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1. Introduction

The first successful cryopreservation of fish sperm was made 66 years ago by
Blaxter (Blaxter, 1953). Despite the fact that the possibility of long-term storage of
gametes represents great opportunities in improving aquaculture techniques,
cryopreservation of fish sperm has some complications that violate to achieve such level
of results as does the cryopreservation in cattle breeding. According to Terrence R.
Tiersch (2008), during the same time after first reported successful cryopreservation of
livestock sperm it became a popular tool and turned into a billion-dollar global industry,
while cryopreservation of aquatic species sperm remains a research activity with little
commercial application.

The main difficulty consists in problems resulting from fish diversity. It is
necessary to clarify that due to the fact that different taxonomic groups fit the definition
“fish” in present work this group will be limited to the subclass Actinopterygii. Gamete
morphology and biology within this diverse and abundant group vary among species;
therefore the cryopreservation strategies also vary accordingly (Labbé et al., 2013).
Single universal cryopreservation protocol cannot be offered so far (Rana, 1995).

Hundreds of references to sperm cryopreservation in aquatic species are available
today but the high diversity of published cryopreservation methods complicates their
evaluation (Labbé et al., 2013). To simplify the issue some minor variables should be
excluded from methods intended for hatchery purposes. At the same time some factors
cannot be ignored, because even insignificant difference in cryopreservation process
characteristics can also affect results. The lack of standardization in practices and
reporting is the most important barrier to expanded application of cryopreservation
(Tiersch, 2008).

To date, the exact number of fish species for which sperm cryoprotocols are
developed is unclear and there is no published full list of them. Nevertheless the number
of existing protocols is sufficient to undertake some analysis.

The goal of this work is to review the current state of fish sperm cryopreservation in
relation to conservation measures and aquaculture practice with special focus on

taxonomical position of involved species.



2. Main part

2.1. Long-term storage of fish sperm

Cryopreservation is a long-term storage of living biological objects with the
possibility of restoring their biological functions after thawing (Fuller et al., 2004). The
typical storage temperature is -196 °C (the temperature of liquid nitrogen, that is a
convenient for low temperature storage, not expensive, medium (Jamieson, 1991). At
these values of temperature almost all molecules become motionless and, therefore, all
biochemical reactions are stopped including those that lead to aging (Mazur, 2017).
Despite the concerns that some events at atomic level can still take place in these
conditions, or genetic information may be damaged by existing background radiation, it
is of general consent that ultralow temperature storage, including freezing of samples
and their thawing, is the only possible procedure to conserve cells’ functional properties
for long term (Cugia et al., 2011; Garman, 2003), virtually indefinitely (Jamieson,
1991).

2.1.1. History of fish sperm cryopreservation

The first successful cryopreservation of fish sperm was made by Blaxter in 1953
(Blaxter, 1953). It was preceded by discovery of cryoprotective properties of glycerol in
1949 (Polge et al., 1949), which is considered as a defining step in development of
cryobiology as a science. It was a time of empirical, but important discoveries. Further,
fusion of physics and biology has led to serious efforts to understand freezing injury in
biological systems. Jim Lovelock was probably the first “real” cryobiologist with
biophysical credentials, and the discovery of dimethyl sulfoxide (Me,SO) by Lovelock
and Bishop (1959) was based on rational prediction (Mazur, 2004).

Hundreds of scientific papers on fish sperm cryopreservation have been published
around the world (Tiersch, 2008). A great effort was devoted to creating new and
improving existing protocols. An interest in applied cryobiology is constantly growing.
Useful applications are an important result of research without which basic studies
become an academic luxury (Mazur, 2004). For cryobiology in particular, applications

are everything, and it is no wonder that this has been the emphasis right from the
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beginning (Mazur, 2004). Perhaps the most destructive side effect of this trend is the
emergence of ‘intellectual property” as something to be held close to the chest, to
remain secret, unpublished and unshared until patented, and even then to be leaked out
slowly (Mazur, 2004).

2.1.2. Cryopreservation of fish sperm in aquaculture

The possibility to store fish sperm during long period of time can be an important
tool in aquaculture. Barrie Jamieson and Terrence R. Tiersch in their fundamental
works discussed important improvements which could be made in fish industries by
application of sperm cryopreservation. They also underlined the significant potential of
cryopreservation in the conservation projects for threatened and endangered species and
other areas.

These improvements include: 1) saving the funds for maintenance of stocks by
excluding the need to keep males; 2) continuous supply of gametes for optimal
utilization of hatchery facilities or for experimental work; cryopreservation can be used
to improve existing hatchery activities by providing sperm on demand and thus
simplifying the time management of artificial spawning; 3) cryopreservation opens the
prospects for genetic improvement via; creation of improved lines and control the
genetic resources available for aquaculture; 4) cryopreservation eases the transportation
of genetic materials between hatcheries; 5) it allows 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) using of cryopreserved sperm of aquatic
species may become an entirely new industry itself (Jamieson, 1991; Tiersch, 2008).

It is rather difficult to estimate the level of fish sperm cryopreservation application
in practice of fisheries today. But it can be assumed, that in most common fish
hatcheries it does not present an ordinary issue. The introduction of new technology is
always associated with risk. For ordinary fish hatcheries it means an additional
expenditure of energy, funds and time. The owner of the hatchery may need a cogent
argument for introduction of this practice. One such reason could be the high cost of
males per se or their keeping in captivity. If we are talking about a rare species, a rare
breed, late maturing fish or the results of experimental work, introduction of method

that would secure existing genetic material in vitro would be an acquitted risk. For
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example, the high cost of keeping stud bulls was one of the decisive factors that made
cryopreservation of livestock sperm in animal husbandry a billion-dollar global
industry. Despite the numerous benefits that long term storage of gametes can bring to
aquaculture, the sperm cryopreservation of aquatic species remains a research activity

with little commercial application so far (Tiersch, 2008).

2.1.3. Genetic bank research programs and cryobanking of fish germplasm

Gene bank research programs can be organized with two quite different objectives
in mind. The first one is the creation of collection of cryopreserved somatic tissues, cell
lines and DNA samples from diverse species without intention to breed new individuals
with this material. The second objective is explicitly aimed towards animal breeding.
This type of genetic resource bank surely contains gametes and embryos; nevertheless,
with the development of cloning technology a move away from the need to preserve
only reproductive cells becomes possible (Watson and Holt, 2000).

Moreover, there is a notion, that the preservation of germ plasma should be a top
priority among the many goals of cryopreservation (Chao and Liao, 2001).

Term “germplasm” broadly refers to the hereditary material transmitted to the
offspring through germ cell. The concept that underlies the establishment and use of
germplasm resource banks is essentially very simple. If gametes are maintained in a
state of metabolic arrest, e.g. using cryopreservation, they could be used to support
natural breeding programs (Watson and Holt, 2000).

Cryopreservation is considered as one component in an effective strategy to save
endangered species by facilitating the storage of their gametes in a gene bank (Gausen,
1993; Chao and Liao, 2001).

European cryobanks of aguatic species

Several cryobanks were established in Europe over the last 30 years, with a
common purpose of conservation of the genetic diversity from wildlife and farmed
resources. Furthermore, almost every fish research institute has its own cryobank, often
in the form of few liquid nitrogen tanks (Martinez-Paramo et al., 2017). Because of the

lack of standardization an exhaustive list of those banks is difficult to establish. The
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same problem can be observed in inability of general assessment of the quality of the
collections.

Among the first in Europe, cryobanking of farmed fish sperm was launched in
Czech Republic in 1996 as a part of the National program of conservation and use of
farm animal genetic resources. The objective was to keep old less productive breeds as a
part of national heritage and a source of genes for future breeding. 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. Altogether,
sperm samples from 11 breeds of carp, seven breeds of tench, three breeds of wels
catfish, three breeds of trouts and two species of sturgeons are stored (Martinez-Paramo
et al., 2017). Besides genetic resources, fish sperm cryopreservation is also used for
international scientific cooperation and commercial purposes (Martinez-Paramo et al.,
2017).

2.2. Basic knowledge of cryobiology

Water is the most abundant molecule in a cell, accounting for 70 % or more of total
cell mass. Consequently, the interactions between water and the other constituents of
cells are of central importance in biological chemistry. A basic principle of cryobiology
is that the extent of freezing damage depends on the amount of free water in the system
and the ability of that water to crystallize during freezing (Fuller et al., 2004).

Typically, small isolated cells may tolerate freezing. Compacted fish spermatozoa
with a reduced cytoplasmic compartment also tolerate cryopreservation (Labbé et al.,
2013). Cryopreservation of marine fish semen normally presents better results for
motility rate and fertilizing capacity after thawing than in freshwater species. This may
be associated with greater resistance that show marine species to variations of
osmolality than freshwater species (Magnotti et al., 2018).

Nevertheless, the process of cryopreservation is accompanied by arising of critical
events in the cell, many of which may lead to its non-reversible damage or even death.
The main critical steps of cryopreservation include cooling, freezing, and thawing
(Labbé et al., 2013).
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2.2.1. Cryoinjuries

When cells undergo freezing they are subjected to stresses resulting from the water-
solute interactions that arise through ice formation (Mazur, 1984). Individual causes of

cryoinjuries are discussed below and are shown in the Fig. 1.
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Fig. 1. Possible cryoinjuries at different temperature ranges (modified from (Jamieson, 1991)).

Chilling injury and cold shock

These are the very first damages the cell may get already during initial chilling.
Chilling injury occurs following slow cooling between around +15 and -5 °C (Vajta et
al., 2011) and develops over a period of time (hours) and is associated with a loss of
selective permeability of the membrane (Morris, 2015).

Cold shock occurs at rapid cooling at temperature above 0 °C. Damage in sperm
cells may be manifested by loss of flagellar activity, damage to intracellular organelles,
and leakage of solutes via cell membranes. In particular, the loss of potassium and
influx of calcium ions are associated with cold shock damage. It may happen as a result
of increasing permeability of the membrane bilayer caused by phase transitions when
lipid molecules are reorganized during the change from the liquid to the gel phase.
Injury caused by phase separation has irreversible nature, which explains, at least in
part, why cold shocked cells do not recover upon warming (Drobnis et al., 1993).
According to Holt (2000), phase transitions might be involved in the cryoinjury also

during the rewarming of cells.
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The cell is cooled then below O degrees. Here the most critical is the temperature
range between 0 and -40 °C as most cryoinjuries occur during pre-freezing and post-

thawing over this range (Jamieson, 1991).

pH effects
Water composes some 60 to 85 % of cells (Fuller et al., 2004). Concurrently 10 %

of total water is unfreezable because it is bound to macromolecules like complex
mixtures of proteins, nucleic acids, lipids, and other cell constituents. As the membrane
of cell is semi-permeable, free water tends to move across the cell membrane to
maintain an equal concentration of solutes inside and outside the cell (Agarwal, 2011).
During cooling, the water will crystallize resulting in appearance of hyper-
concentrated solutions. At the temperature of eutectic point the concentration of the
solute reaches its maximum. The eutectic points of most salts are different and range
approximately from 0 to -55 °C. Freezing and thawing within this temperature range
will exclude the buffering capacity of these salts and, therefore, significantly change the
pH of the biological solution. Fluctuations of pH may be caused not only by freezing
(Berg and Dyson, 1959), but in some cases by addition of cryoprotectants (Berg and
Soliman, 1969). Denaturation of proteins takes place when their pH tolerance limits are

exceeded (Jamieson, 1991).

Intracellular ice effects

There are two points of view on damaging effects of intracellular ice. According to
the first one, the likelihood of the formation of intracellular ice increases with the
increase of cooling rate. Intracellular ice also can appear following thawing. The degree
of injury is proportional to the size of the ice crystals. Small ice crystals produced
during rapid freezing may not be detrimental, but the recrystallization of these small
crystals, inside and outside the cell, may result in appearance of large ice crystals which
mechanically destruct membrane structure (Fujikawa, 1978). However, more recent
point of view is that intracellular ice formation is completely cell destroying event and
cell vitrification is the only chance for cell to survive freezing and thawing processes
(Katkov et al., 2012).

Extracellular ice effects

Mechanical damage of membrane by extracellular ice formation takes place when

the cooling rate is very small (Fujikawa and Miura, 1986). It is possible that cell injury
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will be caused by physical forces which arise when the ice field expands and constraints
the area that can be occupied by the cells. Extracellular ice is usually considered not to

be detrimental to most biological specimens frozen at conventional cooling rates.

Solute effects

As water is frozen out during freezing, both extra- and intracellular solutions
become progressively more concentrated. These concentrated solutions can cause
denaturing and osmotic effects on the membrane macromolecules (Lovelock, 1957).
Membrane damage increases with time of exposure, so during slow freezing solute

effects may lead to the cell death (Jamieson, 1991).

Volume effects

Occurrence of cryoinjury through volume effects is not yet fully established. It is
assumed that in terms of the mechanism of freezing injury, the important point is that
death of spermatozoa appears to be associated with a reduction in cell volume beyond

some critical limit (Meryman et al., 1977).

Cryoprotectant toxicity

The addition of chemicals called cryoprotectants can minimize cell damage
associated with ice formation or, when used at high concentrations, will suppress
virtually any ice formation. Such a process is termed cryoprotection.

Cryoprotectants can suppress most cryoinjuries but, when used at higher
concentrations, most of them become more and more toxic to biological materials. The
most frequent side effect is a destructive change in the cell membrane (Jamieson, 1991).

All cryopreservation methods, including vitrification, involve exposure of tissues
and cells to an environment that they would not normally experience and have no
intrinsic genetically coded capacity to adapt (Vajta et al., 2011). Therefore, the
challenge is to establish a procedure where the injuries are minimal and defensive-

regenerative capacities are supported (Xin et al., 2017).

2.2.2. Cryopreservation methods

To date the two most commonly used cryopreservation approaches for animal

germplasm are slow freezing and vitrification. These include quite different steps but
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both are based on the same physicochemical relationships (Xin et al., 2017). The basic
principles of cell cryopreservation are illustrated in Fig. 2.

Slow freezing
The first approach, i. e. slow freezing, is based on using so called optimum cooling

rate, high enough not to cause the dehydration of a cell by leaving freezible water as
well as to diminish the solute effect and at the same time low enough to diminish the
possibility of intracellular ice crystal formation. It is possible to predict such optimum
cooling rate using mathematical models (Jamieson, 1991). Only part of the freezable
water leaves the cell. The remaining water vitrifies or forms small ice crystals which
may be tolerable if thawing is fast enough to avoid recrystallization. The use of
cryoprotectants will reduce ice growth, thus improving post-thaw survival (Jamieson,
1991).
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Fig. 2: Diagrammatic illustration of a cryopreservation model (modified after Jamieson, 1991).
Not proved event of intracellular ice formation during “moderate” level of freezing rate is

marked by “?”. More detailed information is in the section “intracellular ice effects” above.
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Vitrification

The second approach is vitrification. The principle of preserving cells’ and tissues’
structure and function by vitrification is based on virtually full prevention of both
intracellular and extracellular ice formation.

Conventional vitrification methods require high cooling/warming rates, small
volume of sample carriers, and using high concentrations of permeable and non-
permeable cryoprotectants. These conditions cause liquids to develop into an
amorphous solid state without ice formation (Xin et al., 2017).

Novel sperm vitrification methods were developed aiming to preserve fish sperm
without using permeable cryoprotectants because of their toxicity and osmotic activity.
However, the addition of other substances with cryoprotective activity that may have a
positive effect on survival is needed. For example, low survival of rabbit sperm in case
of vitrification without permeable cryoprotectants was improved by supplementation of
sperm suspension with bovine serum albumin (BSA) together with sucrose or trehalose
(Rosato and laffaldano, 2013). In other study the BSA in the concentration of 1 % was
used for vitrification of rainbow trout semen (Xin et al., 2017).

To date, the method of permeable cryoprotectant-free vitrification is scarcely
applied to fish semen, while classical vitrification has already been successful in
cryopreservation of many fish species. At the same time the slow freezing methods are

still used in most protocols.

2.2.3. Cryoprotectants

Cryoprotectants are used in the most cryopreservation protocols. Most gametes will
not survive cryopreservation without cryoprotectants, which reduce cryodamage and
protect them from ice formation (Moskovtsev et al., 2012; Xin et al., 2017).

Usually two types of cryoprotectants are distinguished according to their ability to
penetrate the plasma membrane: permeating cryoprotectants usually of low molecular
weight and non-permeating cryoprotectants, usually of high molecular weight. Dimethyl
sulfoxide (Me,SO), glycerol, ethylene glycol (EG), methanol (MeOH), and propylene
glycol (PG) belong to the first group. They may increase viscosity within the cell,
thereby preventing water molecules to form ice crystals (Pegg, 2007). Non-permeating

cryoprotectants include sucrose, albumins, dextran, egg yolk, serum, and polyethylene
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glycols. These cryoprotectants mostly prevent cellular damage caused by freeze-thaw
events, like medium crystallization and recrystallization (Xin et al., 2017).

The choice of proper cryoprotectant seems to be a matter of trial-and-error in nearly
all investigations; this is partly because a complete and satisfactory general explanation
for the action of cryoprotectants does not exist so far (Holt, 2000). However, there is a
certain correlation between the choice of a cryoprotectant and taxonomical position of
selected species. Due to different sperm biology some cryoprotectants have species-

specific effects on spermatozoa (Xin et al., 2017).

2.3. Taxonomy

The definition of fish is not entirely accurate, it includes different groups from
hagfishes and lampreys to sharks, lungfishes and teleosts (Nelson, 2016); so it is
necessary to clarify that in current thesis the term “fish” will denote a specific
systematic unit, namely Actinopterygii. The subclass Actinopterygii or the ray-finned
fishes is one of the major vertebrate taxa, it is not described by strong fixed character
sets, but is nevertheless thought to be monophyletic.

This extremely diverse and abundant group consists of three infraclasses, 67 orders,
469 families, 4 440 genera, and about 30 500 species. It is the largest class of
vertebrates extant today (Nelson, 2016).

Fishes occur in lakes, streams, estuaries, and oceans throughout the world. In most
species of fishes, all individuals live entirely either in fresh or in marine waters. A small
number of species belongs to the diadromous, which spend a part of their life in lakes
and rivers, and a part in the oceans. Most often the purpose of reproduction serves as a
cause of migration. Many freshwater and marine species are also common in brackish-
water estuaries. The number of marine species prevails in actinopterygians. About 56 %

of the species are known to inhabit only or almost only sea water (Nelson, 2016).

2.3.1. Importance to people

Today fishes form an important element in the economy of many nations primarily

due to the fact that many species of fish are consumed as food around the world. Fish
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has been an important source of protein and other nutrients for humans down the ages.
Fish consumption varies by region, however, in 2013 fish accounted for about 17 % of
the global population’s intake of animal protein and 6.7 % of all protein consumed
(FAO, 2016). Generally, an increase in fish consumption is observed at the global level.
It is associated with dramatic growth in aquaculture production in the last two decades.
During this period the consumption of wild fish remained almost the same (in absolute
counts) while consumption of fish from aquaculture in total supply rises from 7 % in
1974 to about 50 % for today. In the year 2014 farmed sector’s contribution to the
supply of fish for human consumption surpassed that of wild-caught fish for the first
time (FAO, 2016).

A number of modern studies have shown that a good quality fish is healthy for
human organism as it is the source of vitamins, minerals, proteins and fatty acids (FAQ,
2016). Fish also have recreational and psychological value to the naturalists, sports
enthusiasts, and home aquarists (Nelson, 2016).

Unfortunately, the abundance and diversity of fish are in decline due to human
activity. According to the International Union for Conservation of Nature and Natural
Resources about 20 % of fish species are endangered or near threatened and there is no
clear situation with about further 20 % of species.

It’s hard to say if cryopreservation can radically change the current situation.
Human detrimental effect on nature is too great. However, cryopreservation can be used
as auxiliary tool among all of the other actions that must be taken to preserve these

species.

2.4. Fish sperm

The structure of the fish spermatozoon is slightly simpler compared to sperm of
other vertebrates. It consists from head, mid-piece and flagellum with the active inner
core, called “axoneme” (Zheng and Zhang, 2012).

The structure of spermatozoa differs according to the fish belonging to certain
taxonomic group and can provide useful support for identifying phylogenetic
relationships. Spermatozoon structure has been already used as a taxonomic determinant

in some animal groups. The remarkable book “Fish evolution and systematics: evidence
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from spermatozoa” by Barrie Jamieson is devoted to the study of fish sperm with the
taxonomic considerations.

Analysis of fish spermatozoa structure raised questions regarding the evolution of
fish sperm, for example if it is possible that so-called "primitive” sperm is a result of
secondary simplification. Such a conclusion follows from the observation that more
advanced fish groups (teleosts) possess spermatozoa of simplified morphology
("primitive” type), while evolutionary ancient fishes have structurally more complicated

("advanced") spermatozoa (Jamieson, 1991).

2.4.1. Phylogenic trends in Actinopterygii rising from spermatology

The main apomorphy of the subclass Actinopterygii is shortening of the
spermatozoon mid-piece, already clear in sturgeons, and typical of the secondarily
simplified sperm of neopterygians. The Cladistia have biflagellate acrosomal aquasperm
with prenuclear basal body that are regarded as weak autapomorphies of the Cladistia
(Jamieson, 1991). The presence of three endonuclear canals and acrosome are the
distinguishing apomorphies for sturgeons (Chondrostei), while distinctive feature of
Neopterygii is apomorphic loss of the acrosome (Jamieson, 1991).

Each subsequent taxonomic unit has its own apomorphies. Between sperm of
different taxonomical groups there are not only structural, but also physiological
differences, which, in their turn, affect the success of the chosen specific
cryopreservation method (Mclnnes and Norman, 1996). Extreme dissimilarities in
gamete biology and structure among species are associated with evolutionary adaptation
(Labbé et al., 2013).

2.4.2. Chemical and biochemical parameters of fish semen

Semen is composed of spermatozoa and seminal plasma. Many studies were
published on the composition of seminal plasma in fish and much less about total sperm
composition (Alavi et al., 2007). A major content of these both elements includes
inorganic constituents that can determine the osmolality and pH either in seminal
plasma or in spermatozoa. The composition of seminal plasma is specific and differs

significantly from that of blood plasma. It contains mainly mineral compounds (sodium,
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potassium, calcium, magnesium), then protein and other organic substances (in contrast
to higher vertebrates in lower concentration), such as hormones and pheromones,
cholesterol, glycerol, vitamins, antioxidants, free amino acids, sugars and lipids. Some
components of seminal plasma can originate from damaged spermatozoa and other
somatic cells such as leukocytes, and cells of the testes and spermatic ducts (Alavi et al.,
2007). The main roles of seminal plasma are to create an optimal environment for the
storage of spermatozoa and to support spermatozoa and physio-endocrinological
function after release of sperm from the testis into the sperm duct and subsequently after
discharge of sperm into the aquatic environment (Alavi et al., 2007).

Fish spermatozoa are usually immotile while being in the seminal plasma. The
activating of spermatozoa motility is regulated by triggering the signal transduction
systems after changes in environmental tonicity. Other external factors that influence
motility of sperm in fish are pH, temperature and ion concentration (Alavi et al., 2009).

Spermatozoa of marine and freshwater species do not have specific and unique fine
structural features whilst in chemical and biochemical parameters of seminal plasma
there are some relationships regarding to species habitat. Thus, the highest osmolality in
seminal plasma is found in marine fish. The osmolality of the seminal fluid of cyprinid
fishes is usually higher in comparison to that of salmonids. Notably that the osmolality
of chondrostean fish (sturgeons) seminal plasma is much lower than that of teleost fish
(Alavi et al., 2007). Sperm motility is initiated by hypo-osmotic (relative to the seminal
fluid) spawning environmentin freshwater fishes and by hyper-osmotic surroundings in
marine fishes (Alavi et al., 2007). The model of these processes is shown in schematic
Fig. 3. In some species with well developed habitat adaptations, for example tilapia
(Oreochromis mossambicus) or medaka (Oryzias latipes), regulatory mechanisms of
spermatozoon flagellum motility are modulated to suit the spawning environment when

they are in fresh water or acclimated to sea water (Morita et al., 2006).
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Fig. 3: Schematic model of fish sperm activation conditions occurred as a result of changes in
medium osmolality. Average values 280 and 350 mOsmol kg™ represent isotonic seminal fluid
of some freshwater and marine fish respectively. Arrows show the direction of change in

osmolality of surrounding fluid after discharge of sperm into the aquatic environment.

During the process of cryopreservation an osmolality of a sample is artificially
increased by addition of some cryoprotective substances. Exposure to high
cryoprotectant concentration during incubation may have negative effects on sperm
physiology. This is more typical for freshwater species, that show less resistance to
variations of osmolality than marine species, and the result may be an osmotic shock.
Nevertheless, the presence of seminal plasma reduces the harmful effects of
cryoprotectants (Magnotti et al., 2018). Motility of frozen-thawed spermatozoa and their
ability to fertilize eggs are main indicators of the cryopreservation success.
Understanding effects of changes in osmolality is helpful in developing optimal
conditions for long-term storage of fish sperm with purpose to maintain potential sperm
motility (Alavi et al., 2007).

2.5. Cryoprotocols

Typical cryoprotocol is a description of a successful cryopreservation procedure,
which includes the information about cryoprotective medium composition, the rate of
dilution of sample with cryoprotective medium, and details of freezing and thawing
regimes. Taking into account fish taxonomic diversity and big variety of their spawning
environment and feeding preferences which influence very much sperm membrane

composition, the uniform protocol for different fish species was not developed yet. The
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only initial steps were made in elaboration of uniform protocol (Labbe et al., 2013). The
precise description of species-specific protocols is the topic of a lot of already published
research papers and reviews (Labbe et al., 2013; Martinez-Paramo et al., 2017; Xin et al
2017). From these reviews it is clear that even optimization of protocols is highly
required, modern studies should be performed by a standardized experimental way,
which allows high repeatability of newly published results. That in turn gives additional
chance for increase in effectiveness of application of existing cryoprotocols in practice

of fish sperm cryobanking.

2.5.1. For how many fish species sperm do cryoprotocols exist?

For many years in a large number of studies devoted to fish sperm cryopreservation
there was quoted that cryoprotocols exist for approximately 200 different species of
fish. Unfortunately, this number, even being repeated from one rewiev to another,
appears as not accurately estimated value and become confusing as original sources of
information are not easy available nowadays. Possibly, the number of 200 fish species
in which sperm was cryopreserved to the end of 20" century (Zhang, 2004) was
overestimated. The chronology of the appearance of information about fish species for
which protocols of sperm cryopreservation were available in scientific literature can be

summarized by following dates:
1953 — The first successful cryopreservation of fish sperm (Blaxter, 1953);

1995 — “To date, spermatozoa of over 50 species of freshwater and marine fish have

been cryopreserved” (Rana, 1995);

1997 — “To date, over 200 reports exist for cryopreservation research in more than 65
species of fish” (Fiegel and Tiersch, 1997);

2000 — ““185 reports published from 1953 to 1996 for at least 83 fish species”
(Paniagua-Chavez et al., 2011; Tiersch and Mazik, 2000);

2008 — “More than 90 species and more than 200 published reports” (Tiersch, 2008).
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2.5.2. Current estimate of the number of cryoprotocols

Notwithstanding hundreds of scientific papers devoted to cryoprotocols developing,
the analysis of the literature data showed the absence of a unified information database
on the fish species, the sperm of which was cryopreserved for today. In this regard, it
became necessary to update information on this issue. To summarize a list of fish
species whose semen has been cryopreserved to date, | created a table in Microsoft
Excel (see Table 1 in supplements). For searching the information | used the database of
the World of Science (www. webofknowledge.com), the library of USB, and other
sources those are freely available on the Internet. This table consists of five columns.
The first column is a scientific name and the second one is a common name of species.
In some cases, there is more than one name in the Table. Occasionally I have used
outdated scientific names because often these names are being changed, but in some
protocols previous names are kept. Possible presence of several common names in
second column comes from problems in naming itself. One fish can have different
trivial names. | listed a common name as first and the most well-known names below it.
The third and fourth columns contain the information about taxonomic identity and
habitat conditions (water salinity) of fish. References to cryoprotocols in the last column
are not definitive. They serve rather as evidence of the existence of a cryoprotocol. In
the future, different parameters of these methods should be assessed and the most
successful cryoprotocol for each type of fish should be identified.

Based on the data that | found, successful cryoprotocols for 233 fish species have
been developed for today (Table 1 in supplements). This number is not much different
from the one already quoted in several reviews, despite the fact that almost 20 years
have passed since the first mention of 200 cryoprotocols published for fish sperm
cryopreservation. It is clear that this branch of science is constantly evolving and
according to Martinez-Paramo et al. (2017) in the last five years the publications
dedicated to development of protocols still prevailed in fish sperm cryopreservation

research.

2.5.3. Cryopreservation of sperm in freshwater and marine fish species

Fishes inhabit waters with different conditions throughout the world. During the

data processing | took into account the habitat of fish relative to water salinity, because
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the choice of cryopreservation method is closely related to biology of sperm, which, in
turn, is closely linked to habitat and taxonomic position of a particular species. An
ability to withstand freezing is dependent on this factor. I divided fish species into five
groups on this basis (Fig. 4). As a source of information about habitat a global species

database FishBase was used.

BEF OFb OMbf mMb mBM

Fig. 4: The quantity of fish species for which sperm was cryopreserved with regard to their
habitats (humber denotes the quantity of species).
Abbreviations for habitat: F - fresh water; Fb - fresh water and brackish water; Mbf - marine,

brackish, and fresh water; Mb - marine and brackish water; M - marine water.

Among species for which freezing-thawing methods are available, freshwater
species and freshwater species with a tolerance to saline water make about 60 % of total
number; 16 % account for diadromous species and about 24 % for species that occur in
marine and brackish waters.

Generally, it is believed that salinity of spawning environment and spawning
temperatures are closely related to sperm membrane composition, which in turn can
determine sperm cryoresistance (Drokin, 1993; Labbe and Maisse, 1996). In the same
time, the progress in sperm cryopreservation in both marine and fresh water fishes
demonstrates that areal salinity is not the crucial factor for success in fish sperm

cryopreservation.
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2.5.4. Cryopreservation of sperm from different fish orders

In current bachelor work it was estimated that successful cryopreservation of fish
spermatozoa was achieved among members of 22 orders. | used time-calibrated “fish
tree of life” that highlights the evolutionary relationships of major groups (ordinal or
supraordinal taxa) developed by Ricardo Betancur-R et al. (2017) to visualize the
evolutionary relationships between orders for whose members sperm was successfully
cryopreserved (Fig. 5). From this figure it is visible that these groups are not randomly
scattered across phylogenetic tree, but are located rather close to one another according
to their taxonomic relationship. Perhaps this relation can be a consequence of a similar
fish biology and commercial importance which impacted the elaboration of
cryopreservation method among the groups. It is noted that these orders represent about
33% of extant fish orders and quite probably the more attention should be payed to

develop protocols for representatives of not studied yet orders.
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Fig. 5. Taxonomical groups for members of which sperm cryopreservation protocols are
available to the date. These groups are highlighted by a yellow triangle and on the right side the
numbers represent the amount of species, for which the cryopreservation protocols are
described. (Modified version of Fish Tree of Life from Betancur-R et al., 2017).
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3. Conclusions

In this work a review of the current state of fish sperm cryopreservation in relation
to conservation measures and aquaculture practice with special focus on taxonomical
position of involved species was made.

Cryopreservation is considered as an important component of effective strategy to
save endangered species and also as unique tool that can be used in the aquaculture
industry to preserve the genomes of domesticated species over many steps of genetic
selection, and to facilitate broodstock management by extending or delaying offspring
production.

Generally, compacted fish spermatozoa with a reduced cytoplasmic compartment
show good tolerance to freezing if most cryoinjury factors were diminished during
cryopreservation. Complication is, that due to different morphology and biology of
gametes among species, single universal cryopreservation protocol cannot be offered so
far. Howe