82% plasma membrane integrity, and 55% mitochondrial membrane
potential and fertility.

It is evident that the majority of studies address exclusively technical
issues, encompassing the replacement of diluents and cryoprotectants, and the
presentation of outcomes pertaining to sperm motility and fertility. The utilisation
of cellular and molecular techniques is advocated for the characterisation of
cryodamage. As posited by Figueroa et al. (2013), a range of techniques is
recommended for the purpose of verifying plasma membrane integrity. These
include flow cytometry (utilising SYBR-14/PI) and optical microscopy (eosin),
in addition to techniques for testing DNA fragmentation (e.g. TUNEL) and
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mitochondrial integrity (e.g. epifluorescence microscopy and flow cytometry
(Rhodamine and JC-1).

3. Vitrification solutions

Although a range of vitrification media with diverse chemical profiles has
been formulated for the cryopreservation of fish spermatozoa, most approaches
continue to employ only a few traditional base solutions (Massaldi, 1984; Merino
et al., 2011, 2012; Figueroa et al., 2013, 2015). Nevertheless, the performance
of these formulations shows pronounced interspecific variability, limiting their
universal applicability.

Vitrification techniques typically employ ultra-rapid cooling/warming
rates, minimal sample volumes, specialized carriers, and high concentrations
of permeable cryoprotective agents (CPAs). However, successful vitrification
demands precise optimization, requiring careful balancing of CPA mixtures,
carrier systems, and thermal protocols. One of the major obstacles in vitrification-
based protocols for fish sperm is the cellular toxicity induced by high levels of
cryoprotective agents, which has driven researchers to investigate alternative
methodological approaches that reduce CPA burden while maintaining post-
thaw functionality.

Recent advances have introduced cryoprotectant-free vitrification methods
as a promising approach to mitigate toxicity while maintaining post-thaw sperm
viability in aquatic species.

3.1 Cryoprotectants (CPAs)

Cryoprotectants (CPAs) are essential additives in sperm cryopreservation,
mitigating freezing-induced cellular damage by inhibiting ice crystal formation.
Their protective mechanism relies on increasing the overall solute concentration
in the medium, thereby depressing the freezing point of water and minimizing
ice nucleation at subzero temperatures. CPAs must exhibit sufficient membrane
permeability while maintaining low cytotoxicity to ensure cell viability during
deep cryogenic storage and post-thaw recovery.

Commonpermeating CPAs, suchasethylene glycol (EG),dimethylsulfoxide
(DMSO), and glycerol, function by permeating cells and disrupting hydrogen
bonding in water, thereby suppressing crystallization. These compounds, often
termed “antifreeze” agents in broader applications, are typically employed at
concentrations of 5-15% for effective cellular preservation at liquid nitrogen
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temperatures (Pegg, 2007). Despite the emergence of alternative CPAs, glycerol
and DMSO remain the most widely utilized due to their proven efficacy.

However, cryopreservation-induced alterations in membrane carbohydrate
composition, ion channel distribution, and protein localization can compromise
spermatozoal integrity, impairing fertilization capacity (Di Santo et al., 2012;
Parks & Graham, 1992). CPAs counteract these effects through multiple
mechanisms: (1) depressing the freezing point of intra- and extracellular water
(Royere et al., 1996), (2) interacting with cytoplasmic macromolecules, and (3)
stabilizing the sperm plasma membrane via surface shielding.

Based on their cellular permeability, CPAs are broadly categorized into
two classes:

1. Permeating CPAs (e.g., DMSO, glycerol, EG): Small, neutral molecules
that traverse the plasma membrane, protecting both intracellular and extracellular
compartments.

2. Non-permeating CPAs (e.g., sucrose, trehalose): Large or charged
molecules that exert osmotic effects extracellularly, dehydrating cells to reduce
intracellular ice formation.

Cryoprotective agents (CPAs) are categorized based on their membrane
permeability. Permeable cryoprotectants, such as glycerol (GLY), dimethyl
sulfoxide (DMSO), ethylene glycol (EG), dimethylacetaldehyde (DMA),
and propylene glycol (PROH), traverse the plasma membrane, displacing
intracellular water. However, these compounds exhibit cytotoxicity at elevated
concentrations, with studies demonstrating a detrimental impact on sperm
fertility when used in high concentrations (Gilmore et al., 1997). Permeating
cryoprotective agents used in the cryopreservation of fish spermatozoa can be
categorized according to the speed at which they traverse the plasma membrane.
Compounds such as methanol, ethanol, ethylene glycol, propylene glycol,
dimethylformamide, methylacetamide and DMSO exhibit rapid membrane
permeation, whereas glycerol is generally regarded as a slow-penetrating CPA.
Additionally, some CPAs permeate only the cell wall (CW) (e.g., mono- and
disaccharides, amino acids), while others penetrate both the CW and cytoplasmic
membrane (CM) (e.g., DMSO, glycerol). High-molecular-weight polymers
(e.g., proteins, polysaccharides, dextran) are impermeable to the CW.

Non-permeable cryoprotectants, including raffinose (RF), sucrose
(SUC), trehalose (TRE), egg yolk, albumin, polyethylene glycol (PG),
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polyvinylpyrrolidone (PVP), and hydroxyethyl starch (HES), do not cross the
plasma membrane but still confer cryoprotection (Di Santo et al., 2012).

An alternative classification divides CPAs into osmotic and non-osmotic
types. Osmotic cryoprotectants (e.g., glycerol, DMSO, EG, acetamide, PROH)
depress the freezing point of aqueous solutions, equilibrate osmotic pressure
across cell membranes, and minimize cellular damage from shrinkage or
swelling during thermal transitions. In contrast, non-osmotic cryoprotectants
(e.g., PVP, sucrose, glucan, albumin, PEG) remain extracellular, reducing solute
concentration and maintaining a supercooled state. Sucrose, for instance, has
been effectively employed in the vitrification of amphibian sperm (Luyet &
Hodapp, 1938).

3.1.1 Sulphoxides

Sulphoxides are oxidised thioethers containing one oxygen atom per
molecule) and are water soluble (McGann & Walterson, 1987). Dimethylsulfoxide
(DMSO, Me,SO) has been found to be a very effective and universal CPA that
is rapidly gaining acceptance in cryobiology. It was first used for cryoprotection
and freezing of spermatozoa (Lovelock & Bishop, 1959).

The optimal concentration of Me SO was used for vitrification of
spermatozoa from sex-reversed rainbow trout (Figueroa et al., 2013). In
the study, the vitrification solution consisted of a standard buffer for fish
spermatozoa (Cortland® medium) + 10% DMSO + 2% BSA + 0.13 M sucrose +
SP (seminal plasma) at concentrations of 30-50%. Fertilisation rates were higher
for spermatozoa vitrified in the medium with the highest percentage of seminal
plasma (40%).

For vitrification of A. ruthenus and A. gueldenstaedtii ovarian tissue, 1.5 M
Me, SO was used (Luji¢ et al., 2023). For sperm vitrification of L. campechanus,
S. ocellatus and C. nebulosus, 15% DMSO was found to be suitable (Cuevas-
Uribe et al., 2015). For sperm vitrification of S. salar, 10% DMSO was found
to be sufficient (Figueroa et al., 2015). However, only for sperm vitrification of
1. punctatus was more than 20% dimethylsulfoxide found to be toxic (Cuevas-
Uribe et al., 2011b).

3.1.2 Alcohol and its derivatives

Alcohols and derivatives include 1) Monohydric alcohols and their
derivatives: Methanol, ethanol and polyvinyl alcohol, 2) Diols and derivatives:
Ethylene glycol, propylene glycol, polyethylene glycol, 1,2-propanediol, methyl
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glycol, 3) Triols: Glycerol 4) Polyalcohols: Mannitol and sorbitol have been
used for freezing and vitrification of sperm from fish and many other species.

Polyhydric alcohols, especially glycerol, as well as glycols and sugar
alcohols, are widely used as CPAs, while monovalent alcohols are rarely used
due to their toxicity to many biological systems. However, methanol has been
used for the vitrification of many fish sperm. For vitrification of A. ruthenus
and A. gueldenstaedtii ovarian tissue, 1.5 M methanol (MeOH) and propylene
glycol (PG) are as effective as 1.5 M Me,SO (Luji€ et al., 2023). For 1. punctatus
sperm vitrification, methyl glycol and 1,2-propanediol were used at 10% in the
cryoprotectant mixture. For A. anguilla sperm vitrification, a 40% cryoprotectant
mixture (20% MeOH and 20% PG) was preferred (Késa et al., 2017).

Glycerol(Gly), propane-1,2,3-triol, is a symmetrical polyol containing
three hydroxy (OH) groups: two identical primary OH and one secondary OH
with a similar pKa. Glycerol (CsHzOs), systematically termed propane-1,2,3-
triol, is a trihydric alcohol featuring two primary and one secondary hydroxyl
groups. This small polyol occurs ubiquitously in biological systems, primarily
esterified in triglycerides (storage lipids) and as a structural backbone in
phospholipid bilayers (Plasseraud, 2024). Its physical characteristics include
high viscosity, optical transparency, neutral olfactory properties, a saccharine
flavor profile, and extreme hygroscopicity. Demonstrating low acute toxicity, it
exhibits complete miscibility with hydrophilic solvents (e.g., water, ethanol) but
negligible solubility in nonpolar media such as benzene or chloroform.

The molecule’s polar nature facilitates extensive hydrogen bonding with
aqueous solutions and short-chain alcohols (Sillanpdd & Ncibi, 2017). While its
limited membrane permeability reduces cellular toxicity, hypertonic glycerol
solutions may induce deleterious osmotic imbalances (Warner et al., 2021).
As a colligative cryoprotectant, it depresses the freezing point of aqueous
systems, with binary glycerol-water mixtures achieving maximal freezing point
depression at approximately -46°C.

Synergistic cryoprotection is achieved when Ethylene glycol (C2HeO2)
(EG) is formulated with glycerol and dimethyl sulfoxide (DMSO), as these
compounds exhibit complementary interactions with cellular water and
macromolecular structures (Cuevas-Uribe et al., 2011a,b; 2015). This ternary
combination enhances vitrification efficiency while mitigating solute toxicity.

Propylene glycol (PG) is another liquid commonly used in the
cryopreservation process. PG is metabolised to oxalic acid and behaves like
EG. PG usually shows toxicity when used as a CPA. Studies have demonstrated
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that propylene glycol concentrations exceeding 2.5 M can compromise embryo
developmental capacity, largely due to a reduction in intracellular pH (Damien
et al.,, 1990). Although this evidence originates from mammalian systems, it
underscores the potential for high PG levels to induce comparable intracellular
acidification risks in fish spermatozoa during cryopreservation. Propylene glycol
15% in combination with 15% methanol has been used as a cryoprotectant in the
vitrification of fish sperm (Kéasa et al., 2017).

3.1.3 Amides, N-Alkylamides, Imides

N,N-dimethylacetamide, dimethylacetamide (DMA) is a synthetic organic
compound. For sperm vitrification in teleost species, dimethylacetamide
(DMA) levels in the range of 10-20% have been identified as effective, whereas
exceeding this threshold has been associated with cytotoxic effects in Ictalurus
punctatus spermatozoa. This cryoprotectant was found to alter mitochondrial
and microtubule organisation in rat spermatozoa, leading to loss of motility.
Such exposure adversely affects sperm quality performance, leading to declines
in both overall motility and forward-directed movement. Consequently, the use
of DMA resulted in a marked impairment of fertilization capacity (Khera et al.,
2020).

Following its designation in 2011 as a substance of very high concern
in the EU due to documented reproductive toxicity, dimethylacetamide was
subsequently subjected to a regulatory reassessment under REACH, leading
to the European Commission’s 2014 action to restrict its use (Commission
Regulation (EU) No 895/2014; Member State Committee Agreement, 2011).
DMA exposure induces marked disruptions in mitochondrial architecture and
axonemal microtubule organisation within spermatozoa, leading to impaired
motility patterns characterized by reduced total and progressive movement,
ultimately culminating in diminished fertilisation capacity (Khera et al., 2020).

3.1.4 Other substances used as cryoprotectants

Monosaccharides: Glucose; Disaccharides: Sucrose, Lactose, Maltose,
Trehalose; Polysaccharides: Dextran, Manan; Heterocyclic compounds:
Polyvinylpyrrolidone; Amino acids and carboxylic acids: Proline, Glycine;
Proteins, peptides, polypeptides and glycoproteins: Blood serum, albumins;
Complex substrates: Skimmed milk

In fish sperm cryopreservation, cellular injury is mitigated through the
incorporation of appropriate cryoprotective agents; however, their intrinsic
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cytotoxicity necessitates rapid elimination during thawing, a requirement that
considerably increases both the technical complexity and the operational cost
of the procedure.

Spermatozoal uptake of cryoprotective agents exhibits species- and
compound-specific variability, with membrane permeability differing
according to the particular cryoprotectant applied. Although the permeability of
cryoprotectants in fish sperm is within the expected range for most sperm (~10 -4
cm/min) and dimethyl sulfoxide penetrates sperm within a few minutes. However,
some cryoprotectants (10% methanol and 10% N,N-dimethylformamide) cause
no change in cell volume when entering and leaving the cell. The absence of
detectable volumetric shifts in the presence of formamide or methanol is likely
attributable either to the rapid efflux of these solutes matching the osmotic influx
of water or to inherently low membrane permeability of spermatozoa to these
compounds (Raju et al., 2021). In the presence of an impermeable solute, the
volume of the cells remains constant rather than shrinking. The demonstrated
success of cryoprotectants in fish sperm cryopreservation confirms their
intracellular activity, even though certain agents within this group are categorized
as high-molecular-weight, membrane-impermeable CPAs that do not traverse
the plasma membrane (Raju et al., 2021). The most commonly used CPAs are:
trehalose (TRE), sucrose (SUC), hydroxyethyl starch and polyvinyl pyrrolidone
(PVP) (Zamecnik et al., 2021).

The precise molecular pathways underlying cryoprotection remain
incompletely characterized. Contemporary theoretical frameworks indicate that
cryoadditives—whether capable of traversing the plasma membrane or restricted
to the extracellular milieu—primarily exert their protective action by reducing
the availability of free water, thereby lowering the likelihood of intracellular
ice formation during the cryopreservation of fish spermatozoa (Mazur, 1984).
Permeable compounds exhibit additional protective effects by:

1. Acting as cosolvents that mitigate solution effects during freeze-induced
dehydration

2. Maintaining macromolecular hydration shells through direct hydrogen
bonding

Notably, biophysical studies indicate certain cryoprotectants may stabilize
membrane phospholipid arrays and protein tertiary structures through specific
molecular interactions (Anchordoguy et al., 1987). However, this stabilization
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exhibits concentration-dependent duality — while effective at optimal levels,
prolonged exposure or excessive concentrations can induce cytotoxic effects
through membrane fluidity disruption and protein denaturation (Fahy, 1986).

3.1.4.1 Non-Penetrating Cryoprotective Agents

High-molecular-weight additives including:

e Oligosaccharides (raffinose, sucrose)
e Protein complexes (egg yolk lipoproteins, albumin)
o Synthetic polymers (PEG, PVP)

demonstrate cryoprotective efficacy despite lacking membrane permeability
(Di Santo et al., 2012; Zamecnik et al., 2021). These agents function through:

1. Extracellular supercooled state
2. Colligative depression of ice crystal growth kinetics
3. Macromolecular crowding effects that stabilize membrane interfaces

A review of vitrification practices indicates that sucrose represents the
earliest non-penetrating cryoprotectant successfully employed for the vitrification
of amphibian gametes. (Luyet & Hodapp, 1938). Modern cryobiology
recognizes a spectrum of membrane interaction potentials, with certain sugars
exhibiting intermediate permeability characteristics. Recent advances continue
to expand the repertoire of identified cryoprotective molecules, including novel
biomimetic compounds (Zamecnik et al., 2021).

Carbohydrate-based additives facilitate osmotic dehydration during
vitrification and are incorporated into CPA formulations to support the
stabilization of sperm plasma membranes under near-anhydrous conditions
(Acker & McGann, 2003).

Glucose penetrates the cell membrane more rapidly than sucrose due to
its molecular size. In fish sperm freezing, 5.85% glucose and 6.55% glucose,
0.13 M sucrose and 0.25 M trehalose are the most commonly used sugars
(Isachenko et al. 2008; Viveiros et al. 2012; Figueroa et al., 2013, 2015). In
addition to these agents, non-permeating sugars such as raffinose and sucrose
are frequently incorporated into vitrification media due to their extracellular
protective functions (Di Santo et al., 2012).

The vitrification of different mammalian spermatozoa after vitrification/
thawing with different ice-blocking media (X-1000™ and Z-1000™) was
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investigated. Because highly concentrated vitrification media depress the
homogeneous nucleation point to temperatures lower than the glass transition,
the principal barrier to achieving a fully vitreous state is the activity of
heterogeneous nucleators, a challenge mitigated through the incorporation
of ice-blocking polymers such as Super Cool X-1000—a polyvinyl-alcohol/
vinyl-acetate copolymer—and Super Cool Z-1000, as reported by Ting et al.
(2012). In contrast to penetrating CPAs, which interfere with cryopreservation
by interacting with water, X-1000 in particular acts at the nucleation point of
the growing ice, preventing other water molecules from becoming blinded on
the flat surface and subsequently preventing the formation of spicules in the
ice crystals, which could cause major cell damage during the process. In this
respect, studies have shown that the polymer (Badrzadeh et al., 2010).

These ice blocks were evaluated for vitrification of sperm from different
fish species. Sperm in 1% X-1000™ + 1% Z-1000™ had an average post-thaw
motility of 58% and membrane integrity of 19% for spotted seatrout, 38%
and 9% for L. Campechanus, 30% and 19% for S. ocellatus and C. nebulosus
(Cuevas-Uribe et al., 2015).

3.1.5. Seminal plasma

Previous research group has been working on the application of human
sperm vitrification without seminal plasma, and the first successful results in
the absence of cryoprotectant were obtained in the early 2000s (Isachenko et
al., 2003).

Supplementation of the vitrification medium with butylhydroxytoluene
(BHT), a synthetic analogue of vitamin E, was associated with a reduction in
ROS production. It significantly preserved DNA integrity. BHT concentrations
of 0.5 to 1.0 mM appear to be optimal for cryopreservation of human semen by
vitrification (Aitken & Clarkson, 1989). The proposed protective mechanism of
BHT is its incorporation into the sperm membrane and increasing the fluidity of
the membrane (Uribe et al., 2017).

Antioxidant components in the seminal plasma, including both enzymatic
and non-enzymatic factors, contribute to safeguarding fish spermatozoa against
oxidative stress during cryopreservation (Cosson, 2007, Ciereszko, 2008).
Proteins present in the seminal plasma may contribute to mitigating freezing-
related injuries by interacting with the selectively permeable plasma membrane
of fish spermatozoa. (Barrios et al., 2000). Seminal plasma, functioning
as an endogenous antioxidant, has been shown to markedly mitigate cryo-
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induced damage in fish spermatozoa, with a 40% inclusion level providing
notable protection against DNA fragmentation and loss of membrane integrity
(Lahnsteiner, 2007; Figueroa et al., 2013). During cryopreservation procedures
such as freezing and vitrification, excessive dilution of fish spermatozoa can
reduce the protective influence of seminal plasma proteins associated with the
plasma membrane, which in turn may adversely affect key performance traits
including motility, viability, fertilization capacity, and resistance to cryogenic
stress. (Lahnsteiner, 2007). Results indicate that spermatozoa can be effectively
preserved by direct plunging into liquid nitrogen, achieving significant post-
warming motility and cytoplasmic membrane integrity, with optimal results
seen using 1% BSA combined with 40% seminal plasma(Figueroa et al., 2013).

According to Rall (1987), incorporating BSA into vitrification media
can contribute to enhancing the stability of the amorphous phase during the
cryopreservation of fish spermatozoa.

Protocols involving direct ultra-rapid cooling of fish spermatozoa in liquid
nitrogen have incorporated 1-2% bovine serum albumin (BSA) together with
30-50% seminal plasma, both serving as extracellular cryoprotective additives
in vitrification procedures (Merino et al., 2011, 2012; Isachenko, 2013; Figueroa
etal., 2013, 2015).

4.Cryoprotectant mixtures in fish sperm vitrification

Cryoprotectant mixtures have been preferred for sperm vitrification in
some fish species. To limit toxicity effects, it is reasonable to use the least toxic
CPA at the lowest possible concentration that will prevent vitrification. The
simultaneous use of different cryoprotectants may also result in different thermal
expansion properties of the different components of the CPA agents during
cryopreservation, which may further increase thermo-mechanical stresses.

A combination of 40% glycerol and 20% glycerol + 20% ethylene glycol
has been tried for the vitrification of X. hellerii sperm (Cuevas-Uribe et al.,
2011a). The combination of 15% DMSO + 15% ethylene glycol + 10% glycerol
was used for L. campechanus, S. ocellatus and C. nebulosus (Cuevas-Uribe et al.,
2015). The vitrification method for P. fluviatilis sperm was 30% cryoprotectant
consisting of 15% methanol + 15% propylene glycol (Késa et al., 2017).

5. Media used for sperm vitrification

The vitrification medium contained a standard buffer for sex-reversed
rainbow trout spermatozoa, a standard culture medium, Cortland® medium,
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was used. The composition of the Cortland® medium per litre is: 1.88 g NaCl,
0.23 g CaCl 2, 7.2 g KCI, 0.41 g NaH 2 PO 4, 1 g NaHCO3, 0.23 g MgSO 4
xTH 2 O, 1.0 g glucose, 10% (0.02 M) glycol and 10% Tris (0.02 M), pH 9.0;
261 mOsm. (Figueroa et al., 2013). For S. aurata semen vitrification protocols,
the best vitrification medium includes Mounib buffer containing 10% Me2SO
and 10% glycerol (Zilli et al., 2018).

6. Conclusion

Vitrification allows long-term storage of sperm in a glassy state at ultra-
low temperatures in liquid nitrogen. This suppresses the sperm’s biochemical
processes. The aim of this method is to vitrify sperm and prevent ice crystal
formation during cooling and heating. Although cryoprotectants and mixtures
are useful substances in sperm vitrification, the physico-chemical process and
cryoprotectant toxicity of sperm, vitrification solutions should be taken into
account. Many new cryoprotectants are entering this field. Vitrification has
advantages and disadvantages. Although the disadvantages cannot be reduced to
zero, the difference between the advantages and disadvantages can be increased
in the favour of the advantages.
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