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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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