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ABSTRACT

Cryopreservation is a long-term storage technique to preserve the biological material without deterioration for
extended period of time at least several thousands of years. The ability to preserve and store both maternal and
paternal gametes provides a reliable source of fish genetic material for scientific and aquaculture purposes as well
as for conservation of biodiversity. Successful cryopreservation of fish sperm have been achieved for more than 200
fish species and many fish species have been adequated for the purpose of cryobanking. Cryopreservation of fish
embryo is not viable, mainly because of the same limitations as in fish oocytes, i.e., high chilling sensitivity and low
membrane permeability. However, cryopreservation of isolated embryonic cells is another option for preserving
both maternal and paternal genome. In this paper, an overview of the current state of aquatic speciesis followed by
a discussion on the sperm, embryos, oocytes and embryonic cells - blastomeres.
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INTRODUCTION vitrification, Cryoprotective agents has to gain
access to all the parts of the system.
Cryopreservation is a long-term storage techniquéryopreservation considers the effects of freezing
with very low temperatures to preserve theand thawing. Therefore, the diffusion and osmosis
structurally intact living cells and tissues forprocesses have important effects during the
extended period of time at a relatively low costintroduction of cryoprotective agents, the addition
Cryopreservation is to preserve and store ther removal of cryoprotectants, the cooling process,
viable biological samples in a frozen state ovefnd during thawing. These phenomena are
extended periods of time. A very important paramenable to the experimental design and analysis.
research in cryopreservation is to reveal thdhus, reliable methods can be developed for
underlying physical and biological responses opreserving a very wide range of cells and some
the cell and cause of cryoinjury, especially thoséissues. These methods have found widespread
associated with the phase change of water iapplications in biology, biomedical technology
extracellular and intracellular environmentsand conservation.
(Mazur 1984). From the original slow-cooling Germplasm cryopreservation includes storage of
study, another cryopreservation approach hdbe sperm, eggs and embryos and contributes
moved to easier and more efficient techniquedirectly to animal breeding programmes.
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Germplasm cryopreservation also assistethstu  studying the human disease. This would help in
conservation for preserving the genomes ofdentifying the roles for human genes from fish
threatened and endangered species. Theutations and also in fish models for genes
establishment of germplasm banks usingdentified by human disease (Brownlie et al. 1998;
cryopreservation can contribute to conservatioBarbazuk et al. 2000). Aquatic species
and extant populations in the future. Since that fir preservation would assist the development,
successful cryopreservation of bull semen (Polgprotection and distribution of research lines and
et al. 1949), cryopreserved bull semen has beemould offer benefits for restoration of endangered
used to propagate the rare and endangered spedigpgcies.

using assisted reproduction techniques. Every

year, more than 25 million cows are artificially Sperm

inseminated with frozen-thawed bull semen (Footén 1949, Polge et al. (1949) successfully
1975) and many bovine calves have been producedyopreserved the avian spermatozoa using
using the transfer of cryopreserved embryos intglycerol as a cryoprotectant. Thereafter,
cow (Mapletoft and Hasler 2005). Tissuescryopreservation of male gamete became possible.
cultured cell lines, DNA and serum samples couldBlaxter (1953)applied a similar approach for fish
be frozen and store in cryogene bank. Fogametes and reported success with Atlantic herring
example, mice and sheep have been generatspermatozoa, achieving approximately 80%
from frozen-thawed pieces of ovary that have beecellular motility after thawing. Since then,
replaced in a female and stimulated to ovulationcryopreservation of fish sperm has been studied
(Gosden et al. 1994; Candy et al. 2000and has been successful in more than 200 species
Sapundzhiev 2008). The principle of testicular cel{Kopeika et al. 2007; Tiersch et al. 2007; Tsai et
freezing and transplantation has  beeral.,, 2010) and technigues of sperm management
demonstrated and is currently used for humahave been established for freshwater and marine
male infertility (Clouthier et al. 1996). Signifisa fish species, including carp, salmonids, catfish,
efforts are being made on non-mammalian speciaeschlids, medakas, white-fish, pike, milkfish,
using cryobiology techniques. In fish aquaculturegrouper, cod, and zebrafish (Scott and Baynes
the successful cryopreservation of gametes arP80; Harvey and Ashwood-Smith 1982; Stoss
embryos could offer new commercial possibilitiesand Donaldson 1983; Babiak et al. 1995; Suquet et
allowing the unlimited production of fry and al. 2000; Van der Straten et al. 2006; Bokor et al.
potentially healthier and better conditioned fish a2007; Tsai et al. 2010). Many studies on
required. Cryopreservation of reproductivecryopreservation of fish sperm have been carried
products of many aquatic species has beeout on economically important freshwater species
successfully achieved. Cryopreservation of aquatiand attempts to cryopreserve sperm from the
sperm is relatively common in the breeding andnarine fish species tended to be more successful
management of fish species, including salmonidyvhen compared with those obtained from the
cyprinids, silurids, and Acipenseridae (familia) isfreshwater fish (Tsvetkova et al. 1996). Although
well documented (Magyary et al. 1996; Tsvetkovdreshwater fish sperm are generally more difficult
et al. 1996). However, cryopreservation ofto cryopreserve, the fertilization rates obtained
embryos and oocytes of aquatic species have nfsom the cryopreserved marine fish sperm are
been successful, except for eastern oyster eggsnilar to those obtained with mammalian species
(Crassostrea virginica) (Tervit et al. 2005), larvae (Tsvetkova et al. 1996). Controlled-rate slow
of eastern oyster (Paniagua-Chavez and Tiersawoling in cryopreservation has been mainly used
2001) and larvae of the sea urchin (Adams et afor fish sperm. Common carp has been studied
2006). using frozen-thawed sperm with 95% fertilization
Cryopreservation technology applied to theand hatching rate.

preservation of fish gametes in aquaculture playSalmonid species spermatozoa have been
an important role in seed production, geneticsuccessfully cryopreserved (Lahnsteiner 2000).
management of broodstock and conservation dinother well studied cryopreserved group is
aquatic resources. Fish germplasm also plays @prinids and some of these cyprinid fishes are
significant role in human genomic studies becauseidely farmed throughout Asia and Europe. A
its relatively small size of the genome makes ifertilization and hatching rate of 95% using the
easier for sequencing and ideal models fofrozen-thawed sperm has been reported for the
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common carp and these results are nathylene (Zhang and Rawson 1996). The chorion
significantly different from fresh sperm (Magyary structure plays a crucial role as flexible filter f

et al. 1996). Tilapias are among the exotidthe transport of some materials (Toshimori and
freshwater fishes that have been successfulljsuzumi 1976) and protects against the
established for fish farming in Taiwan; they havemicroorganisms (Schoots et al. 1982) Studies on
been cryopreserved successfully and produced 48ebra fish embryos have shown that the water
80% motility with cryoprotectant DMSO (Chao et permeability of the plasma membrane at different
al. 1987). The sperm of more than 30 marine fiskhevelopmental stages remained relatively stable.
species have been cryopreserved successfullihe permeability to methanol (cryoprotectant)
(Suquet et al. 2000; Gwo 2000; Van der Straten eippeared to decrease during embryo development
al. 2006). Generally, high survival and fertilizati  (Zhang and Rawson 1998). This also indicated that
capacity has been obtained in frozen-thawethere was a gradual reduction in the permeability
spermatozoa when compared to freshwater specifidlowing the fertilization in zebra fish embryos,
(Drokin 1993; Gwo 2000). as opposed to the generally held belief that the
Successful cryopreservation of the sperm ofmembrane permeability of fish embryos reduced
aquatic invertebrate has been carried out for seapidly to minimum shortly after the fertilization
urchin, oyster, starfish, abalone and coral (Adam@Alderdice 1988).

et al. 2004a; Adams et al. 2004b; Gwo et al. 200Z'he studies on the kinetics of subzero chilling
Hagedorn et al. 2006; Kang et al. 2009). Dimethyinjury in Drosophila embryos (Mazur et al. 1992)
sulfoxide has also been reported as a successhnd chilling sensitivity of zebra fish embryos have
cryoprotectant for sperm cryopreservation; thelemonstrated that chilling injury plays an
concentration range used was 5 to 30% for thesmportant role in reduction of embryo survival
species. Various levels of motility, ranging fromduring the exposure to subzero temperatures
<6% to 95%, have been reported for thgZhang and Rawson 1995; Hagedorn et al. 1997).
cryopreserved aquatic invertebrate sperm (Dun€@hilling sensitivity has been shown for many

and McLachlan 1973). species and has been analyzed in fish embryos,
including brown trout $almo trutta f. fario)
Embryos (Maddock 1974), rainbow troutOficorhynchus

Cryopreservation of embryos has become amykiss) (Haga 1982), carp Gyprinus carpio)
integral part of assisted reproduction. SuccessfiiDinnyes et al. 1998), fathead minnows
cryopreservation of embryos is important becaus@Pimephales promelas) (Cloud et al. 1988),
the biodiversity of both the paternal and maternajoldfish Carassius auratus) (Liu et al. 1993) and
genomes will be preserved. While zebrafish Danio rerio) (Zhang and Rawson 1995;
cryopreservation techniqgues have been largelg¥hang et al. 2003). These studies demonstrated
established for the mammalian embryosthat the later stages (after 50% epiboly) were less
successful cryopreservation of intact fish embryosensitive to chilling, but chilling sensitivity
has not yet been achieved. Factors limiting fislincreased significantly as the temperature fell
embryo cryopreservation include theirbelow zero. The high chilling sensitivity of fish
multicompartmental biological systems, highembryos, especially at early stages, their complex
chilling sensitivity, low membrane permeability membrane structure and large yolk are the main
and their large size, which gives a low surface areobstacles to achieve successful cryopreservation of
to volume ratio (Zhang and Rawson 1995). Thehese embryos (Zhang and Rawson 1996). Chilling
effect of such low ratio is a reduction in the rate injury in embryos has been linked to the inhibition
which water and cryoprotectants can move int@f metabolic and enzymatic processes from low
and out of the embryo during cryopreservationemperatures injuries which could be detrimental
(Mazur 1984). Fish embryos are osmoregulatorsn the embryonic development such as fish
they are released into the external medium aneimbryos (Dinnyes et al. 1998). Cryoprotectant
activated. Then the vitelline envelope separate®xicity follows a similar pattern to chilling
from the plasma membrane and forms choriorsensitivity with later stages being less sensitore
Studies on the chorion permeability of zebra fistcryoprotectant (Zhang et al. 2005; Zhang et al.
embryos clearly showed that it was permeable th993; Liu et al. 1993; Suzuki et al. 1995). Several
electrolytes and a range of cryoprotectantstudies have determined membrane permeability
including propane-1,2-diol, methanol, DMSO,for zebra fish embryos (Zhang and Rawson 1998;
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Hagedorn et al. 199and membrane permeability breakthrough. However, at present, late stage
to water and most cryoprotectants has been showsocytes cannot be successfully cryopreserved
to be low (Zhang and Rawson 1996; Zhang anbiecause their size is still not small enough taltes
Rawson 1998). Studies on the cryopreservation o much lower surface area to volume ratio. These
zebra fish embryos demonstrated 8% embryoeduce the rate at which water and cryoprotectant
survival in 2M methanol at -25 °C; however, nomove into and out of oocytes during the
embryo survival was observed when frozen to -3@ryopreservation. Developing the methods for
°C or below (Zhang et al. 1993). cryopreservation of oocytes requires the screening
Cryopreservation studies on the embryos andf potential cryoprotectant treatments, evaluation
larvae have been conducted on marine invertebraté tolerance to chilling, determination of the
such as oysters, sea urchins, polycheate wormeppropriate rate of freezing to cryogenic
coral and penaeid shrimp species (Liu et al. 200temperatures and rate of thawing. Viability
Gakhova et al. 1988; Lin et al. 1999; Olive andassessment methods of oocytes with trypan blue
Wang 1997; Paniagua-Chavez and Tiersch 200{TB), fluorescein diacetate (FDA) + propidium
Hagedorn et al. 2006; Tsai and Lin 2009)iodide (Pl) and adenosine triphosphate (ATP)
However, survivals of most of these species hasontent assay have been developed for quick
been inadequate in maintaining the structure arassessment of viability (Plachinta et al. 2004;
activity of embryos and larvae after freezing taZampolla et al. 2006; Guan et al. 2008; Tsai et al.
cryogenic temperatures. Embryonic and larvaR008; Tsai et al. 2009; Tsai et al. 2011; Tsai and
development of marine invertebrates aftelin 2012). A functional test based dn vitro
cryopreservation often showed abnormalities imaturation, followed by germinal vesicle
structure and colour (Odintsova et al. 2001). Théreakdown (GVBD) has also been shown effective
problems with invertebrate embryo for late stage Ill oocyte (Plachinta et al. 2004).
cryopreservation associated with those identifiedhe permeability of the zebra fish oocyte
with the fish embryos are their low membranemembrane to water and cryoprotectants has been
permeability and high chilling sensitivity. studied (Zhang et al. 2005) and membrane
Although cryopreservation of the embryos has ngbermeability was shown to decrease with the
been fully achieved, considerable progress hasmperature and permeability was generally lower
been made in understanding the conditionthan those obtained from sea urchin eggs (Adams
required for fish embryo cryopreservation and thit al. 2003) but higher than the immature medaka
would undoubtedly assist the successful protocaocyte (Valdez et al. 2005). Studies on zebra fish

design in the future. oocyte chilling sensitivity showed that those
oocytes were very sensitive to chilling and their
Oocytes survival decreased with decreasing temperature

Oocyte cryopreservation is potentially the besflsayeva et al. 2004). Chilling sensitivity in zabr
way to preserve the female fertility. fish oocytes was thought to be due to lipid phase
Cryopreservation of fish oocyte has been studiettansition of the oocyte membrane (Pearl and Arav
(Isayeva et al. 2004; Plachinta et al. 2004; Zhang8000). The phase transition in zebra fish oocytes
et al. 2005; Guan et al. 2008; Tsai et al. 2009%%howed that chilling injury could occur when
which offers several advantages such as theocytes were exposed to temperatures between 12
smaller sizes range, much lower water content ito 22°C above the water freezing temperatures
oocytes and absence of a fully developed choriofDrobnis et al. 1993; Pearl and Arav 2000).
that the permeability to water and solutes in oecytCryopreservation of late stage zebra fish oocytes
is higher than embryo. Fish embryos are too largkas been studied using the controlled slow cooling
to apply traditional cryopreservation protocol.and an optimum cryoprotective medium and
Immature oocytes can be an alternative for theooling rate identified. Guan et al. (2008) showed
mature eggs because of their smaller sizéhat although the oocyte viability obtained
(Hagedorn et al. 1996). However, there is nommediately after freeze-thawing was relatively
practical technique available to induce the smakligh with 88% using TB staining; oocyte viability
oocyte to maturen vitro. A technique to obtain decreased to 29.5% after 2 h incubation at 22 °C.
the mature eggs from the late stage oocytes iEhe study also showed that the ATP level in the
available. Thus, the combination of this techniqu@ocytes decreased significantly after thawing and
and their cryopreservation could be aall oocytes became translucent. Cryopreservation
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of early stage zebra fish oocytes using théeen cryopreserved successfully, their value is
controlled slow freezing has been reported by Tsdimited because of loss of development potential.
et al. (2009). The results suggested that 4MCryopreservation of blastomeres can maintain the
methanol in KCI buffer was identified as thegenetic diversity of both, nuclear genome and
optimum cryoprotective medium. Although resultsmitochondrial DNA (Nilsson and Cloud, 1992).
obtained after the cryopreservation using trypaBlastomeres from the early embryos of fish still
blue and FDA+PI staining were promising withretain pluripotency (Ho and Kimmel 1993) and
69% and 54%, especially with stage Il ovariartheir cryopreservation may be a promising
follicles, the ADP/ATP ratio assay showed that thepproach to preserve the genotypes of zygotes and
energy system of these follicles had beemeconstitution of the organism. Indeed, there are
compromised. Apparently the ADP/ATP ratioseveral reports of germ-line chimeras created
could be a valuable measure of cellular injuryrafteusing the transplantation of blastomeres into
post-thaw incubation period as it reflected thegoldfish (Yamaha et al. 1997; Kusuda et al. 2004),
metabolic and energy status of population as weflebra fish (Lin et al. 1992), medaka (Hong et al.
as indicating some measure of the potential fot998; Wakamatsu et al. 2001) and rainbow trout
repair. Furthermorejn vitro culture method is (Takeuchi et al. 2001) embryos. Kusuda et al.
effective for assessing early stage zebra fisfe004) transplanted the frozen-thaw blastomeres
oocytes growth competenda vitro. The early into goldfish embryos and the blastomeres
stage zebra fish oocytes can be culturedtro for  differentiated into primordial germ cells. This
24 h, stage | and Il oocytes can grow to the sizegport demonstrated that germ-line cells from the
of early stage Il and stage Il oocytes after hC&ryopreserved blastomeres could develop into
treatment and also can be used for other teleosiature gametes of chimeric fish because the
species (Tsai et al. 2010). blastomeres were not damaged by
Studies on the cryopreservation of invertebrateryopreservation. Therefore, the cryopreservation
oocytes and eggs over the past several decadeshniques are very important.

have been extraordinarily difficult to achieveCryopreservation of blastomeres has been
(Koseoglu et al. 2001; Tsai et al. 2010; Lin et alsuccessful in several fish species. In the first
2011; Lin and Tsai 2012). However, it was foundeported studies, Harvey (1983) used a two-step
that intracellular crystallization occurred in thefreezing procedure, with ice-seeding at -6°C, and
starfish oocytes at relatively high temperature thacooling to -25°C, followed by immersion in liquid
was very close to the temperature of extracellulanitrogen. The survival rate of 84.8% was obtained
ice formation (Koseoglu et al. 2001). In order toafter cryopreservation of 50% epiboly zebra fish
avoid this problem, Hamaratoglu et al. (2005)lastomeres. However, the results obtained from a
successfully cryopreserved starfish oocytes usingery small sample size and freezing rates were not
ultra-rapid freezing technique, called vitrificatio controlled, rather tubes were allowed to equilidrat
High chilling sensitivity (Tsai et al. 2009) andMo in the cooled alcohol baths. Lin et al. (2009)
membrane permeability (Guan et al. 2008) oflemonstrated the effect of cryopreservation on
zebra fish oocytes are major obstacles to theebra fish blastomeres survival using the
development of a successful protocol for theicontrolled slow cooling method. It was shown that
cryopreservation as chilling sensitivity or coldDMSO was the most toxic to zebra fish
shock can hinder slow cooling processesblastomeres. However, DMSO was the best
Vitrification may be another option to achievecryoprotectant in terms of survival of zebra fish

successful cryopreservation for the oocytes. blastomeres. Therefore, it is possible that the
cryoprotective effect of DMSO may be greater
Blastomeres than its toxicity effect. Although the survival eat

Blastomeres are the cells produced as the resultiof Lin’s results progressed from 25% (Kopeika et
cell division and cleavage in the fertilized egg.al. 2005)to 70%, it was still lower than that
They are totipotent and pluripotent (depending olmbtained by using two step methods. The
the stage of embryonic development) having theomparisons between these studies must take into
ability to differentiate into any of the three germconsideration the  different  methodology.
layers or entire organism. They are different fronVitrification of zebra fish blastomeres was studied
the muscle cells, blood cells or nerves cellsmore recently and the highest blastomere survival
Although cultured somatic-cells from fish havewas 93.4% (Cardona-Costa and Garcia-Ximénez
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2007). Cryopreservation of blastomeres was alsAdams ~ SL, Hessian PA,  Mladenov  PV.
carried out in rainbow trout, carp and medaka afte Cryopreservation of sea urchin Evechinus
post-thawing. Rainbow trout blastomeres hav chloroticus) sperm.Cryoletters, 2004; 25(4): 287-

been cryopreserved using the controlled sIO\Aol s SL. Kleinh FW. Miad PV Hessian PA
freezing procedures with a survival of 95% (Caly”¢aMs >t Kieinhans =¥V, Wladenov FV, Fiessian Fa.
Membrane permeability characteristics and osmotic

and Maisse 1998). It 'has been reported that t tolerance limits of sea urchirfEechinus chloroticus)
cqntrolled slow freezing protocol aQOpted for eggs Cryobiolog. 2003; 47: 1-13.

rainbow trout was successfully applied to carjadams SL, Smith JF, Roberts RD, Janke AR, Kaspar
blastomeres with survivals of 94% and 96% (Calw HF, Tervit HR, et al. Cryopreservation of sperm of
and Maisse 1999). Lower survival rates o the Pacific oysterGrassostrea gigas): development
cryopreserved blastomeres using controlled slo of a practical method for commercial spat productio
freezing have also been reported for other fis Aquaculture, 2004; 242: 271-282. o
species such as whiting (20%), medaka (34%Alderd|ce DF. Osmotic and ionic regulation in tedeo
pejerrey  (67%) and chum salmon (59% eggs and larvae. In: Fish Physiology, editor. W.S.

) Hoar, D.J. Randall. Academic Press, San Diego,
(Strussmann et al. 1999; Kusuda et al. 2002). 1988, p. 163-251.

Babiak I, Glogowsky, Brzuska JE, Szumiec J, Adamek

J, Cryopreservation of sperm of common carp
CONCLUSION Cyprinus carpio. Aquaculture Res. 1995; 28: 567-

571.
Cryopreservation of gametes and embryos aBarbazuk WB, Korf I, Kadavi C, Heyen J, Tate S, Wun
already routinely applied in the mammalian E, et al. (2000), The syntenic relationship of the
Cryopreserved sperm, oocytes and embryos a Zebrafish and human genomeZenome Res. 2000;
used for artificial insemination and embryo 10: 1351-1358. I
transfer in the livestock industry. Cryopreservatio 5/2X(€r JHS. Sperm storage and cross-fertilizattn

L . .. . spring and autumn spawning herrirgature. 1953;
also has enormous applications in the artificie 172 1189-1190.

propagation of widely diverse aquatic organismgor 7 Mller T, Bercsényi M, Horvath L, Urbanyi
Sperm and embryonic cells cryopreservaiton hé B Horvath A, Cryopreservation of sperm of two
been successful in a number of teleosts ar European percid species, the pikepercBander
invertebrate species. However, cryopreservation « lucioperca) and the Volga pikeperchs(volgensis).
embryos and oocytes remain a major challeng Acta. Biol. Hung. 2007; 58(2): 199-20.

The practical application of cryopreservation irBrownlie A, Donovan A, Pratt SJ, Paw BH, Oates AC,

the aquatic species needs more vigorous resea Brugnara C, et al. Positional cloning of the zeistaf
efforts in this area and the efforts may be sauternes gene: A model for congential siderolalasti

I : anaeiaNat .Genet, 1998; 20: 244-250.
prioritized on endangered, economical value Al calvi SL, Maisse G. Cryopreservation of rainbowutro

repr_esentatlve SPecies from various  aquat (Oncorhynchus mykiss) blastomeres: Influence of
habitats. Cryopreservation of gametes, embryc embryo stage on postthaw survival rate.

and embryonic cells has become of immense valt  cryobiology. 1998; 36: 255-262.

in aquatic biotechnologies which provide arcalvi SL, Maisse G, Cryopreservation of carp
important tool for protecting the endangerec (Cyprinus carpio) blastomeresAquat. Living Resour.
species, genetic diversity in aquatic species. Tt 1999; 12: 71-74.

establishment of Cryobanks to utilize theCandy CJ, Wood MJ, Whittingham DG, Restoration of

cryopreservation worldwide would be a significan @ normal reproductive lifespan after grafting of

and promising task in the future. cryopreserved mouse ovariddum. Reprod. 2000;
15(6): 1300-1304.

Cardona-Costa J, Garcia-Ximénez F. Vitrification of

zebrafish embryo blastomeres in microvolumes.
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