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1. Introduction

The main object of the present study is common carp (Cyprinus carpio), which
presents the most widely cultured cyprinid fish (Woynarovich et al., 2011) and the
primary subject of Czech pisciculture (FAO 2024). Carp has a long-standing history of
breeding in the Czech Republic, resulting in many unique local strains (Flajshans et al.,
1999; Kocour et al., 2008). Some old, less productive breeds are conserved in situ as a
part of national heritage and a source of genes for future breeding as a part of The Czech
National Programme for the conservation of genetic resources for commercially
important fish species (Flajshans et al., 2015). However, in addition to in situ approaches,
sperm cryobanking is also included in this Programme, and today cryobank in the
Research Institute of Fish Culture and Hydrobiology (Faculty of Fisheries and Protection
of Waters in Vodnany) includes sperm samples from 11 common carp breeds (Flajshans
et al., 2015).

Cryopreservation today represents the only possible procedure to conserve cells’
functional properties for the long term (Jamieson, 1991) wherein the most commonly
used method of cryopreservation in fish is slow freezing (Katkov et al., 2012) and sperm
remains the main object of this research (Martinez-Paramo et al., 2017). A lot of studies
were focused on cyprinids, particularly on common carp, which led to quite well-
developed cryopreservation techniques (Martinez-Paramo et al., 2017). One of the critical
parameters for the study is the dilution ratio of sperm prior to freezing, which often differs
among methods (according to Bernath et al., 2016 applied values varied from 1:1 to 1:9
sperm per cryoprotective medium respectively). Manipulations with this parameter can
lead to high heterogeneity of cryopreservation results among different research and make
it impossible to compare different studied approaches (Kime et al., 2001). Dilution with
a cryoprotective medium modifies the sperm density (also known as “sperm
concentration”, and these terms can be used interchangeably) in samples, which
represents one of the parameters that directly influences sperm survival due to the packing
effect that arises during the freezing process (Morris et al., 2012). Different dilution rates
also affect the economic side of the cryopreservation method through the increase or

reduction in cryostorage space and required chemicals.

Despite the critical role of sperm density during cryopreservation, in many studies,

this parameter is ignored (Tan et al., 2010; Pataki et al., 2022). The sperm concentration
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optimum for cryopreservation varies among different species. According to Nascimento
et al. (2021), the dependency between sperm concentration in the samples subjected to
freeze-thawing and cryopreservation outcomes in fish was studied in several species of
Salmonidae, Esocidae, Percidae, and Cyprinidae. The aforementioned publication studied
the optimum concentration during cryopreservation for sterlet. For common carp, an
optimal value of the sperm concentration during freezing remains undetermined. Sperm
concentration is also relevant during artificial fish reproduction and can differ concerning
the purpose of the fertilization trial. With the growing justifiable interest in this parameter,
an elaboration of a reliable tool for its assessment is needed. Traditionally sperm
concentration estimation in fish is performed with a counting chamber or
haemocytometer (Rurangwa et al., 2004; Tan et al., 2010; Yang et al., 2015). However,
due to the time consuming as a main disadvantage of this method, the elaboration of other
methods is of high demand for practice (Tan et al., 2010; Judycka et al., 2019a; Pataki et
al., 2022). Measurement of sperm suspension absorbance for determination of sperm
concentration is one of the approaches already used for different fish species (Ciereszko
and Dabrowski, 1993; Tan et al., 2010; Leclercq et al., 2012).

The current study is aimed to understand the importance of sperm concentration
during cryopreservation and to elaborate a quick and reliable method for sperm

concentration determination in common carp.

The objectives of this diploma thesis are:

1) establishing a regression between light absorbance at different wavelengths of
sperm suspension and sperm concentration counted by a haemocytometer;

2) determination of the optimal concentration range for sperm cryopreservation in
common carp in terms of post-thaw sperm motility;

3) specifying sperm per egg ratio during artificial propagation in common carp for
improvement of the development and hatching rates of common carp progeny

obtained with cryopreserved sperm.



2. Literature review

2.1. Common carp

It is assumed that common carp as a species appeared in the region of the present
Black, Caspian, and Aral seas. Under the conditions of the postglacial thermal optimum,
the species spread westward to the Danube basin and eastward to continental Asia (Balon,
1995). Nowadays it has been introduced practically everywhere outside its native
geographical and climatic range. Carp has a different status in the world. In non-native
territories, especially in North America and Australia, carp is considered an undesirable
invasive species due to its wide distribution and severe impacts in shallow lakes and
wetlands (Fanson et al., 2024).

On the other side common carp is the most widely cultured cyprinid species
(Woynarovich et al., 2011). During the thousand-year history of domestication carp
farming has evolved from a haphazard polyculture of carp through improved rearing
methods to artificial reproduction with deep knowledge of genetics. According to FAO
statistical data, carp production increased until the year 2021 and now indicates that
common carp global production may have come close to its limit.

In the Czech Republic, carp breeding takes a special role. It is the dominant fish
produced (88 percent). The Czech Republic is the largest exporter of carp in Europe
although the role of fisheries in the Czech national economy is rather marginal. Annual
fish production currently ranges from 19 000 to 20 000 tonnes (FAO 2024). Aquaculture
production in the Czech Republic is generally characterized by extensive and semi-
intensive fish farming in ponds that plays an extremely important non-production role in
terms of water management, landscape formation, culture, and protection, and its

importance often goes beyond the production of fish itself (FAO 2024).

As well as a worldwide trend the production of carp in Czech Republic is tending
towards stagnation (FAO 2024). Recently, however, ornamental fish (this group, among
other fish species, also includes koi carp) have also begun to play a very important and
integral role in the total aquaculture production of the Czech Republic, although
production figures are not included in the official aquaculture statistics. According to
production statistics, the Czech Republic is the world's fourth-largest producer and

exporter of ornamental and aquarium freshwater fish (FAO 2024).
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Common carp has a long-standing history of culture in the Czech Republic, dating
back to the 13th century with a peak in the 16th century (Kocour et al., 2008). As a result,
many unique local strains that differ in many ways including body shape, scaling pattern,
and productive traits have been created. During artificial selection, attention was brought
to the improvement of various productive traits like survival in ponds, the usefulness for
artificial propagation, and the issue of disease resistance against a wide range of
pathogens (Napora-Rutkowski et al., 2017). Eventually, numerous breeds in different
countries reflect the adaptation of fish populations to local environmental conditions and
local production systems. A list of pure breeds of commercially important freshwater fish
species, considered gene resources in the Czech Republic includes nine carp local breeds
(Flajshans et al., 1999).

The Czech National Programme for the in situ conservation of genetic resources for
commercially important fish species was established in 1996. It included nine rare and
endangered breeds of common carp (Cyprinus carpio) (Flajshans et al., 1999). The
objective was to keep old less productive breeds as a part of national heritage and a source
of genes for future breeding. At the same time, cryobanking of farmed fish sperm was
launched in the Czech Republic as a part of the National program of conservation and use
of farm animal genetic resources. The Cryobank was established in the Research Institute
of Fish Culture and Hydrobiology (RIFCH), part of the nowadays Faculty of Fisheries
and Protection of Waters in Vodnany. Sperm samples from 11 breeds of carp are stored
(Flajshans et al., 1999).

2.2. Long-term storage of common carp sperm

2.2.1. Basic information about cryopreservation of fish sperm

Cryopreservation is the long-term storage of living biological objects with the
possibility of restoring their biological functions after thawing (Fuller, 2004). The typical
storage temperature is -196 °C (the temperature of liquid nitrogen, which is convenient
for low temperature storage) (Jamieson, 1991). At this temperature, the thermodynamic
movement of molecules becomes very low, and all biochemical reactions are inhibited
leading to extreme suppression of cell ageing (Mazur, 2017). Below -130 °C water exists
only in crystalline or glassy (the vitreous) states, and the latter is achieved mainly due to
the enormous increase in viscosity of the surrounding milieu (Katkov et al., 2012; Mazur,

2017). Despite the concerns that some events at the atomic level can still take place in
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these low temperatures, or genetic information may be damaged by existing background
radiation, it is a recognized fact that ultralow temperature storage is the only possibility
for today to conserve cells’ functional properties for long term (Garman, 2003; Cugia et
al., 2011).

Methods of cryopreservation include slow freezing, equilibrium vitrification, and
Kinetic vitrification (Katkov et al., 2012). The primary goal in the application of all the
above methods is to achieve a glassy state inside the cells and within their close vicinity
(or also an achievement of a glassy state of the extracellular milieu). The method of
cryopreservation implies the use of extender solutions containing permeable or non-
permeable cryoprotective agents, which in turn play different roles during the
cryopreservation process. In slow freezing, they serve mainly as osmotic buffers and in
vitrification, they play the role of thickeners which increase viscosity and deplete growth
of ice crystals (Katkov et al., 2012).

To the year 1995, the method of permeable cryoprotectant-free kinetic vitrification
was rarely applied to fish semen, while classical equilibrium vitrification had already
been successful in the cryopreservation of many fish species (Rana, 1995). However, the
majority of cryoprotocols were performed using slow freezing methods. Today slow
freezing remains the most commonly used method of fish sperm cryopreservation. To
avoid uncertainties, it is necessary to clarify that in this review the term cryopreservation

would refer to the mentioned above so-called slow freezing.

Sperm cryopreservation is the most established and commercialized method
(Asturiano et al., 2017). The choice of sperm as a cell for cryopreservation can be
explained by its simple cellular structure and size, small enough to ensure cryoresistance,
its mobility as an indicator of viability, the relative ease of obtaining samples, as well as
its reproductive qualities, which are especially important in connection with the advent

of the artificial insemination method (Katkov et al., 2012; Asturiano et al., 2017).

The lack of standardization in methods and reporting represents the most important
barrier to the expanded application of cryopreservation to practice, which is basically the
main objective of the development of this methodology (Tiersch, 2008). It is well-known
that there is no single universal cryopreservation protocol for sperm cells from different
species because of a large range of cell cryobiological and physiological parameters, so a
particular cell needs its own optimal cryopreservation protocol (Rana, 1995). Gametes

within one species show more or less sensitive species-specific fitness to biophysical and
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chemical processes that occur during cryopreservation (Cabrita et al., 2014). However
also in intraspecific levels, the variations in inorganic and organic seminal plasma
composition were observed, which signed up for the different cryoresistance of samples

from individual fish.

2.2.2. Cryopreservation of carp sperm as a tool

Many researchers in their works have written about the possible contributions that
sperm cryopreservation can bring to aquaculture. These include (modified from Jamieson,
1991; Tiersch, 2008):

1) cost savings for keeping brood fish; 2) improvement of existing hatchery activities by
providing sperm on demand, simplifying the time management of artificial spawning; 3)
genetic improvement of aquaculture fish breeding lines; 4) making affordable
transportation of genetic materials between hatcheries; 5) the restoration of genetic
material (valuable genetic lines, e.g., from endangered species, research models or
improved farmed strains) in case of broodstock loss; 6) a potential to become an entirely

new industry itself.

Artificial breeding of carp in the Czech Republic is a technological procedure put on
stream. Typically, hatcheries do not have a shortage of males and females for mating and
due to elaborated technology of controlled reproduction and hormonal stimulation both
sexes spawn at the same programmed time. Males, as a rule, have no problems with
spermiation and the amount of their gametes is sufficient for fertilization (Asturiano et
al., 2017). From practice, it is known that for successful fertilization approximately 2 mL
of milt is enough for the insemination of 1 kg of eggs in common carp (subject to the
recommendations and using quality sex products). However, in case of the excess
gametes, the utilized amount can be 10 times higher than the mentioned above minimum.
Moreover, individual selection is not as advanced in fish as it is observed in terrestrial
livestock (Asturiano et al., 2017). Therefore, cryopreservation can hardly be considered
as a method that can significantly improve the existing routine process. On the other hand,
long-time storage of sperm can open the doors to a wide range of experimental works,
international scientific cooperation, commercial purposes and primarily conservation
programs (Flajshans et al., 2015).

Cryopreservation represents an excellent way to preserve the centuries-old work of
fish farmers by freezing the sperm of local breeds. There is always the possibility of losing

valuable strains under unforeseen circumstances or through irresponsible crossing. For
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example, Pokorny in 1995 wrote about 12 original local breeds that were considered to
be lost or crossbred. Crossbreds of carp strains are widely used for commercial stock
production due to the heterosis effect which can be observed in the first generation of
hybrids. It used to be difficult to keep records of fish broodstock before the possibility of
using PIT tags and most breeds currently maintained have been characterized using only
morphometrical measures (Pokorny et al.,, 1995). To the year 1998 genetic
characterization studies of Czech common carp breeds based on the protein (allozymes)
variability studies were started under the gene resources conservation programme but
were incomplete at the time (Flajshans et al., 1998; Hulak et al., 2010). Later it was found
that allozyme markers had limited variability, and attention shifted to microsatellite
markers (Kohlmann et al., 2003).

2.2.3. Cryopreservation of carp sperm: development and obstacles

According to Magyary et al. (2011), the beginning of carp sperm cryopreservation
was laid in the second half of the 20th century when several studies were carried out on
freezing sperm (Sneed and Clemens, 1956; Kossman, 1973; Moczarski, 1977; Stein and
Bayrle, 1978), but the most known among the first attempts is the report of Kurokura et
al. (1984). The use in this work original Extender-2, which consists of 128.4 mM NaCl,
2.7 mM KClI, 1.4 mM CacCly, and 2.4 mM NaHCOs, provided promising results, and since
then, cryopreservation of common carp sperm has been extensively studied and much

research has been conducted to improve freezing methods (Magyary et al., 2011).

Many factors influence the result of cryopreservation, and over time, new ones are
discovered, the effect of which was not taken into account in previous studies. For
example, Cognie et al. (1989) reported high post-thaw motility of sperm 70 — 80 %, but
the fertilization rate was relatively low (30 — 40 % of the control). Later, Magyary et al.
(1996) assumed that the low fertilization rate reported by these researchers possibly
occurred due to the application of a fertilization solution instead of water for fertilization.
They found that both Woynarovich-solution, which is normally used at a high rate in fish
farming for fertilization and the avoidance of stickiness in fertilized carp eggs, and its

components reduce fertilization rate drastically using frozen-thawed carp sperm.

This circumstance leads to the impossibility of comparing methods and their
evaluation. Although in some experiments, technical improvements in sperm freezing

methods resulted in improved fertilization and hatching rates in common carp, not
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different from those of control treatment, however, this result could not consistently be
reproduced (Magyary et al., 1996; Horvath et al., 2003; Magyary et al., 2011).

Warnecke and Pluta (2003) in their work cited uncertainties related to the use of
dimethyl sulfoxide (DMSO), methanol, glycerol, dimethyl-acetamide (DMA) and other
cryoprotective agents. The results of these medium applications are contradictory to each
other in some research.

Highly heterogeneous cryopreservation outcomes and the lack of standardization
represent a significant and known problem recognized by many authors who have devoted
their work to this area (Rana, 1995; Flajshans et al., 2015; Asturiano et al., 2017).

2.2.4. Factors affecting the cryopreservation outcomes

Many publications have examined the reasons for the heterogeneity in fish sperm
cryopreservation results. Successful cryopreservation of carp spermatozoa depends on a
range of factors. They include the collection of high-quality sperm, conditions of
transportation and storage of sperm (Tiersch and Green, 2011), equilibration conditions,
choice of cryoprotectant medium, cooling/thawing regimes, and conditions for
fertilization (Kopeika et al., 2007).

Resistance of common carp sperm to cryopreservation is determined mainly by
initial sperm quality (Tiersch and Green, 2011). The quality of sperm of farmed fish can
be affected by various components of spawner rearing, seasonal variability in temperature
and photoperiod and may vary depending on the frequency of stripping (Levandusci and
Cloud, 1988; Fauvel et al., 1999). It was thought that sperm quality declines at the end of
the spawning season. However, the reasons for this decline should be studied in the future
(Cejko et al., 2018). At the same time, it is clear that water salinity, pollution with
chemical substances, and stress caused by breeder transportation to hatcheries negatively
affect sperm quality (Kowalski and Cejko, 2019; Cejko et al., 2022) via deterioration of
seminal plasma and sperm membrane composition, which in turn influence the sperm
cryoresistance (Cabrita et al., 2010).

Recently, increased attention has been paid to the issue of protective properties of
seminal plasma. Seminal plasma is a component of semen that plays an important role in
sperm metabolism, function, survival, and motility (Judycka et al., 2021). It is a natural
medium that has a unique composition that provides an optimal environment for the

spermatozoa during the maturation and storage of spermatozoa in the sperm duct and has
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protective properties (Shaliutina-Kolesova et al., 2019). That is why, the dilution of
natural seminal fluids by artificial cryoprotective media has a potentially harmful effect
on cryopreservation outcomes.

Quite common is a fact when, despite the use of carefully selected sperm samples
according to sperm quality indicators, that are considered as predictors of successful
cryopreservation (motility, viability, sperm concentration), inexplicable variability
between cryoresistance of males was observed (Dietrich et al., 2017). According to some
research, this inter-male variability can be explained also by differences in seminal

plasma composition.

In 2017 Dietrich et al. analysed protein formulation of the seminal plasma of carp
sperm and found a correlation between particular proteoforms of some proteins presented
in the sample and its cryoresistance. Generally, a negative relationship was found between
the presence of proteins reflecting the processes that may occur within the reproductive
tract, such as infection or stress, and the cryoresistance of sperm. On the other hand,
higher freezability was attributed to the higher representation of proteins involved in the
maintenance of sperm membrane integrity and antioxidative protection (Dietrich et al.,
2017). ldentifying these special proteins would possibly serve as a screening for males
with better freezing resistance, which will lead to improved artificial insemination and
conservation techniques for carp (Dietrich et al., 2017). Seminal plasma fractions have
been associated with protective properties and can restore the integrity of damaged sperm
(Shaliutina-Kolesova et al., 2019).

In one of the experimental parts of the current thesis, seminal plasma was used as a
diluent, allowing variation of sperm density during cryopreservation. Its use was
attributable to the necessity of discriminating the impact of sperm concentration on the
cryopreservation outcomes from influences arising from the changes in osmolarity or

decrease in the concentration of protective components of seminal fluid.

Effect of the presence of non-motile spermatozoa during cryopreservation on

cryopreservation outcomes

In general, until the limit is reached, a higher sperm to egg ratio results in a higher
fertilizing efficacy in carp. However, in the case of using sperm with a very low motility
percentage, another effect was observed in some fish species. Results published by

several authors demonstrate that non-motile sperm can interact with motile sperm, that at
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least partly responsible for the disproportionally low fertility rate (Levanduski and Cloud,
1988; Lubzenc et al., 1997). This fact is useful to consider as thawed sperm frequently
contains a high percentage of non-motile spermatozoa. In some cases, when the number
of dead sperm in the sample is many times greater than the number of live ones, an
increase in the amount of these thawed semen per egg results in a reduction in fertility
(Stoss and Holtz, 1981; Levanduski and Cloud, 1988). This effect is dependent on or
altered by several factors. Firstly, inconsistent fertility comes out when semen samples
contain less than 10 % motile sperm. Secondly, this reduced fertility only occurs when
the non-motile sperm have prior or equal access to the egg. Thirdly, adding of a large
quantity of motile sperm per egg can overcome the effect of non-motile sperm on fertility
(Levanduski and Cloud, 1988).

The mechanism of this interaction needs further research. Levanduski and Cloud
(1988) studying this problem on rainbow trout (Oncorhynchus mykiss) provided several
possible explanations. They assumed that due to the congestion on the surface of the
oocyte non-motile sperm physically partially obstruct the micropyle allowing restricted
passage of motile sperm through this passageway. Another version of the reduced fertility
is that non-motile sperm cells produce semen components that interfere with the ability
of normal sperm to react to the chemotactic factors from the micropylar region and inhibit

their relocation.

These interactions should be taken into account, especially in the case of examination
of the method of cryopreservation laid in using more concentrated sperm samples where

the losses caused by packing effect occurrence are neglected.

Evaluation of sperm cryopreservation outcomes

Another difficulty lies in the correct evaluation of outcomes. The main objective of
sperm conservation as an applied area of science is the preservation of genetic material
with the further procreation of new organisms. In the early stages, the usual method of
assessing sperm quality consisted of mixing eggs and sperm and measuring fertilisation
or hatch rate (Kime et al., 2001). But in this case, the experiments were complicated by
bringing another variable - female gametes. Further in several studies, the positive
correlation of post-thaw motility and fertilization capacity in fish, including common carp
was confirmed (Magyari et al., 1996; Rurangwa et al., 2004). In fact, sperm motility is a
prerequisite for successful fertilization, but other factors must also be taken into account
(Warnecke and Pluta, 2003; Judycka et al., 2021). This made it possible to predict the
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success of future fertilization using assessing sperm movement. Observation was carried
out either directly on the microscope slide or via videotape. No matter what further
assessment methods were used, they did not provide a complete picture of the movement,
were subjective and time-consuming (Kime et al., 2001).

A major advance in the rapid and objective assessment of fish sperm motility has
come from using computer-assisted sperm analysis (CASA) systems that were initially
developed to examine sperm quality in mammals and birds and have only recently been
applied with some adaptation to fish sperm. CASA assessment is of significant value in
predicting the ability of sperm to achieve fertilisation and subsequently hatching since
percent of motile sperm and sperm progressive velocity are the sole predictors of fertility
(Kime et al., 2001; Rurangwa et al., 2001).

Cryopreservation techniques involve the addition of a cryoprotectant, freezing and
thawing of sperm, which may result in some damage to the sperm and a decrease in its
fertilizing ability. Sperm motility measurement has already been widely used to assess
the most appropriate extender for sperm dilution and activation media. The use of CASA
allows testing a range of cryoprotectant’s effects on sperm and finding the most promising
protectant and identifying cryoprotectants that seriously damage sperm even before
freezing (Kime et al., 2001).

2.3. Sperm  concentration in carp  reproduction and

cryopreservation

The concentration of spermatozoa in the milt is an important parameter for study.
Knowledge of this characteristic allows an estimation of the whole spermatozoa
population without considering the individual spermatozoon status (Rurangwa et al.,
2004) (if it is required such individual characteristics of sperm may be provided by the
estimation of the motility parameters). The term of sperm concentration is relevant in

several moments, which are described below.

2.3.1. Initial concentration of sperm

Primarily concentration is an important parameter of native sperm, that provides
knowledge about male quality (Rurangwa et al., 2004). Naturally, carp sperm is
characterized by high sperm concentration that can widely vary according to the age of

the fish, population, date of the spawning season and other factors (Lahnsteiner, 2000;
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Cejko et al., 2018). According to the methodology ,,Hodnoceni ¢erstvého spermatu ryb”
(Linhart et al., 2011) published by the University of South Bohemia in Ceské Budgjovice,
Faculty of Fisheries and Protection of Waters, normally the spermatozoa (spz) count
varied between 10-25 x 10°spz mL 1. However, a wider range can be found in different
scientific papers, for example, 17-32 x 10° spz mL ™ (Kaspar et al., 2007) or 5.6-32.5 x
10° spz mL™* (Lubzenc et al., 1997). Because most freezing protocols of fish sperm
require a dilution of semen with an extender at different dilution rates (Yang and Tiersch,
2009), the final sperm concentration is variable (Judycka et al., 2018). For this reason,
there is a need to standardize cryopreservation protocols by establishing a constant
optimal sperm concentration in straws at a constant cryoprotectant concentration
(Judycka et al., 2018).

2.3.2. Sperm samples concentration at artificial fish propagation

Determining the optimal sperm concentration is an important constituent for
successful artificial insemination. Insufficient or excessive amount of sperm significantly
reduces the results of fertilization in fish species (Dettlaff et al., 1993). In carp, a high
concentration of sperm during fertilization does not have a noted negative effect, unlike,
for example, during sturgeon artificial reproduction, where an excessive amount of sperm
leads to considerable losses caused by polyspermy (Dettlaff et al., 1993). The ratio
200 000 spermatozoa per ova was tested in carp and any decrease in fertilization and
hatching rates hadn’t been observed compared to the normally used, 10 times lower
concentration (Linhart et al., 2015). In hatchery practice, several millilitres (2 — 10) of
good quality sperm (motility 9 — 100 %) per kg of eggs (800 000 eggs) are used in carp
artificial reproduction, and hatchery water is added for fertilization in the amount of 0.5
L of hatchery water on 1 kg of eggs (Gela et al., 2009). The use of heterosperm mixed

from 3 — 5 males is not an exception.

Experimental works conducted with manipulated sperm require low but defined
densities of spermatozoa per egg to detect the best fertilizing ability of spermatozoa
(Linhart et al., 2015). Therefore, other proportions are recommended as more testifying.
The optimum proportion (by volume) was recommended by Linhart et al. (2008) as
1:500:1000 (sperm: egg: activation medium (water), respectively). For experimental
purposes, 1 or 2 parts of water are added to 1 part of eggs (Magyary et al., 1996; Linhart
et al., 2015). A much lower volume of water and a higher number of spermatozoa per

volume of eggs can mask low viability and poor sperm quality, increasing the
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experimental variability, and thereby affecting the precision of results (Linhart et al.,
2008). Amounts of 1000 and 5000 spz per egg were described as appropriate for common
carp (Linhart et al., 2015), but these findings should be further proved for other species.

The quantity of spermatozoa per egg during insemination in the case of using fresh
sperm amounts 10 000 - 30 000 sperm for one egg (Rodina et al., 2010) but this amount
is insufficient when using thawed sperm due to a typically lower percentage of motile
sperm after thawing (Sotnikov et al., 2023). For this reason, in methodologic
“Zmrazovani spermatu kapra obecného (Cyprinus carpio L.) pro potfeby uchovani
genofondu v praktickych podminkach” (Rodina et al., 2010), it is recommended to
increase this amount 10 times for thawed sperm, i.e. 100 000 — 300 000 sperm per egg to
achieve good fertilization rate. Lubzenc et al. (1997) stated that 4200 — 5000 spermatozoa
per egg are needed for successful fertilization with non-treated or treated with
cryoprotectant DMSO sperm samples, while about 300 000 spermatozoa per egg are
needed in the case of cryopreserved sperm.

An excess amount of thawed sperm used for in-vitro fertilisation trials can provide a
high fertilization outcome. However, this approach is not appropriate to test the effect of
different treatments on sperm quality, or to compare sperm from different males (Kime
et al., 2001). A reduced ratio is recommended to be applied for testing sperm quality by
studying fertilisation rate over a range of serially diluted sperm concentrations. The
optimal sperm per egg ratio to use is then that at which fertilising ability has fallen by 20
— 30 % in comparison with native sperm, and any further decrease in sperm quality would
cause a further decrease in fertilisation rate (Rurangwa et al., 1998; Kime et al., 2001).
Magyary et al. (1996) compared different concentrations of thawed spermatozoa in carp
and determined the optimum ratio as 100 000 — 150 000 spz per 1 egg in case of using
optimal conditions of fertilization (dilution of sperm in modified Kurokura’s “Extender
2” containing DMSO as cryoprotectant at 10% final concentration; the dilution rate was
1:9 (sperm: diluent); ratio of frozen sperm: egg: water was 1:20:20 in volume). Higher
sperm to egg ratio decreased the fertilization rate, possibly due to the suspected toxic
effects of DMSO (Magyary et al., 1996).

Although it has been shown that sperm concentration plays a crucial role in the
development of practical and reliable protocols for sperm cryopreservation in many
aquaculture species, the importance of sperm concentration is often overlooked and most

studies of aquatic species regarding cryopreservation do not control or report this
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parameter (Pataki et al., 2022). “Knowledge of sperm concentration would maximize the
information that can be obtained from each sample, avoid the introduction of uncontrolled
male-to-male variation, and allow for better analysis of results and the understanding of

cryopreservation as a whole” (Tan et al., 2010).

2.3.3. Changing of sperm concentration related to the cryopreservation

procedure

During the cryopreservation process concentration of sperm is important in the
context of understanding a process occurring inside freezing samples. Following ice
nucleation, a continuous network of ice propagates through the sample entrapping both
cells and freezing concentrated solutes in a colloidal suspension between these ice crystals
(Morris et al., 2012). If the cell concentration is very high, cell to cell contact can lead to
mechanical cell compression, the so-called packing effect (Morris et al., 2012). Different
studies confirm that more diluted sperm has a higher chance of escaping this mechanical
damage (Sotnikov et al., 2023). Bernath et al. (2016) summarised the tendency that carp
sperm tolerates higher sperm to extender dilution rates and for cryopreservation purposes

should be diluted at ratios between 1:5 and 1:20 in a regular (sugar-based) composition.

Despite the detection of the higher motility of spermatozoa after cryopreservation in
a more diluted solution, a high dilution ratio during cryopreservation of carp sperm
however has some disadvantages. This technique is inefficient due to the necessity of
raising the number of samples for successful insemination of oocytes. It leads to the
necessity of increasing the cryostorage capacity the maintenance of which increases
material costs (Nascimento et al., 2021; Sotnikov et al., 2023). Moreover, the substantial
volume of cryomedia complicates the fertilization process and subsequent elimination of
stickiness in common carp (Sotnikov et al., 2023). Since, as mentioned above,
concentration is individual in nature, measurement of sperm density and adaptation of the
dilution ratios are recommended for each broodstock and fish population (Lahnsteiner,
2000). Lahnsteiner, conducting experiments on freezing sperm from salmonid species in
straws, concluded that the cell concentration in the extenders may not extend 2 — 3 x 10°
cell mL™ to prevent cell compression, which probably takes place in limited intracellular
space.

The sperm concentration optimum for cryopreservation is species-specific, and
boundary concentration (the maximum sperm concentration at which the packing effect

is not detectable) cannot be predicted theoretically, for example, only judging on the size
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of the spermatozoon in various species (Nascimento et al., 2021). This conclusion can be
reached by analysing results on cryopreservation of sperm from different salmonid fish
(Judycka et al., 2019b). In this experiment, rainbow trout and Atlantic salmon (Salmo
salar) extremely differed in optimal sperm concentration during freezing, although both
species have quite similar sperm dimensions (head and tail lengths). Sperm plasma
membrane composition can also be considered as one of the important determinants of
cryoresistance (Cabrita et al., 2010). The reason for this is the fact that membrane lipid
composition, especially the cholesterol/phospholipid ratio and free fatty acid
composition, influences permeability to water and other molecules, membrane fluidity
and lipid phase transitions in the membrane bilayer (Holt, 2000). Horokhovatskyi et al.
(2016) published a report focused on this subject. Their work confirmed the effect of
phospholipid components of sperm plasma membranes on the cryoresistance of samples.
Finally, the results of this study demonstrated that there is a positive correlation between
lower total lipid content in sperm and higher post-thaw motility and that higher levels of
unsaturated fatty acid are associated with higher levels of cryoresistance (Horokhovatskyi
etal., 2016).

For carp, the precise required value of sperm concentration during the
cryopreservation process has not been determined so far. At a low concentration of sperm
in samples, a quite high percentage of survived cells is achieved after thawing, while the
multiple increases in concentration lead to vitality percentage decrease due to biophysical
aspects that occur during freezing. Nevertheless, the use of a more concentrated sample
will probably be more profitable despite the low motility, which is compensated by higher
overall quantity of surviving sperm in the sample.

Finding the optimal sperm concentration through discovering a compromise between
these aspects is necessary in practical terms, especially in preventing the heterogeneity of

cryopreservation outcomes.

2.3.4. Estimation of sperm concentration in fish species

Determination of sperm concentration is traditionally performed with a counting
chamber or haemocytometer (e.g., Biirker-Tiirk, Neubauer, Neubauer improved, Thoma,
Makler). This method has been widely applied for many years due to its affordability and
is considered an accurate means of estimating cell concentration (Rurangwa et al., 2004;
Tan et al., 2010; Yang et al., 2015). But some features and disadvantages lie in the need

of manual counting. This method is impractical during the necessity of preparation of a
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large number of samples for cryopreservation as it is time consuming, and this method
can have limited application in case of the minuscule volumes of sperm samples from
some small model fishes (Tan et al., 2010). At present, a counting chamber is not the only

method of sperm concentration estimation.

Many flow cytometers, designed to test a number of individual cell functions, allow
accurate calculation of cell concentrations (Yang et al., 2015). Automated fluorescent
microscopy, exemplified by nucleocounter devices, presents an alternative for
determining cell concentration (Judycka et al., 2019a). However, these devices are
expensive, and many of them require continuous maintenance (Judycka et al., 2019a).
The measurement of sperm absorbance with a spectrophotometer (and
microspectrophotometer that has been developed specifically for determination of sperm
concentration in small-sample sizes) has also been tested with good results on the sperm
of several fish species (Takashima et al., 1984; Ciereszko and Dabrowski, 1993; Tan et
al., 2010). Centrifugation to determine spermatocrit (%, the ratio of volume of white
packed material to total volume of milt x 100) has been used in some species, in which
sperm density was correlated with spermatocrit to rapidly determine sperm density. In
some experiments using a Coulter counter as a replacement for a haemocytometer proved
good results (Rurangwa et al., 2004). Finally, CASA systems also allow sperm

concentration measurement (Pataki et al., 2022).

All the above methods have their specificities and require detailed refinement and
verification for individual species samples. Possible problems may be caused by the
presence of aggregations of spermatozoa, which can complicate an observation under the
microscope during manual counting or other methods of sperm estimation. Small volumes
of high-density milt can cause pipetting errors. The absence of a clearly defined interface
between the packed sperm cells and the seminal fluid between the phases after
centrifugation or the absence of correlation between sperm density and spermatocrit in
some species can induce a false estimate (Ciereszko and Dabrowski, 1993; Rurangwa et
al., 2004). System-to-system variations between the image processing units of CASA
systems and its cost can be a barrier to the widespread use of CASA for concentration

estimation (Lesani et al., 2020).

Each of the applicated methods exhibits its own effective concentration range for

measurement, determined by its underlying counting mechanism.
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Presently, the most frequently employed methods for determining sperm
concentration include haemocytometry, the Makler counting chamber, and
spectrophotometry (Yang et al., 2015).

Estimation of sperm concentration using spectrophotometry

The method of sperm concentration determination by a spectrophotometer is based
on measuring the transmission of light through a known volume of sample, in which light
absorption values at specific wavelengths are used to estimate cell concentration
(Leclercq et al., 2012). If used correctly, it can be considered as a precise, efficient, and

inexpensive method to estimate cell concentrations (Tan et al., 2010; Lesani et al., 2020).

Due to the inherent nature of spectrophotometry, the sensitivity of the method is
influenced by the concentration of somatic cells and contaminants in the native semen
sample that additionally absorb light and result in overestimating sperm concentration
(Lesani et al., 2020). Thus, special carefulness should be devoted to pure sample
preparation. For example, the presence of seminal plasma proteins remains one of the
most serious possible interferences in using this method for mammalian semen (Radford
and Herdan 1961; Ciereszko and Dabrowski, 1993). In fish, this problem is not so relevant
due to the lower concentration of proteins in seminal plasma and the higher dilution ratio
of sperm (Ciereszko and Dabrowski, 1993). Furthermore, according to Leclercq et al.
(2012), separation of the seminal fluid by centrifugation to analyse the resuspended milt-
centrifugate is an unnecessary step as it did not increase and even slightly decreased the
accuracy of the estimated sperm concentration. Probably, this situation occurred because
of mistakes introduced by the separation of the supernatant and the resuspension of the

centrifugate.

Another critical step in the estimation of sperm concentration by using the optical
absorbance principle is the accuracy of sampling the desired volume of milt for dilution.
Particular attention should be paid to this act in the case of high-density sperm samples
(Ciereszko and Dabrowski, 1993).

The optimal wavelength for the most accurate determination of sperm concentration
is species-specific (Kumar et al., 2013). It is necessary to calibrate a spectrophotometer
before the procedure of determining the concentration of a sample. This procedure
requires the determination of the wavelength appropriate for measurement, which varies
depending on the chemical and physical structure of the analyte and requires the

comparison of a set of concentrations at multiple wavelengths within an absorbance
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spectrum (Tan et al., 2010). The measurement of absorbance from serial dilutions with
different concentrations enables the generation of a calibration curve and its equation,
which can be used for future measurements of sperm concentration (Tan et al., 2010).
Ensuring the reliability of measuring this method requires a periodically repeated
verification of the calibration curve (Tan et al., 2010).

The spectrophotometric method for the measurement of cell concentrations is widely
used in artificial insemination procedures and for cryopreservation purposes regarding
semen of wild and captive animals and aquatic species (Ciereszko and Dabrowski, 1993;
Tan et al., 2010; Leclercq et al., 2012). Cuevas-Uribe (2010) summarised information
related to the issue of using spectrophotometry in sperm concentration estimation in fish.
The application of this method to fish sperm can be dated back at least to 1971 (Billard
et al. (1971) cited in Cuevas-Uribe, 2010). According to Cuevas-Uribe, to the year 2010,
the direct relationship between sperm concentration and absorbance has been established
in approximately 41 species of fish (but only one-third of the studies gave a description
of the calibration curve equations or other spectrophotometric measurement protocols).
Wavelengths between 260 and 660 nm have been used to determine sperm concentrations
in fish. The most frequently used (20 %) wavelength was 505 nm. The sperm
concentration of common carp milt was previously measured at a broad range of
wavelength values: 410 nm (without detailed descriptions) (Takashima et al., 1984), 505
nm (Pataki et al., 2022), 610 nm (Dzyuba and Kopeika, 2002). A critical step is to find
the most appropriate wavelength for cell concentration estimation in individual species

samples, and this question will be discussed further in the result section of this thesis.
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3. Materials and methods

The experimental work was carried out in several stages. The first part was devoted
to the elaboration of a method of sperm concentration estimation in common carp using
the measurement of the absorbance of sperm suspension. Subsequently, the importance
of sperm concentration during freezing was studied. Two different experimental
approaches were used to adjust the sperm concentration in samples before
cryopreservation. In the first approach, the sperm was diluted with seminal plasma to vary
sperm concentration before freezing, and in the second approach, the different sperm
concentrations were created by using different dilution rates of sperm by cryoprotective
medium. Finally, the impact of sperm concentration during freezing on post-thaw sperm
motility and fertilizing ability was studied.

Statistical approaches used during the experimental work of the thesis are described
where appropriate in the corresponding sub-chapters. Statistical treatments and plottings
were performed by software: Microsoft Excel for Windows (Microsoft Corporation,
USA), STATISTICA (TIBCO Software Inc.,, USA), and GraphPad Prism (Insight
Partners, USA).

3.1. Sperm and egg collection

Manipulations with animals were performed according to the authorization for
breeding and delivery of experimental animals (reference number: 64155/2020-MZE-
18134) and the permission for the use of experimental animals (reference number:
68668/2020 MZE-18134 and 68763/2020-MZE-18134) issued to the Faculty of Fisheries
and Protection of Waters, the University of South Bohemia by the Ministry of Agriculture
of the Czech Republic.

Gametes of common carp (Ciprinus carpio) were obtained from carp breeders (age:
3 — 7 years old) of health conditions appropriate for fisheries practice, raised in
aquaculture ponds and indoor facilities of the Research Institute of Fish Culture and
Hydrobiology of the Faculty of Fisheries and Protection of Waters at the University of
South Bohemia, Vodnany, Czech Republic. Males were kept in an indoor RAS system at
constant optimal conditions, providing the possibility of induced spermiation throughout
the year. Fertilization experiments were performed during the common carp natural

spawning period according to recommendations for artificial propagation (Gela et al.,
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2009). Before hormonal stimulation, females were kept in 8 m® hatchery tanks with a
water flow rate of 0.2 L s and water temperature adjusted to 20 °C. Carp breeders were
induced hormonally for spermiation and ovulation.

Spermiation was stimulated by intramuscular injection of acetone-dried carp
pituitary powder suspended in 0.9% (w/v) NaCl solution at doses of 1 mg x kg™* of body
weight 24 h before sperm collection. Fish were laid out on a wet towel and their urogenital
papilla was dried. Semen was collected into 10 mL plastic syringes using abdominal
massage. Special care was taken to prevent contamination with mucus, faeces, or water.
Sperm samples were stored on ice (4 °C) under aerobic conditions for a period not
exceeding 2 hours before freezing.

Females were injected with carp pituitary powder extract twice: the first dose of 0.3
mg x kg™ 24 h before egg collection and the second dose of 2.7 mg x kg 12 h after the
first injection. Eggs were obtained by an abdominal massage directly into dry plastic

bowls.

3.2. Elaboration of spectrophotometry-based method for sperm

concentration estimation

To establish standard curves correlating absorbance with sperm concentration, sperm
concentration in each sperm sample involved in the study was measured by Biirker
haemocytometer (Paul Marienfeld GmbH & Co. KG, Germany) when sperm samples
were diluted to a final ratio of 1:10 000 (sperm: 150 mM NacCl). Sperm counting was
conducted under a microscope equipped with optical negative phase-contrast and x10
magnification. Spermatozoa were counted across 12 squares, and each measurement was
performed in duplicate. The average value from these duplicate measurements was used
as a standard to establish standard curves for the determination of sperm concentration by

measurement of absorbance in sperm suspension.

The following successive steps assessed the effectiveness of optical absorbance

measurement for evaluating sperm concentration.
3.2.1. Determination of light wavelength appropriate for sperm concentration
measurement

The initial step in spectrophotometric analysis involves determining the absorbance

spectrum of a given compound to optimize sensitivity for measurements. Individual
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absorbance spectra (across wavelengths ranging from 250 to 700 nm) of sperm from five
males were recorded using a NanoDrop 2000 spectrophotometer (Thermo Scientific,
USA) and subsequently presented using Microsoft Excel. A 1-uL sample volume was
used during this test, and 150 mM NaCl solution employed to suspend the sperm samples
was used as a reference blank. Between measurements, the instrument was cleaned with
a dry Kim-wipe.

Four wavelengths were tested based on the obtained spectra to get standard curves
correlating absorbance with sperm concentration. The selection of wavelengths was based
on the following known properties of the cell suspension to absorb the light: 260 nm - the
peak in the DNA absorption spectrum; 280 nm - the peak in the proteins absorption
spectrum; 400 nm and 600 nm are wavelengths which are in the wavelength range used
to generate standard curves correlating absorbance with sperm concentration in fishes
(Ciereszko and Dabrowski 1993; Tan et al., 2010; Pataki et al., 2022).

Standard curves correlating absorbance at each of the selected wavelengths with
sperm concentration were plotted based on measurements of sperm samples from three
common carp males. Each sperm sample was diluted in the range of 1:200 — 1:20 to obtain
nine sperm samples with differing sperm concentrations. These sperm samples were
thrice subjected to absorbance measurement at selected wavelengths (260, 280, 400, and
600 nm). Based on the obtained absorbance data and sperm concentration measured by
the Biirker haemocytometer, standard curves correlating absorbance at each selected
wavelength with sperm concentration were plotted, and goodness of fit to the linear
regression was estimated by the coefficient of determination (R?) and visually validated
by residual plots. Based on these considerations, the 600 nm wavelength was selected for

future development of the methods.

3.2.2. Establishing standard curves correlating absorbance with sperm

concentration

Standard curves (lines) for regression between optical absorbance at the wavelength
600 nm and sperm concentration in nine samples of common carp sperm, diluted as
previously described, were potted. Descriptive statistics of these lines (slopes and
elevations) with determination coefficients were calculated. ANCOVA analysis of slopes
and elevations of these lines was performed to establish a pooled standard curve for

validation purposes (Tan et al., 2010).
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For the validation of the pooled standard line, sperm samples from 15 males were
used. In each sample, sperm concentration was measured by the obtained standard line
and by the Biirker haemocytometer. Based on these data, the regression line was plotted
and its goodness of fit was estimated by R?. Additionally, the estimation of the
significance of the difference in the coefficient of variance of sperm concentration
obtained by both methods was evaluated after ten measurements of one sperm sample
followed by the estimation of the coefficient of variance (CV = (standard deviation /
mean) x 100) and checking by Levene’s test if variations are different.

3.3. Measurement of sperm motility parameters

Sperm motility parameters for each male were estimated by CASA as a quantitative
assessment method of fish sperm quality. This method was applied to estimate sperm
motility parameters in samples after sperm collection, before cryopreservation, and after
thawing. Sperm motility was initiated by exposure of common carp sperm to an activation
solution elaborated for carp, comprising 30 mM Tris, 45 mM NaCl, 5 mM KCI, pH 8.0
(Billard et al., 1995; Horvath et al., 2003; Linhart et al., 2003), and supplemented with
0.125% Pluronic F-127 (catalogue number P2443, Sigma-Aldrich) to prevent sperm
stickiness to the glass slide. Sperm motility was initiated in the ISAS spermtrack-10
sperm counting chamber (PROISER, Spain) and video recorded for a duration of 40
seconds post-activation. Video recordings were done using a microscope with optical
negative phase contrast at x10 magnification (PROISER, Spain) and an IDS digital
camera (IDS Imaging Development Systems GmbH, Germany). The video records were
analysed by CASA plugin for image processing program ImageJ (National Institutes of
Health and the Laboratory for Optical and Computational Instrumentation (LOCI),
University of Wisconsin, USA) according to Purchase and Earle (2012) and Wilson-
Leedy and Ingermann (2007). The percentage of motile cells (%), curvilinear velocity
(VCL, um s1), average path velocity (VAP, um s?), straight-line velocity (VSL, um s™),
linearity of the path (LIN, calculated as VSL/VAP), oscillation of the track (WOB,
calculated as VAP/VCL), and beat-cross frequency (BCF, Hz) were evaluated.
Spermatozoa with a VCL below 20 um s were considered immotile and consequently
excluded from the analysis. Spearman’s rank correlation coefficient was used to analyse
data obtained by CASA for all sperm samples used in the study. The VCL and LIN had

low correlation coefficients (r < 0.1) and were chosen as general proxies of sperm motion.
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The data on sperm motility percentage, VCL, and LIN from duplicate records (of
each male in each experimental condition at each second of 10 — 40 s after motility
activation) were averaged and used to plot polynomial regression lines (third-order) to
visualize the changes during motility period. These lines have high R? values (ranging
from 0.989 to 0.999 for sperm motility percentage, 0.985 to 0.997 for VCL, and 0.544 to
0.953 for LIN). The maximum differences in parameters on polynomial regression lines
were observed at 10 s post activation. At this time, the average values of sperm motility
percentage, VCL, and LIN for individual males were utilized to assess the significance of
differences. Before analysis, the data underwent testing for normality and homogeneity
of variances (by Kolmogorov-Smirnov and Levene’s tests, respectively). While all
studied parameters were normally distributed, they exhibited dissimilar dispersion values,
and that is why they were subsequently analysed using the non-parametric Kruskal-Wallis
test, followed by multiple comparisons of mean ranks for all groups.

3.4. Cryopreservation and thawing of sperm samples

The sperm cryopreservation was carried out in accordance with the already
mentioned earlier methodology “Zmrazovani spermatu kapra obecného (Cyprinus
carpio) pro potieby uchovani genofondu v praktickych podminkach” (Rodina, 2010).
Diluted sperm samples were packaged into 0.5 mL plastic straws (IMV Technologies,
France). After 10 min of equilibration at 4 °C, the straws were placed on a 3 c¢cm thick
polystyrene raft floating on the surface of liquid nitrogen. Ten minutes later, the straws
were plunged directly into liquid nitrogen. Then, the samples were warmed with agitation

in a 40 °C water bath for 6 s and used immediately for motility control or fertilization.

3.4.1. Dilution of samples for cryopreservation

Cryopreservation of sperm samples from 34 males was carried out in total. Samples
were subjected to sperm motility and concentration measurements. Sperm concentration
in native (fresh, not tritted) samples was in the range of 22 — 26 x 10° spz mL™. Sperm
samples showing at least 80 % motility were used for further studies. Two methods of
sperm dilution before freezing were employed to vary sperm density during
cryopreservation. Application of these methods, described below, was required to

determine the possible cryoprotective effect of seminal fluid.
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In the first approach, sperm samples from 21 males were individually treated. One
aliquot from each sample was centrifugated for 10 min at 10 000 g, 4 °C, and obtained
seminal fluid was used to dilute four other aliquots of sample from the same male to the
concentration of 1, 2, 10, and 20 x 10° spz mL™. Subsequently, these diluted samples and
native (not diluted, control) sperm samples were mixed 1:1 with a cryoprotective medium,
resulting in 0.5, 1, 5, and 10 x 10° spz mL™ and control (1/2 native concentration) and
then frozen. The composition of the cryoprotective medium used in this approach is
derived from the modified Kurokura's “Extender 2” (Horvath, 2003) and described in
Table 1.

In the second approach, sperm concentration was varying by dilution with the
cryoprotective medium. In this approach, sperm samples from 18 males were divided into
three aliquots and diluted using only the cryoprotective medium at ratios 1:1, 1:3, and
1:9. The composition of cryoprotective medium for each dilution ratio was individually
formulated according to Horvath et al. (2003), who used a 1:9 dilution rate in their
experiments (Table 1). This method was used to maintain the consistent ionic
composition and final cryoprotectant content in the samples during freezing. After this
manipulation, sperm concentrations in samples were in ranges 11 — 13, 5.6 — 6.5, and 2.2
—2.4x10%spz mL™.

Table 1. Composition of cryoprotective media (in mg) used at different sperm dilution ratios.*

The data were presented in the publication by Sotnikov et al. (2023), with Stechkina as a co-

author.
For 100 mL final volume (in Dilution rate
distilled water)

1:9 1:3 1:1

NaCl 360 432 648
KCI 1000 1200 1800
CaCl; 22 26,4 39,6
MgCl, 8 9,6 14,4

NaHCO3 20 24 36

DMSO 10 12 18

* The recipes of each solution were calculated to get the final concentration of components,

corresponding to the original extender proposed by Horvath et al. (2003) for a dilution rate of 1:9
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3.5. Test of sperm fertilizing ability

Sperm from five males with the best post-thaw motility parameters were selected
from the samples frozen applying the second method of sperm dilution (without using
seminal plasma for dilution) for implementation of fertilization tests. For the fertility test,
oocytes from three females were mixed to minimize the female factor. To assess egg

quality, fresh sperm obtained from six males (10 puL) was used as a control.

Portions of two grams from this egg batch (approximately 1600 eggs) were fertilized
by sperm samples from each male frozen at various sperm concentrations. Two mL of
activation medium with the required amount of semen sample was added to carp eggs.
This amount was calculated taking into account very close values of sperm concentration
in different sperm samples (22 — 26 x 10° spz mL™), allowing the use of an average
concentration of 24 x 10° spz mL* for calculations of sperm volume required for the test.
The amount of sperm added is presented in Table 2. After gentle mixing for 1 minute, the
eggs underwent washing with water. After washing, approximately 100 eggs from each
experimental variant were transferred to Petri dishes, which were afterwards located in a
closed water flow system, maintaining a constant temperature of 21 °C, and incubated

until hatching. Each fertilization trial was conducted in duplicate.

Table 2. The volume of cryopreserved sperm used in the tests of sperm fertilizing ability. The

data were presented in the publication by Sotnikov et al. (2023), with Stechkina as a co-author.

Average spermatozoa number Sperm: cryoprotective medium dilution rate
per egg
1:1 1:3 1:9
45 % 10° 60 ul 120 pl 300 pl
1.5 % 10° 20 pl 40 pul 100 pl
0.75 x 10° 10 pl 20 ul 50 ul
0.3 x 10° 4 ul 8 ul 20 pl

The development rate of the eggs was determined 24 h post fertilization, calculated
as the ratio of developing embryos to the total number of eggs in the Petri dish, multiplied
by 100 %. The hatching rate was evaluated 96 h post fertilization, expressed as the ratio
of hatched larvae to the total number of eggs in the Petri dish, multiplied by 100 %.

After testing for normality and homogeneity of variances by Kolmogorov-Smirnov

and Levene’s tests, respectively, data on fertilization tests were treated by Two-way
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ANOVA concidering sperm to egg ratio and sperm dilution ratio at freezing as factors.
Because no significant interaction of factors and no significant effect of sperm dilution
rate was detected, post-hoc comparisons were performed only for significant factor of
sperm to egg ratio using the Tukey test (Wei et al., 2012).
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4. Results

The data presented in this work has been partially published in the paper "High sperm
concentration during cryopreservation decreases post-thaw motility percentage without
compromising in vitro fertilization outcomes in common carp" in journal “Aquaculture”
(Sotnikov et al., 2023); the applicant of this thesis directly participated in performing the
study and is a co-author of the publication. The paper is included in the supplementary

materials of the current thesis.

4.1. The elaboration of the method for estimation of sperm

concentration using spectrophotometry

Absorption spectra of common carp sperm suspensions from five males are
presented in Fig. 1. Absorbance values were systematically higher in the UV range, with
an absorbance peak at 260 nm. The absorbance gradually decreased in the visible light

spectrum part, getting a plateau near 600 nm.
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Figure 1. Absorbance spectra of common carp sperm suspensions. Examples from 5 different
males are presented. The data were presented in the publication by Sotnikov et al. (2023), with

Stechkina as a co-author.

Wavelengths 260, 280, 400, and 600 nm were selected for subsequent study (the
reasoning for the selection is presented in the Material and Methods section). The graph
shows the regression lines of dependency between absorbance at different wavelengths

and concentration of samples (Fig. 2). These regression lines were characterized by a
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relatively high value of the coefficient of determination (range 0.908 — 0.940), suggesting

that all of them are appropriate for the determination of sperm concentration by

absorbance measurement at the selected wavelength.
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Figure 2. Regression lines for absorbance against sperm concentration at different wavelengths
(260, 280, 400, and 600 nm), with corresponding coefficients of determination (R?).

However, a residual plot applied as a diagnostic method to assess the goodness-of-

fit of a regression model (Fig. 3) has shown the lowest scatter of absorbance data from

the regression line at 600 nm (see red triangles, Fig. 3). The exact 600 nm wavelength

was selected for generating a standard curve and calculations in the following

experiments.
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Figure 3. Residual plot for linear regressions of absorbance at different wavelengths (260, 280,

400, and 600 nm) versus sperm concentration evaluated by counting chamber.

For samples from nine males, serial dilution resulted in a significant linear
correlation between absorbance and concentration (linear regression lines are presented
in Fig. 4). The ANCOVA analysis detected no male-specific differences in slopes (p =
0.90) and intercepts (p = 0.07). The effective absorbance range for the standard curve was
0.2 —0.8. Pooling the data from all samples, the equation between absorbance and sperm
concentration was deduced: Y = 0,84 X - 0,09 with an R? = 0.95, where X is the sperm

concentration (10° spermatozoa in mL) and Y is the absorbance at 600 nm (Table 3).
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Figure 4. Linear regression lines of dependency between average sperm concentration for male
measurement by Biirker chamber and absorbance at 600 nm. Nine lines were plotted from
independent males data, and the bold line is a pooled regression line used further for the validation
of the method. (BC) — sperm concentration evaluated by Biirker chamber. The coefficients of
linear regression and coefficients of determination of regression lines are presented in Table 3.

The data were presented in the publication by Sotnikov et al. (2023), with Stechkina as a co-
author.

Table 3. Coefficients of linear regression and coefficients of determination between absorbance
and sperm concentration measured by Biirker chamber (n = 9). The data were presented in the
publication by Sotnikov et al. (2023), with Stechkina as a co-author.

Male 1 | Male2 | Male 3 | Male4 | Male5 Male6 | Male7 | Male 8 | Male 9 | Pooled

Slope 0.78 0.77 0.96 0.90 0.84 | 0.84 082 | 086 0.88 0.84

Y intercept | -0.08 | -0.08 | -0.15 -0.08 -0.10 -0.11 -0.09 -0.09 -0.12 | -0.09

R’ 0.95 0.96 0.97 0.94 0.98 0.97 0.98 0.97 0.97 0.95

Sperm samples collected from another 15 males were used to validate the standard
curve’s applicability (Fig. 5). Methods of validation included correlation analysis of
sperm concentration data obtained by both methods from these males and estimation of
variances in sperm concentration measurement by both methods performed ten times for

one sperm sample. A notably high coefficient of determination (R? = 0.95) was achieved
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during validation (Fig. 5). No significant differences in variations of sperm concentration
estimated ten times in the same sample by absorbance (CV = 6.84) or by the Biirker
chamber (CV = 8.70) were found (Leven’s test, p = 0.4871).
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Figure 5. Regression line obtained during method validation using samples from 15 carp males.
(BC), (A) — sperm concentration evaluated by Biirker chamber (BC) and absorbance (A)

measurement, respectively. The data were presented in the publication by Sotnikov et al. (2023),
with Stechkina as a co-author.

4.2. Determination of the optimal concentration range for common
carp sperm cryopreservation

4.2.1. Effect of sperm concentration before freezing on post-thaw sperm
motility parameters

Motility percentage

Both approaches used for adjusting sperm concentration before freezing showed a
similar downward trend in the percentage of motility post activation (Fig. 6 A). The most
evident differences were found at 10 s post activation (the start of observation).
Significant differences were found between groups (Kruskal-Wallis test, followed by

multiple comparisons of mean ranks for all groups, p < 0.05). Motility percentage at 10 s
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post activation in the control group was significantly higher than in all cases of thawed
sperm (Fig. 6 B). The highest post-thaw sperm motility percentage from all experimental
samples was observed at the lowest sperm concentration of 0.5 x 10° spz mL’
(concentration adjusted by the first approach), and the lowest motility percentage was
found for the highest concentration range of 11 — 13 x 10° spz mL™ (concentration
adjusted by the second approach). A significant decrease in motility percentage associated
with high sperm concentration at freezing was found when both approaches of varying
sperm concentration were applied. Motility percentage was significantly higher in
samples with concentrations of 0.5 x 10° spz mL™* (41 + 3 %) compared to 5 x 10° spz
mL?t (27 £ 2 %) and 10 x 10° spz mL? (24 = 7 %) for the first approach and between
concentration ranges of 2.2 — 2.4 x 109 spz mL™* (32 £ 2%) and 11 — 13 x 10° spz mL™
(23 + 3 %) for the second one.

A \ 0.5x10° spz mL?
= 1x10° spz mL* B d
= 2.2-2.4x10° spz mL? 80
"= 5x10° spzmL?
80 ~.5.5-6.5x10% spz mL™
°\° = 10x10° spz mL™ 60
N it Eo S ~ 14 3x10° spz mL™" c\c a
e ~——— -~ -
§ ~~ o \-:.- Control 2 ab
= =
S = 40 be
]
- g [+
-
20 i
(o4
0
05 1.0 5.0 10.0 control

2.2-2.4 5.6-6.5 11.0-13.0

Post-activation time, s Sperm concentration, 10°spz mL"

Figure 6. Sperm motility percentage in common carp sperm samples before and after
cryopreservation. A) Polynomial regression lines of 3™ order of sperm motility percentage. B)
Average post-thaw sperm motility percentage at 10 s post activation, mean = SD. Data for the
first approach of sperm concentration variation (i.e., constant dilution rate) are represented by
white columns (values 0.5, 1, 5, and 10 x 10° spz mL™), values with different small letters differ
significantly (Kruskal-Wallis test, followed by multiple comparisons of mean ranks for all groups,
p < 0.05, n = 18). Data for the second approach of concentration variation (i.e., sperm dilution
rate is different) are represented by dashed columns. Values with different capital letters are
significantly different (Kruskal-Wallis test, followed by multiple comparisons of mean ranks for
all groups, p < 0.05, n = 16). The data were presented in the publication by Sotnikov et al. (2023),
with Stechkina as a co-author.
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Velocity and linearity

In all experimental cases, spermatozoa velocity decreased during the post-activation
period, similarly to the motility percentage (Fig. 7 A). Significant differences were
observed only between control and cryopreserved sperm samples, while no significant
differences between cryopreserved groups were found (Kruskal-Wallis test, followed by

multiple comparisons of mean ranks for all groups, p < 0.05) (Fig. 7 B).
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Figure 7. Sperm curvilinear velocity (VCL) in common carp sperm samples before and after
cryopreservation. A) Polynomial regression lines of 3" order of VCL. B) Average post-thaw VCL
at 10 s post activation, mean + SD. Data for the first approach of sperm concentration variation
(i.e., constant dilution rate) are represented by white columns (values 0.5, 1, 5, and 10 x 10° spz
mL™), values with different small letters differ significantly (Kruskal-Wallis test, followed by
multiple comparisons of mean ranks for all groups, p < 0.05, n = 18). Data for the second
approach of concentration variation (i.e., sperm dilution rate is different) are represented by
dashed columns. Values with different capital letters are significantly different (Kruskal-Wallis
test, followed by multiple comparisons of mean ranks for all groups, p < 0.05, n = 16). The data

were presented in the publication by Sotnikov et al. (2023), with Stechkina as a co-author.

The trend lines for LIN changes during the post-activation time for different groups were
in quite a narrow range (min/max: 84 — 92 % among all experimental groups) with the
maximum differences at 30 s post activation (Fig. 8). Significant differences in LIN at 30
s post activation were found only between control and post-thaw samples, while no

significant differences were found within the post-thaw samples (Fig. 8).
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Figure 8. Path linearity (LIN) in common carp sperm samples before and after cryopreservation.
A) Polynomial regression lines of 3" order of LIN. B) Average post-thaw sperm LIN at 10 s post
activation, mean = SD. Data for the first approach of sperm concentration variation (i.e., constant
dilution rate) are represented by white columns (values 0.5, 1, 5, and 10 x 10° spz mL™?), values
with different small letters differ significantly (Kruskal-Wallis test, followed by multiple
comparisons of mean ranks for all groups, p < 0.05, n = 18). Data for the second approach of
concentration variation (i.e., sperm dilution rate is different) are represented by dashed columns.
Values with different capital letters are significantly different (Kruskal-Wallis test, followed by
multiple comparisons of mean ranks for all groups, p < 0.05, n = 16). The data were presented in

the publication by Sotnikov et al. (2023), with Stechkina as a co-author.

4.2.2. Development and hatching rates after in vitro fertilization with

cryopreserved semen

From data analysis it was observed that sperm/egg ratio has a significant effect on
fertilization success (two-way ANOVA; p = 0.007 for development rate and p = 0.008
for hatching rate). In contrast, the effect of sperm dilution rate was insignificant (p = 0.717
for development rate and p = 0.58 for hatching rate), and the interaction between these
two factors (sperm sample dilution rate and sperm/egg ratio) was also nonsignificant

(p=0.995 for development rate and p = 0.96 for hatching rate).
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That is the reason why the exclusion of the sample dilution rate from the next step
of statistical analysis was made. Significantly better development (47 + 3 %) and hatching
rates (41 + 4%) were observed at the highest studied sperm per egg ratio 450 000: 1.
Significant differences were also found between groups fertilized at 30 000: 1 and 150
000: 1 sperm per egg ratio in terms of fertilization rate (16 £ 4% and 27 + 2 %,
respectively) and hatching rate (15 + 2 % and 25 + 2 %, respectively). From this
experiment, it is obvious that the 450 000 sperm per egg ratio at application of sperm after
cryopreservation is still insufficient to get a fertilization rate corresponding to that at the
application of native (not cryopreserved) sperm (Fig. 9 A-B).
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Figure 9. Development rates (A) and hatching rates (B) obtained after the application of sperm
samples cryopreserved at different spermatozoon concentrations and different sperm/egg ratios.
Sperm samples with the concentrations adjusted by the cryoprotective medium (the second
approach) were used in experiments. The data are presented as mean = SD. Values with different
letters are significantly different (p < 0.05; Tukey post-hoc test). Values (in pl) in boxes represent
the volume of sperm used for fertilization of 2 g eggs. Control is a value obtained after fertilization
by fresh, not frozen sperm to see the quality of eggs and these data are not involved in statistical

analysis. The data were presented in the publication by Sotnikov et al. (2023), with Stechkina as
a co-author.
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5. Discussion

This study confirmed the assumption that, due to close cell-to-cell interactions
(Morris et al., 2012), more concentrated sperm samples after cryopreservation account
for a smaller percentage of alive cells than in low-concentrated samples. However, in the
case of common carp, this low percentage can be compensated by high sperm content in
such samples, which is sufficient for successful fertilization, especially when using a high
sperm per egg ratio during the fertilization process. That is why the elaborated in the
current work method for concentration estimation in common carp sperm would be useful
for the future application in practice. Generally, the objectives of the study were fulfilled
during experiments, and the relationships between obtained data and current knowledge

in the field are discussed below.

5.1. Spectrophotometric determination of sperm concentration

Osmolality of diluent used for sperm concentration measurement

The osmolality was measured for carp seminal fluid by several authors, and the value
varies in the range of 276 — 392 mOsm kg (Billard et al., 1995; Dzyuba et al., 2013). In
the current work for the determination of sperm concentration, the dilution medium with
an osmolality of 300 mOsm kg* was used as the closest to the average isotonic level in
carp sperm. However, different reactions of spermatozoa from different males may still
take place in this environment due to the individual sperm plasma composition. Exposure
to a more hypotonic environment leads to swelling of the cells, and on the contrary, in a
hypertonic medium, cells will shrink. These changes in cell volumes can be reflected in
the absorbance value of samples and contribute enough to some heterogeneity of

measurement outcomes.

Potentially, using another osmolality that would definitely change the cell volumes
in the same way for different males could be more suitable for the spectrophotometry
method of concentration estimation in carp semen. Alteration of environmental
osmolality could differentially affect fish sperm, depending on species, because of
differences in their osmotic- or ionic-dependent spermatozoa motility activation mode
(Bondarenko et al., 2013). Carp exhibits a hypotonic mode of spermatozoa motility
activation. Within 1 second, cells respond to environmental hypotonicity with activation

of motility characterized by rearrangement of intracellular ion concentration, changes in
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membrane structure, and spermatozoa volume increase (Dzyuba et al., 2013). A strong
correlation was found between light absorbance alteration and carp spermatozoa head
volume change (Bondarenko et al., 2013). Spermatozoa, which were increasing their
volume due to the water transport in hypotonic solutions, showed decreased absorbance,
and these changes had a dynamic character. Much less information is available about
lower, compared to seminal plasma, osmolarity. Generally, a hypertonic environment
reduces the cell volume and, in freshwater fishes, inhibits sperm motility.

Testing the influence of different osmolarity of diluents during absorption
measurement may have a positive contribution to the accuracy of the method for
estimating sperm concentration by spectrophotometry.

Wavelengths used for sperm concentration measurement

The 600 nm wavelength was selected in this work to make an absorbance dependence
plot between absolute concentration measured by the Biirker chamber and optical
absorbance. At this wavelength, the maximum sensitivity for measurements was
observed. However, according to some assumptions, the wavelength 260/280 nm, where
the light absorption by DNA molecules occurs, may be more suitable for this purpose.
Further study is needed to confirm this assumption. On the other hand, an advanced type
of spectrophotometer is necessary to study the UV absorption spectrum, and this factor

can be limiting in the use of this wavelength in practice due to the expense of such devices.

Full spectrum analysis

In 2020, Lesani et al. combined a well-elaborated spectrophotometry method with
machine learning and artificial neural networks. During the experiment, they evaluated
human sperm concentration by establishing a correlation between the full absorption
spectrum and sperm concentration, thereby eliminating the most critical step of a
traditional optical absorbance approach - the need to search the most appropriate
wavelength for accurate prediction of sperm concentration, which varies from species to
species and/or depending on device setups. Sperm concentration from the full spectrum
neural network (FSNN) model strongly correlated (R?= 0.98) with clinical measurements
and demonstrated a prediction accuracy of 93 %, with over 15% improvement over the
linear regression model.

At that time, the authors lacked sufficient number of sample s for better validation

of a model and its clinical adoption. However, from published results, it was evident that
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the FSNN model provides a rapid and powerful tool for quantifying sperm concentration,

improving current spectrophotometry methods for semen analysis (Lesani et al., 2020).
It is not excluded that the full spectrum neural network model will be adopted (with

some elaborations) to the fishery field, and the spectrophotometric method for sperm

concentration estimation in fish will develop in this direction.

5.2. Determination of the optimal concentration range for sperm

cryopreservation in common carp

Sperm concentration in samples is one of the key elements of the standardized
cryopreservation procedure as an appropriate dilution of sperm is required to avoid the
packing effect. The optimum concentration during the freezing process is species-specific
and can be related to the spermatozoon dimension, the biochemical composition of the
cell membrane, and sperm plasma (Morris et al., 2012). For some species, this value has
already been found. The impact of sperm concentration in the samples during freezing on
cryopreservation outcomes in fish was studied in species representatives from different
taxa like Salmonidae (Lahnsteiner et al., 1996; Nynca et al., 2017; Judycka et al., 2018;
Judycka et al., 2019a), Esocidae (Lahnsteiner, 2000), Percidae (Bernath et al., 2016),
Acipenceridae (Nascimento et al., 2021) and Cyprinidae (Lahnsteiner et al., 2000). Our
study provides a detailed description of the effect of sperm concentration on post-thaw

outcomes in common carp.

The obtained data allowed us to conclude that the lower concentration during
freezing has a positive correlation with post-thaw motility percentage, while a significant
decrease in sperm motility percentage associated with an increase in sperm concentration
at freezing appears in the range of 2.4 and 5.6 x 10° spz mL™. The value of sperm
concentration at which a 50% decline in the post-thaw percentage of sperm motility

caused by cell packing will appear is predicted to be 12.7 x 10° spz mL™.

The results suggest that the packing effect was responsible for the decrease in post-
thaw motility percentage, while it did not significantly influence the kinetic parameters
of spermatozoa (see Fig. 6 — 8). The observed in the present study negative effect of
increased sperm concentration during cryopreservation on motility percentage
corresponds to the same trend found for trout (Judycka et al., 2019a). A decrease in the
velocity of spermatozoa after thawing compared with control value is a well-known

phenomenon observed by different researchers (e.g., Lahnsteiner et al., 2000;
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Boryshpolets et al., 2009; Dzyuba et al., 2010; Boryshpolets et al., 2017). The results of
this thesis documented the same trend. No additional decrease in velocity caused by the
packing effect was found in the current study (Sotnikov et al., 2023).

During the dilution of samples for cryopreservation, two different approaches were
used in this study. Results on motility parameters after thawing (Fig. 7) demonstrated no
significant differences between samples diluted by seminal plasma and cryoprotective
medium and using cryoprotective medium only. The reduction in post-thaw sperm
motility parameters and fertilizing ability were caused mainly by sperm concentration in
samples. The additional positive effect of seminal plasma presence during
cryopreservation on sperm cryoresistance (Lahnsteiner, 2007; Shaliutina-Kolesova et al.,
2020) was not confirmed in this study (Sotnikov et al., 2023). The first approach, which
incorporated the dilution of sperm with seminal plasma, is more complicated in
realization in practice. Since the dilution of sperm samples with seminal plasma didn’t
influence outcomes, only samples diluted with the cryoprotective medium were used to

fertilize eggs.

Embryo development and hatching rates after fertilization with cryopreserved

semen

The preservation of fertilization ability is the most crucial goal of sperm
cryopreservation as an applied method. Sperm assessment using the CASA system allows
the rapid prediction of sperm’s ability to fertilize oocytes (Kime et al., 2001; Rurangwa
et al., 2001). However, the fertilization process is equally essential for cryopreservation
outcomes studies. Whereas insemination in practice can be implemented with the highly
concentrated samples, the experimental evaluation of the fertilizing ability of sperm
samples may be performed by keeping a particular sperm per egg ratio, which allows a
correct comparison of results obtained in different studies. An excessive number of
spermatozoa could mask the impact of applied approaches, and that is why it should be
specifically adjusted according to the purpose of fertilization trials. The optimal sperm to
egg ratio is based on the purpose of the fertilization trial. Table 4 illustrates some data
related to this issue. Experiments in this thesis were focused on determining the optimal
concentration of sperm during freezing resulting in high outcomes and, at the same time

took into account the problem of increasing cryostorage capacity.
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Table 4. Sperm to egg ratio used for different application purposes.

Purpose

Hatchery
practice;
normal native

sperm

Experimental
work;
manipulated
sperm (not

cryopreserved)

Hatchery
practice;

thawed sperm

Experimental
work;
cryopreserved

sperm

Minimum

10 000

1000

Optimum Maximum

Sperm per egg ratio

20 000 — Studied
30 000 value:
200 000;
without
negative
impact on
fertilization
and hatching
processes
5000 10 000
100 000 — Is limited by
300 000 sample
availability
100 000 — -
150 000

Supplementary

information

Native sperm is
generally
characterized by
high initial
motility
percentage;
sperm:eggs:water
ratio is suggested
as 2-10:1000:500

in volume

Sperm:eggs:

water ratio is

suggested as
1:500:500-1000

in volume

DMSO as
cryoprotectant
(10%), dilution
rate 1:9; sperm:
€gg: water ratio

1:20:20 in volume

Source

Gelaetal.,
20009;
Linhart et
al., 2015

Linhart et
al., 2015;
Magyary et
al., 1996;
Linhart et
al., 2008

Rodina et
al., 2010

Magyary et
al., 1996;
Levanduski
and Cloud,

1988

In the current thesis, the averaged spermatozoa per egg ratios were 30 000, 75 000,
150 000, and 450 000 (Table 2). We obtained lower developing and hatching rates for

cryopreserved sperm compared to values when control (fresh) sperm was used. As well,

47



the decrease in sperm motility was observed (20 — 40 % vs 80 — 100 % in fresh sperm).
Although the final concentration of motile sperm in both cases was similar or exceeded
the sperm per egg ratio routinely used in hatchery practice, this amount of spermatozoa
per egg can be considered insufficient (probably due to the decreased post-thaw
spermatozoa velocity), and that is why it should be increased to achieve the maximum

fertilization rate.
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6. Conclusions

Elaboration of a quick method for sperm concentration estimation in carp

The obtained data suggest that, for common carp, the method of optical absorbance can
be applied in practice as a reliable and efficient alternative to cell concentration estimation
by haemocytometer. The advantages of this method include time savings and a smaller
sample volume. The use of 300 mOsmol solutions for sample dilution and measurements
at the wavelength of 600 nm are suggested. The absorbance of sperm suspension during
the determination of sperm concentration is proposed to be in the range of 0.1 — 0.9 for
effective measurement applying this method.

Concentration of sperm during cryopreservation

Common carp spermatozoa can survive cryopreservation at high cell concentrations, and
cryopreservation of samples at high density can be used for future development of the

most effective carp cryoprotocols applicable for aquaculture.
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8. Abstract

Influence of sperm density on outcomes of cryopreservation in carp

The current work is devoted to the study of the influence of common carp (Cyprinus
carpio) sperm concentration during freezing on cryopreservation outcomes. During the
experiments, seven concentrations of sperm (from 0.5 to 11 — 13 x 10° spz mL) were
used. Two different approaches of sperm dilution (using seminal plasma or cryoprotective
medium) were tested to directly determine the impact of cell concentration in solutions
and simultaneously to test an additional positive effect of seminal plasma presence during

cryopreservation on sperm cryoresistance.

This study confirmed the assumption that, due to close cell-to-cell interactions, more
concentrated samples after thawing account for a smaller percentage of living cells than
low-concentrated samples, while different densities didn’t significantly affect other
motility parameters of sperm, except velocity (VCL). However, the low motility is
compensated in the case of using concentrated sperm by the initially large number of
spermatozoa in these samples, and the sperm content in such samples is sufficient for
successful fertilization, especially when using a high sperm per egg ratio during the
fertilization process. In this case, a lower volume of sperm is required in comparison to
low-concentrated samples, which is beneficial in terms of saving cryostorage space,
chemicals, and work. Therefore, from the considerations of optimization, the use of

highly concentrated sperm samples can be offered.

As a part of this work, an elaboration of the spectrophotometry method for the
estimation of common carp sperm concentration was carried out. A strong correlation
was obtained between absorbance and sperm concentration calculated using the Biirker
counting chamber, and an equation of this relation was deduced. The results confirm the
possibility of using this method as an alternative to the widely used method of counting
sperm concentration with a haemocytometer, however, some further improvements of the

method remain possible.

Keywords: cryopreservation, common carp (Cyprinus carpio), sperm concentration,

sperm motility, fertilization outcomes
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9. Abstrakt

Vliv hustoty spermii na vysledky kryokonzervace u kapra

Tato diplomova prace je vénovana problematice vlivu koncentrace spermii kapra
obecného (Cyprinus carpio) pii zmrazovani na vysledky kryokonzervace. Béhem
experimentu bylo pouZito sedm koncentraci spermii (od 0,5 do 11 — 13 x 10° spz ml*?) a
byly testovany dvé rizné metody fedéni spermatu (pomoci semindlni plazmy a pomoci
kryoprotekéniho média) pro urceni ptimého vlivu koncentrace bunck ve vzorcich a pro
soucasné testovani eventualniho pozitivniho U€inku pfitomnosti semenné plazmy béhem

kryokonzervace na kryorezistenci spermii.

Tato studie potvrdila predpoklad, Zze kvili mezibunéénym interakcim tvori
koncentrovanéjsi vzorky po rozmrazeni menSi procento Zivych bun€k neZ vzorky
zmrazené pii nizSich koncentracich, pfitom parametry pohyblivosti spermii mimo
rychlosti pohybu (VCL) nebyly vyznamné ovlivnény odliSnou koncentraci. Nizké pieziti
bunék v ptipadé pouziti koncentrovaného spermatu je kompenzovano ptvodné velkym
poctem spermii ve vzorku. a obsah spermii v téchto vzorcich je dostateCny pro uspesné
oplozeni, zejména pii pouziti vysokého poméru spermii na jikru béhem procesu
fertilizace. V tomto piipadé¢ mensi objem spermii ve srovnani s nizko koncentrovanymi
vzorky muze byt pouzit, coz je vyhodné z hlediska Uspory prostoru potfebného ke
skladovani kryobiologickych kontejnerti, chemikalii a prace. Z hlediska optimalizace

procesu kryokonzervace by mohlo byt doporuceno pouziti vysoce koncentrovanych
vzorki spermatu.

Soucasti této prace bylo rovnéz vypracovani spektrofotometrické metody pro méteni
koncentrace ve vzorcich spermatu kapra obecného. Byla zjisténa silna korelace mezi
absorbanci a koncentraci spermii vypoctenou pomoci Biirkerovy pocitaci komurky a byla
odvozena rovnice tohoto vztahu. Vysledkem je potvrzeni moznosti vyuziti této metody
jako alternativy k Siroce pouzivané metodé¢ pocitani koncentrace spermii

hemocytometrem, nicméné néktera dalsi vylepSeni této metody nejsou vyloucena.

Klicova slova: kryokonzervace, kapr obecny (Cyprinus carpio), koncentrace spermatu,

pohyblivost spermii, vysledky oplozeni
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10. Supplements

Supplement 1. Paper, published in the journal Aquaculture by Sotnikov, A., Rodina, M.,
Stechkina, T., Benevente, C.F., Gela, D., Boryshpolets, S., Kholodnyy, V., Linhart, O.,
Dzyuba, B., 2023.
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ARTICLE INFO ABSTRACT

Keywords:
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To avoid mechanical compression of spermatozoa during the cryopreservation, a high dilution ratio with the
cryoprotective medium is applied. Due to this, the sample volume increases, which entails increased cryobank
capacity. Moreover, the high volume of cryomedias does not allow to fertilize of large volumes of eggs in
practical artificial reproduction of common carp aquaculture. The current study demonstrated that reasonable

Cryopreservation . . . . . . .
sznl; spectrophotometry lowering of dilution rates might still be effective for carp sperm cryobanking —elevation of spermatozoa con-
Cypriniformes centration up to 13 x 10° spz mL ™! resulted in a significant decrease in post-thaw sperm motility percentage to

20% compared with 39% in 0.5 x 10° spz mL™'. Nevertheless, no significant differences in sperm kinetic pa-
rameters (VCL and LIN) were found in this case. The fertilization outcome (embryo development and hatching
rates) was similar after applying thawed sperm samples with “optimal” (2.2-2.4 x 10° spz mL 1) and “sub-
optimal” (11.0-13.0 x 10° spz mL ') concentrations (sperm/egg ratio at fertilization was in the range of 0.3-4.5
x 10° spz/egg). Thus, applying a low dilution rate such as one part of sperm to one of the cryoprotective me-
diums is favorable for decreasing cryo-storage space and the sperm volume needed to fertilize big egg numbers.
The experiment also shows that the 4.5 x 10° spz/egg ratio is not sufficient for good fertilization, and it is
necessary to use higher sperm concentrations per egg or improve the method of fertilization.

1. Introduction

Various species of the Cyprinidae family contribute to around 50% of
worldwide finfish aquaculture production. The production of only
common carp (Cyprinus carpio) accounts for 7.7% of the total fish pro-
duction in 2018 in the world (FAO, 2020). As common carp has the
longest history of domestication among aquaculture species (Balon,
1995), many common carp strains exist worldwide, and carp aquacul-
ture in Europe exploits strain crossbreeding for sustainable market
production (Janssen et al., 2017). Maintaining common carp strains in
live gene banks is also crucial for aquaculture breeding programs (Gorda
et al., 1995). The Czech Republic is a good example of a country where
the conservation of carp strains is a centuries-old activity supported now

by the government: Czech National Program for Conservation of Farm
Animal Genetic Resources was established in 1996 (Flajshans et al.,
1999). Currently, this Program is actively progressing using both in situ
preservation of specific fish lines for breeding purposes and sperm cry-
obanking. The latter is essential to store semen from various local carp
lines as a historical heritage of Czech fisherman’s traditions and genetic
material for selective breeding.

The mentioned above Program utilizes various freezing regimes,
cryoprotective media, and cryo-containers (Boryshpolets et al., 2017;
Dzyuba et al., 2013; Linhart et al., 2000) for carp sperm cryobanking,
based on the earlier reports, showed high post-thaw motility and
fertilizing ability of cryopreserved carp sperm (Horvath et al., 2007;
Magyary et al., 1996a), Nevertheless, after >20 years of carp sperm
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cryobanking, some problems still exist, e.g., related to the highly het-
erogeneous cryopreservation outcomes (Flajshans et al., 2015). The
sperm concentration during freezing is one of the parameters which can
influence them. During freezing of cell suspension, the growing ice
crystals push the cells into the narrow channels of concentrated saline,
where mechanical cell compression occurs, the so-called packing effect
(John Morris et al., 2012). More diluted sperm has a higher chance of
escaping this mechanical damage. That is why screening for an optimal
spermatozoa concentration for better cryopreservation was already
done for some fish species essential for aquacultures, such as rainbow
trout, brown trout, sea trout, brook trout, Atlantic salmon, rainbow and
brook trout neomales (Judycka et al., 2019a), Arctic char, grayling
(Lahnsteiner, 2000) and percids (Judycka et al., 2019b; Judycka et al.,
2021), sturgeon (Nascimento et al., 2021).

Optimal concentration was also theoretically predicted for carp
species in the range 2-3 x 10° spz mL™". To get this value, a relatively
high sperm-cryoprotective medium dilution rate (1:5) should be applied
(Lahnsteiner et al., 2000). Recently, a wide range of dilution rates
1:1-1:20 was studied (Bernath et al., 2016), confirming an advantage of
a high dilution rate in carp sperm cryopreservation in terms of higher
post-thaw motility. Nevertheless, seminal fluid in the common carp
sperm showed some cryoprotective properties (Dietrich et al., 2017;
Shaliutina-Kolesova et al., 2019), suggesting the advantage of its pres-
ence during freezing.

Furthermore, using a high dilution ratio during cryopreservation of
carp sperm increases the cryostorage capacity required for storage.
Thus, finding the balance between appropriate sperm concentration,
dilution rate, and seminal fluid content would be beneficial for the
elaboration of a standardized sperm cryopreservation protocol. More-
over, screening for the optimal sperm concentration value may help
understand the reasons for the heterogeneity of cryopreservation
outcomes.

Sperm concentration is one of the parameters which can be quickly
measured and adjusted during the cryopreservation procedure. Using a
counting chamber is one of the oldest and simplest methods for sperm
concentration determination, but nowadays, more quick methods like
flow cytometry and measurement of the absorbance of diluted sperm are
also used (Fauvel et al., 2010; Tan et al., 2010; Yang et al., 2016).
However, selecting the most appropriate method for the evaluation of
sperm concentration and comparison of the effectiveness of different
techniques are still essential (Dong et al., 2007; Tiersch, 2008).

The high volume of cryomedia complicates the process of fertiliza-
tion and subsequent elimination of stickiness in common carp. Usually,
several milliliters of sperm per kg of eggs (800,000 eggs) are used in carp
artificial reproduction, and hatchery water is added for fertilization in a
combination of 2 parts eggs and 1 part hatchery water (Linhart et al.,
2003, 2015). Thus, at a low sperm concentration with a low percentage
of motile sperm after thawing, we are not able to achieve the usual
motile sperm concentrations in the fertilization volume of the egg acti-
vation medium, which is generally important for good fertilization
(Ginzburg, 1972; Linhart et al., 2020).

Our study aimed to fill the gaps in understanding the importance of
sperm concentration, seminal fluid content during common carp sperm
cryobanking, and the application of thawed sperm for in vitro fertil-
ization. We tested various sperm concentrations and content of the
seminal fluid in the samples during freezing-thawing and measured their
impact on post-thaw sperm motility and fertilizing ability.

2. Materials and methods
2.1. Ethical statement

Manipulations with animals were performed according to the
authorization for breeding and delivery of experimental animals

(Reference number: 56665/2016-MZE-17214 and 64,155/2020-MZE-
18134) and the permission of the use of experimental animals
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(Reference number: 68763/2020-MZE-18134) issued to the Faculty of
Fisheries and Protection of Waters, the University of South Bohemia by
the Ministry of Agriculture of the Czech Republic.

2.2. Sperm and eggs collection

Experiments were performed during common carp C. carpio artificial
propagation during the natural spawning period (May-June). Fish were
collected from aquaculture ponds and transported to independent 8 m®
hatchery tanks with a water flow rate of 0.2 L s~ and with water tem-
perature adjusted to 20 °C.

Males were injected with carp pituitary powder extract at 1 mg kg ~*
24 h before sperm collection. Sperm was collected by an abdominal
massage directly into a 250 mL cell culture container avoiding
contamination with urine, mucus, feces, or water. Sperm samples from
different males were stored individually on the ice at 4 °C, not longer
than 2 h before freezing. Females were injected with carp pituitary
powder extract twice: at 0.3 mg kg ~?, 24 h before egg collection, and 2.7
mg kg! 12 h after the first injection. Eggs were obtained by an
abdominal massage directly into dry plastic bowls.

2.3. Sperm motility analysis

After sperm collection, sperm motility parameters for each male
were evaluated. Motility of sperm samples was initiated in activation
solutions for carp consisting of 30 mM Tris, 45 mM NaCl, 5 mM KCl, pH
8.0 (Billard et al., 1995; Horvath et al., 2003; Linhart et al., 2003), and
0.125% Pluronic F-127 (catalog number P2443, Sigma-Aldrich) to avoid
sperm sticking to the glass slide. Motility was recorded in the ISAS
spermtrack-10 sperm counting chamber (PROISER, Spain) for 40 s after
motility activation using a microscope with optical negative phase-
contrast, x10 magnification (PROISER, Spain), and IDS digital camera
(IDS Imaging Development Systems GmbH, Germany). The videos were
analyzed using the CASA plugin for ImageJ (Purchase and Earle, 2012;
Wilson-Leedy and Ingermann, 2007). Following parameters were eval-
uated: percent of motile cells (%), VCL (Curvilinear velocity, pm sh,
VAP (Average path velocity, um s~1), VSL (Straight-line velocity, pm
s_l), LIN (Linearity of the path, VSL/VAP), WOB (Oscillation of the
track, VAP/VCL), and BCF (beat-cross frequency, Hz). Only VCL and LIN
were used to present the results (see Statistical analysis part).

2.4. Sperm concentration measurement

Sperm concentration was measured using two methods: by Biirker
counting chamber and by optical absorbance measurement. This was
done to validate the application of optical absorbance measurement for
sperm concentration evaluation in common carp and metrological
comparison between methods. In both cases, the samples were diluted in
0.9% (w/v) NaCl (physiological solution, PS) by 1:100 (sperm: PS). For
the counting chamber (Paul Marienfeld GmbH & Co. KG, Germany), this
diluted sperm (DS) was one more time diluted in the same ratio of 1:100
(DS:PS) to get a total dilution ratio of 1:10000 (sperm: PS). Sperm
counting was performed under the microscope with optical negative
phase-contrast and x10 magnification. The spermatozoa were counted in
12 squares, and each measurement was performed in duplicate.

The absorbance of sperm suspension at wavelengths from 250 to 780
nm was recorded from a single scan by a NanoDrop 2000 spectropho-
tometer (Thermo Scientific, USA). Based on obtained spectra (supple-
mentary materials, Fig. S1), 600 nm wavelength was selected to
determine the dependency of absorbance from sperm concentration in
suspension. Absorbance was analyzed thrice for each sample, and an
average of these measurements was used in data analysis. To establish a
standard curve between absorbance and sperm concentration calculated
by the Biirker chamber, serial dilutions of samples from nine fish were
used (Tan et al., 2010). Standard curves for regression between absor-
bance and sperm concentration measured by Biirker chamber for nine



A. Sotnikov et al.

males (3 repetitions for each of five concentrations) are presented in
supplementary materials (Fig. S2A). Descriptive statistics of curves with
coefficient determination coefficients in supplementary materials in
Table S1. ANCOVA analysis detected no male-specific differences in
slopes (p = 0.90) and intercepts (p = 0.07), which allows for getting
pooled standard curve, which was used to validate the method. Sperm
samples collected from another 15 males were used to validate the
standard curve’s applicability (Fig. S2B). Method validation was per-
formed by correlation analysis of sperm concentration data obtained by
two methods and by estimating the significance of the difference in the
coefficient of variance by the Levene test. A very high coefficient of
determination (R?> = 0.95) was obtained during validation. No differ-
ence in coefficients of variation for sperm concentration in one sperm
sample estimated 10 times by absorbance (6.84) or by Biirker chamber
(8.70) was found (p = 0.4871). These data indicate that method of op-
tical absorbance measurement in sperm suspension is quick and suitable
for determining sperm concentration in common carp.

2.5. Sperm cryopreservation

Two different experimental approaches were used to adjust the
sperm concentration in samples during cryopreservation:

2.5.1. Cell concentration adjusted by seminal fluid

By this approach, seminal fluid content was at its maximal level after
1:1 dilution of the sperm sample with a cryopreservation medium.
Sperm samples from 21 males were individually treated. Sperm con-
centration was measured in each sample before being divided into six
aliquots. One aliquot was centrifugated at 104 g, 4 °C, for 10 min, and
obtained seminal fluid was used to dilute other aliquots from the same
sample to the concentration of 1, 2, 10, and 20 x 10° spz mL~. Obtained
this way, samples and native (not diluted) sperm samples were mixed
1:1 with a cryoprotective medium and then frozen. The composition of
the cryoprotective medium used at each dilution rate is described in
Table 1.

2.5.2. Cell concentration adjusted by the cryoprotective medium

By this approach, seminal fluid content varied as sperm samples were
differentially diluted with a cryopreservation medium. Sperm samples
from 18 males were divided into three aliquots and diluted with the
cryoprotective medium at ratios 1:1, 1:3, and 1:9. After this manipula-
tion, sperm concentration in samples was in ranges 11-13; 5.6-6.5, and
2.2-2.4 x 10° spz/ml. Cryoprotective media were adjusted individually
for each dilution rate to keep the same ionic composition and final
cryoprotectant content in samples during freezing (Table 1).

Diluted sperm samples were loaded into 0.5 mL plastic straws (IMV
Technologies, France). After 10 min of incubation at 4 °C, the straws
were placed on a 3 cm thick polystyrene raft floating on the surface of
liquid nitrogen. Ten minutes after, the straws were plunged directly into
liquid nitrogen. Then the samples were warmed in a 40 °C water bath for
6 s and passed immediately for motility control and/or fertilization.

Table 1
Composition of cryoprotective media used at different sperm dilution ratios.

For 100 mL final volume Dilution rate

1:9% 1:3 1:1
NaCl, mg 360 432 648
KCl, mg 1000 1200 1800
CaCly, mg 22 26.4 39.6
MgCl,, mg 8 9.6 14.4
NaHCO3 mg 20 24 36
DMSO, mL 10 12 18

“ Formulated according to (Horvath et al., 2003).
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2.6. Fertilization test

The effect of various sperm concentrations during freezing on the
fertilization capacity of cryopreserved sperm was examined during
fertilization tests using samples from 5 males with the highest post-thaw
motility parameters. The only second approach of sperm concentration
adjustment was applied. Eggs from three females were mixed and used
for the experiment. Aliquots of two grams of this mixed batch (approx.
1600 eggs) were fertilized individually by sperm samples of each com-
bination male/sperm concentration at freezing. Native sperm concen-
tration in samples was in the range of 22-26 x 10° spz mL™!. The
resultant sperm concentration in samples during freezing was different,
so the volume of post-thaw samples added to eggs was adjusted (the
values are shown in Table 2). The averaged ratio of spermatozoa per egg
is presented in the results section.

An appropriate volume of cryopreserved sperm was added to 2 g of
eggs together with 2 mL of activation medium. After 1 min of gently
mixing, eggs were washed, and about 100 eggs were transferred to Petri
dishes. Each fertilization was performed in duplicates. Fresh sperm
mixed from six males (10 pL) was used to control eggs quality. Petri
dishes with fertilized eggs were placed in the closed water flow system at
a controlled temperature (21 °C) and incubated until hatching. The
development rate of the eggs was calculated 24 h post-fertilization as a
ratio of developing embryos to the total number of eggs in the Petri dish,
multiplied by 100%. The hatching rate was examined 96 h post-
fertilization as a ratio between the number of hatched larvae to the
total number of eggs in the Petri dish, multiplied by 100%.

2.7. Statistical analysis

2.7.1. Sperm motility

Kinetic parameters obtained by CASA for all sperm samples used in
the study were analyzed using Spearman’s rank correlation coefficient.
For simplifying data presentation, only parameters with a low correla-
tion coefficient (r < 0.1) were selected as descriptors of sperm motility.
These parameters were VCL (curvilinear velocity) and LIN (linearity).
All spermatozoa with a VCL lower than 20 pm s~ were considered
immotile and were excluded from the analysis. The CASA data set
extracted the sperm motility percentage, VCL, and LIN values for each
male/experimental group/post-activation time. Data from duplicate
records of each male in a particular state at each time point during
observation, 10-40 s after activation of mobility, were averaged and
used to plot regression lines.

Lines of third-order polynomial regression were used to visualize the
changes in the parameters during the motility period. An average value
of sperm motility percentage, VCL, and LIN for individual males was
used to estimate the significance of difference at 10s post activation. At
this time point, the maximum differences in parameters were observed
on polynomial regression lines, which had very high R?> (min-max
ranges: 0.989-0.999, 0.985-0.997, and 0.544-0.953 respectively;
Fig. 1A) and were used to describe general trends of sperm motility
parameters during the post-activation time. Before analysis, the data
were tested for normality and homogeneity of variances (Kolmogorov-
Smirnov and Levene’s tests, respectively). All studied parameters were

Table 2
The volume of cryopreserved sperm is used to get the average number of sper-
matozoa per egg during fertilization.

Average spermatozoa number per egg ~ Sperm: cryoprotective medium dilution

rate

1:1 1:3 1:9
4.5 x 10° 60 uL 120 uL. 300 pL
1.5 x 10° 20yl 40 pL 100 pL
0.75 x 10° 10pL 20 pL 50 pL
0.3 x 10° 4L 8L 20 pL
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Fig. 1. Sperm motility parameters in common carp sperm samples before and after cryopreservation. A) Polynomial regression lines of 3rd order of sperm motility
percentage. Dots represent averaged data at each second of observation time. B) Average post-thaw sperm motility percentage at 10 s post activation, mean =+ SD.
Data for the first approach of sperm concentration variation (i.e., constant dilution rate) are represented by white columns (values 0.5, 1, 5, and 10 x 10° spz mL 1),
values with different small letters differ significantly (p < 0.05; one-way ANOVA, Tukey post-hoc test, n = 18). Data for the second approach of concentration
variation (i.e., sperm dilution rate is different) are represented by dashed columns. Values with different capital letters are significantly different (p < 0.05; one-way
ANOVA, Tukey post-hoc test, n = 16). C) Curvilinear velocity (VCL) of carp spermatozoa before and after cryopreservation. Polynomial regression lines of 3rd order.
Dots represent averaged data at each second of observation time. D) Path linearity (LIN) of carp spermatozoa before and after cryopreservation. Polynomial
regression lines of 3rd order. Dots represent averaged data at each second of observation time. The line legends in A, C, and D show the spermatozoa concentration

values in each experimental condition.

normally distributed but did not have similar dispersion values. The data
were analyzed using the Kruskal-Wallis test, then multiple comparisons
of mean ranks for all groups.

Averaged post-thaw sperm motility percentage for each sperm con-
centration in the sample was normalized by the highest post-thaw sperm
motility percentage obtained for the lowest used concentration (0.5 x
10° spz mL™1). This data was used to make a regression line to find
sperm concentration in the sample causing the packing effect with a 50%
decrease in post-thaw sperm motility percentage.

2.7.2. Development and hatching rates

Two-way ANOVA was performed to analyze the effect of the sperm to
egg (sperm/egg) ratio on fertilization outcomes in sperm samples frozen
at different sperm dilution rates. The data on development and hatching
rates were tested for normality and homogeneity of variances (Kolmo-
gorov-Smirnov and Levene’s tests, respectively) and factors of sperm
dilution(1:1, 1:3, and 1:9) and sperm: egg ratio (0.3, 0.75, 1.5, 4.5 x 10°
spz egg™ 1), and interaction of these two factors were analyzed by two-
way ANOVA. Because no significant interaction of factors and no sig-
nificant factor of sperm dilution rate was detected, post-hoc compari-
sons were performed only for significant factor of sperm:egg ratio using
the Tukey test (Wei et al., 2012).

Calculations and plotting were performed using Statistica (version
13, TIBCO software Inc., 2017, Palo Alto, CA, USA) and a Microsoft
Excel spreadsheet. All tested statistical hypotheses were rejected at p <
0.05.

3. Results

3.1. Effect of sperm concentration before freezing on post-thaw sperm
motility parameters

The downward trend in the percentage of motility post-activation
was the same for both approaches used for adjusting sperm concentra-
tion before freezing (Fig. 1A). The most pronounced differences were
found at the start of observation (10 s post activation). These data were
analyzed by one-way ANOVA, and significant differences between
groups were found (one-way ANOVA; p < 0.05). Post-hoc analysis
showed that control values were significantly higher than all cases of
thawed sperm (Fig. 1B). The highest post-thaw sperm motility per-
centage was observed for the concentration of 0.5 x 10° spz mL™}
(concentration adjusted by the first approach), and the lowest was found
for a concentration range of 11-13 x 10° spz mL~! (concentration
adjusted by approach two). The significance of changes in motility
percentage was tested among the concentrations resulting from the same
adjusting approach. Thus, the changes in motility percentage were sig-
nificant between samples with concentrations of 0.5 x 10° spz mL™* (41
+3%) and 5 x 10° spz mL ! (27 £ 2%) for the first approach and be-
tween concentration ranges of 2.2-2.4 x 10° spz mL ™! (32 £ 2%) and
11-13 x 10° spz mL ! (23 + 3%) for the second one.

Normalized motility percentage data were used to get the regression
line, linear regression equation y = 0.8916-0.0308x, with a coefficient
of determination R?> = 0.8111. From the equation, a sperm
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concentration leading to a 50% decrease in post-thaw sperm motility
percentage caused by the packing effect could be estimated at 12.7 x
10° spz mL~L.

Similarly, in all experimental cases, spermatozoa velocity decreased
during the post-activation period, similar to the motility percentage
(Fig. 1C). Analysis by ANOVA of the data from 10 s post-activation
revealed significant differences among groups with different concen-
trations (p < 0.05). Post-hoc analysis revealed significant differences
only between control and cryopreserved sperm samples, while the ve-
locities for post-thaw sperm samples did not differ significantly (sup-
plementary materials Fig. S3).

The trend lines for LIN changes during the post-activation time for
different groups were in quite a narrow range (min/max: 84-92%
among all experimental groups). Maximum differences between them
can be seen at 30 s post-activation (Fig. 1D). Nevertheless, significant
differences in LIN at 30s post-activation were found only between con-
trol and post-thaw samples, while no significant differences were found
between post-thaw samples (supplementary materials Fig. S4).

3.2. Development and hatching rates after in vitro fertilization with
cryopreserved semen

We observed a significant effect of sperm/egg ratio on fertilization
success (two-way ANOVA; p = 0.007 for development rate and p = 0.008
for hatching rate). In contrast, the effect of sperm sample dilution rate
was insignificant (p = 0.717 for development rate and p = 0.58 for
hatching rate), and the interaction between these two factors (sperm
sample dilution rate and sperm/egg ratio) was also nonsignificant (p =
0.995 for development rate and p = 0.96 for hatching rate). That is why
the sample dilution rate was excluded from the next step of statistical
analysis. Significantly higher development (47 + 3%) and hatching (41
+ 4%) rates were observed at a 4.5 x 10°:1 sperm/egg ratio. Significant
differences were also found between groups fertilized at 0.3 x 10%:1 and
1.5 x 101 sperm/egg ratio in terms of fertilization rate (16 + 4% and
27 + 2%, respectively) and hatching rate (15 + 2% and 25 + 2%,
respectively). The experiment also shows that the 4.5 x 10° sperm/egg
ratio is insufficient for good fertilization. (Fig. 2 A-B).

4. Discussion

The necessity of the standardization of fish sperm cryopreservation
protocols is apparent (Asturiano et al., 2017). For common carp, this is
also true even though many studies have been performed in the field so
far. These studies, in particular, deal with cryopreservation of carp
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100} [J-1:9 B -1:3 § - 1:1 #- Fresh control
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>
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spermatozoa using various compositions of cryoprotective medium
(Horvath et al., 2003; Kopeika et al., 2007; Kurokura et al., 1984) or
freezing/thawing protocols (Bernath et al., 2016; Kurokura et al., 1984;
Linhart et al., 2000). The obtained data on post-thaw fertilization tests
are highly variable, which means there is still a need to search for the
proper cryopreservation methods considering specific sperm properties
in certain groups of breeders. Sperm concentration in suspension is one
of the key elements of the standardized cryopreservation procedure. Our
study provides a detailed description of sperm concentration effect on
post-thaw outcome in common carp.

4.1. Effect of sperm concentration on post-thaw sperm motility
parameters

Studies performed in different fish species confirmed the importance
of proper sperm concentration for successful cryopreservation. The op-
timum of this sperm concentration was species-specific and ranged
0.5-4 x 10° spz mL~! for several salmoniformes species, northern pike,
and sterlet (Judycka et al., 2019a; Lahnsteiner, 2000; Nascimento et al.,
2021). For carp, this optimal value was not determined so far. Our study
suggests that a significant decrease in sperm motility percentage asso-
ciated with an increase in sperm concentration at freezing appears in the
range of 2.4 and 5.6 x 10° spz mL™L. The concentration of 12.7 x 10°
spz mL~! was calculated as the one, leading to a 50% decrease of post-
thaw sperm motility percentage caused by the packing effect. It should
be noted that this concentration in carp is essentially higher than one
determined for sterlet (2.5-2.7 x 10° spz mL 1) (Nascimento et al.,
2021), which may be associated with bigger spermatozoa of the latter. In
other words, species differences in optimal sperm concentration can be
related to the spermatozoon dimension. Nevertheless, the biochemical
composition of the cell membrane may additionally contribute to the
packing effect (John Morris et al., 2012).

Naturally, carp sperm is characterized by high sperm concentration:
e.g., 20 x 10° spz mL ™! reported by (Cejko et al., 2018) or 17-32 x 10°
spz mL~! (Kaspar et al., 2007). This implies a high dilution rate by the
cryoprotective medium to avoid the packing effect during freeze-
thawing. At the same time, the dilution of sperm is related to the
decrease of seminal fluid content, which was supposed to have an
additional cryoprotective effect (Lahnsteiner, 2007; Shaliutina-Kolesova
et al., 2020). Nevertheless, our study did not confirm the latter: the
decrease in the content of seminal fluid sperm caused by dilution did not
cause any additional reduction in post-thaw sperm motility parameters
and fertilizing ability.

The results suggested that the packing effect caused an additional
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Fig. 2. Development rates (A) and hatching rates (B) obtained after fertilization with different sperm/egg ratios using sperm samples cryopreserved at different
spermatozoon concentrations. Sperm samples with the concentrations adjusted by the cryoprotective medium (second approach) were used in experiments. The data
are presented as mean =+ SD. Values with different letters are significantly different (p < 0.05; Tukey post-hoc test). Values (in pl) in boxes represent the volume of
sperm used for fertilization of 2 g eggs. “Fresh control” is a value obtained after fertilization by fresh, not frozen sperm to see the quality of eggs; data are not involved

in statistical analysis.
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drop-in post-thaw motility percentage, while it did not significantly
influence the kinetic parameters of spermatozoa (see Fig. 1). As
observed in the present study negative effect of increased sperm con-
centration on motility percentage corresponds well to the same trend
found for trout (Judycka et al., 2019a). The general decrease of sperm
velocity due to cryopreservation in carp is a well-known phenomenon
(Boryshpolets et al., 2017; Boryshpolets et al., 2009; Dzyuba et al., 2010;
Lahnsteiner et al., 2000), and our data on VCL decrease after cryo-
preservation are similar to already described ones. No additional drop in
velocity caused by the packing effect was found in our present study. In
contrast to our data, a significant increase in VCL due to decreased
sperm concentration in cryosuspension was observed in common carp
by Bernath et al. (2016). In addition, cryopreservation may reduce the
concentration of cells in a sample because of ice formation, leading to
spermatozoa destruction.

The absence of differences in VCL and LIN at the initial stage of
motility and the appearance of difference in LIN just at late stages of
motility in samples frozen at high sperm concentration suggests that an
increase in the sperm concentration during freezing affects only the
chances of cells to survive cryopreservation (expressed as motility per-
centage) but not the appearance of additional non-lethal sperm
damages.

4.2. Embryo development and hatching rates after fertilization with
cryopreserved semen

As the preservation of fertilization ability is the most crucial goal of
sperm cryopreservation, the changes in motility percentage and kinetic
characteristics arising from cryopreservation should be considered
together with fertilizing capacity of spermatozoa. The experimental
evaluation of fertilizing ability of sperm samples is typically performed
by keeping a certain sperm/egg ratio, which allows a correct comparison
of results obtained in different studies. Furthermore, this ratio is crucial
for carp since even samples with extremely low post-thaw motility can
be used to obtain progeny. For example, the fertilization rate of eggs
fertilized by thawed sperm can be pretty close to one obtained with fresh
sperm (up to 80%), mainly when an extremely high sperm/egg ratio is
used (Kurokura et al., 1984). According to FAO, the optimal volume of
carp sperm (securing the maximum fertilization rate of eggs) for fish-
eries practice is 10 mL sperm per kg of eggs (Horvath et al., 2015). This
ratio can be transformed into spermatozoa per egg number of 3.3 x 10°
sperm/egg (taking into account averages for carp egg mass 7.5 X 10°
eggs kg’1 and sperm average sperm concentration 25 x 10° spz mL~},
see Materials and Methods section). We obtained lower developing and
hatching rates for cryopreserved sperm than fresh sperm. However, re-
sults show very well that the quantity of sperm per egg was probably
insufficient. For fresh sperm, motility is at the level of 80-100%, while
for thawed sperm, it has decreased to the level of 20-40%. In essence,
this means that 0.9-1.8 x 10° motile spermatozoa were used for fertil-
ization at the highest sperm/egg ratio of 4.5 x 10°. This level was
insufficient but still apparent due to the 100% fertilization level using
fresh, non-frozen sperm.

Nevertheless, publications indicate the possibility of keeping the
same fertilization rate for thawed and fresh sperm samples. In these
studies, sperm/egg ratios of 1.8-2.4 x 10° sperm/egg (Linhart et al.,
2000) and 1-1.5 x 10° sperm/egg (Magyary et al., 1996a, 1996b) were
used, corresponding to FAO recommendation for fresh sperm applica-
tion. In another study (Linhart et al., 2015), good fertilization of eggs is
achieved with 2 x 10%-10° fresh spermatozoa per egg in water for
activation of gametes at a concentration of 1.6 x 107 spermatozoa per
ml of water. This means that the concentration of spermatozoa in the
activation medium can also play a role and must be considered during
fertilization. Our study also compared most sperm/egg ratios to the FAO
recommendation. The essential difference in fertilization rates between
fresh and cryopreserved sperm can not be univocally explained. In
particular, they may be associated with variability of sperm samples
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quality and correspondently cryoresistance (Flajshans et al., 2015). In
addition to cryodamage, nonuniform outcomes of in vitro fertilization
trials in common carp may be associated with the technics used to mix
sperm with eggs and apply specific sperm motility activating media
(Magyary et al., 1996a). In particular, Magyary et al. (1996b) stated the
preferability of water as an activation medium instead of specific ionic
buffers. We can not confirm this statement since, in our study, better
fertilization outcomes were obtained after applying AM (developed by
Billard et al. (1995)) compared to water.

In the current study, we demonstrated that even though the sper-
matozoa frozen at high sperm concentration had a lower motility per-
centage than samples frozen at low sperm concentration, they still have
a necessary number of live spermatozoa needed for successive fertil-
ization. Moreover, it is evident that to get an appropriate sperm/egg
ratio when post-thaw sperm is used, a lower volume of a sample of high
sperm concentration is needed. Thus, the optimal cryopreservation
protocol should meet the balance between the acceptable drop in post-
thaw sperm motility due to high cell concentration and rational
decrease of cryostorage space, as well as reducing of cryopreserved
semen volume required for fisheries practice.

5. Conclusions

A significant decrease in the percentage of post-thaw sperm motility
due to high sperm concentration does not limit the applicability of
cryopreserved sperm for artificial fertilization. In addition, an increase
in sperm concentration decreases the volume of samples needed for
storage. That, in turn, reduces the costs of sperm cryobanking and
simplifies the aquaculture-oriented application of cryopreserved sperm.

Carp spermatozoa can survive cryopreservation at higher cell con-
centrations than spermatozoa of other fish species. This phenomenon
can be hypothetically explained by species specificity of cell size and the
ability of spermatozoa to sustain mechanical squeezing, but the precise
background of that requires future study. Undoubtedly, the possibility of
increasing cryopreservation outcomes of high concentrated carp sperm
by applying specific cryoprotective media and/or freezing regime is of
interest in developing the most effective carp sperm cryopreservation
technology.
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