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Abstract

The development of sperm cryopreservation has enabled transcendental changes

to occur in the reproductive biotechnology of both mammals and fish; it has

become a basic tool for animal improvement. Nevertheless, these protocols cause

damage to cell structure and physiology, altering sperm functioning due to cryo-

injuries during freezing and thawing. However, studies of the effects on the struc-

tural, functional and genomic stability of the mitochondria in fish spermatozoa

during cryopreservation are still lacking. The object of this review was to analyse

the effect of cryopreservation on mitochondrial metabolic pathways in fish sper-

matozoa. This effect is related with the bioenergy mechanism for flagellar move-

ment during the activation of sperm motility. In teleost fish, the mitochondria

may be cylindrical, spherical or irregular in shape and adhere in a helicoidal or

conical pattern to the middle piece. The salmonidae have only a single mitochon-

drion, but this may vary in other species; the mitochondria provide the flagellum

with energy during sperm motility, when sperm respiration is essential. The

effects of cryopreservation can induce structural damage to the mitochondria,

altering the biochemical process involved in ATP production and thus causing a

reduction in sperm motility. Fragmentation damage to nuclear DNA and diminu-

tion in sperm motility is mainly associated with damage to the structure and

metabolic functioning of the mitochondrion. A direct correlation exists between

the mitochondrial membrane potential (transmembrane integrity, ΔΨm) and the

motility and fertilizing capacity of the cryopreserved spermatozoa, confirming

that this organelle is the energy nucleus of the spermatozoon and that the cessa-

tion or prolongation of motility and successful fertilization depend on the avail-

ability of ATP in the spermatozoa. Further works are need to incorporate

biotechnology studies, at cell and molecular level, of the possible effects of cryop-

reservation on mitochondrial DNA, enzymatic or metabolic modifications of the

citric acid cycle, and the oxidative phosphorylation process in the inner mem-

brane, as well as studies of the mitochondrial ultrastructure. Thus, mitochondrial

dynamics could be established as a potential target for therapeutic strategies.

Key words: ATP, cryodamage, fish spermatozoa, mitochondrion, motility.

Introduction

Sperm cryopreservation techniques are widely used in the

reproductive management of mammals and fish for both

productive and scientific purposes (Merino et al. 2011; Fig-

ueroa et al. 2013). However, despite the growing success of

cryopreservation, these techniques cause extensive lethal

and sublethal cryodamage to cells. Studies on cryo-injury

mechanisms have investigated damage to a wide range of

cell structures, showing that cryopreservation implies

important cellular and biochemical changes, such as

enzyme inactivation, ion alteration and oxidative stress

© 2015 Wiley Publishing Asia Pty Ltd 1

Reviews in Aquaculture (2015) 0, 1–12 doi: 10.1111/raq.12105



(Fahy 1986; Carpenter & Crowe 1988; Alvarez & Storey

1992; Gao et al. 1997; Labb�e et al. 2001; P�erez-Cerezales

et al. 2010; Merino et al. 2011; Figueroa et al. 2013). How-

ever, few investigations have concentrated on the effects of

cryopreservation on the structural, functional and genetic

stability of the mitochondria in fish spermatozoa (Table 1).

Mitochondria are organelles found in the great majority

of eukaryotic cells. They play a fundamental role in cell

metabolism and in ATP production through oxidative

phosphorylation (Devenish et al. 2008). However, this pro-

cess also is related with oxidative stress produced by a vari-

ety of reactive oxygen species (ROS), including the

superoxide (SO) anion, hydrogen peroxide (HP) and nitric

oxide. However, when ROS production exceeds the sperm’s

limited antioxidant defences, a state of oxidative stress is

induced, characterized by peroxidative damage to the

sperm plasma membrane and DNA associated with patho-

physiological events such as ageing and apoptosis in vitro

(De Iuliis et al. 2009; Aitken et al. 2010; Lahnsteiner &

Mansour 2010; Guthrie & Welch 2012).

In mammals and fish, the mitochondrion presents only

one intermembrane compartment between the outer and

inner membranes, and a mitochondrial matrix characteris-

tic of this type of cell (Lahnsteiner & Patzner 2008). The

most specialized zones of this compartment are the inner

membrane, where oxidative phosphorylation occurs, and

the cytoplasmic matrix, where multiple enzymes are orga-

nized into structural and functional subunits. These pro-

teins play an important role in various metabolic pathways

necessary for the physiological development of the cell

(Mattei 1991; Sickmann et al. 2003; Pagliarini et al. 2008).

The sperm mitochondria present species-dependent

morphological differences, for example they present oval

form in the case of the spermatozoa of humans, rhesus

monkeys, dogs and other mammals (Gallon et al. 2006;

Piomboni et al. 2012). On the other hand, in fish they may

be cylindrical, spherical or irregular – as in the case of On-

corhynchus mykiss, Salvelinus fontinalis, Thymallus thymal-

lus, etc. (Lahnsteiner & Patzner 2008). The size and

number of mitochondria will depend on the bioenergy

Table 1 Physiological parameters evaluated in the mitochondria of cryopreserved fish sperm

Species Physiological

Parameters

Category References

Oncorhynchus mykiss Mitochondrial

ultrastructure

Damage to the membranes Billard (1983)

Micropogonias undulatus Gwo and Arnold (1992)

Thymallus thymallus Lahnsteiner et al. (1992)

Oncorhynchus mykiss Lahnsteiner et al. (1996)

Macrozoarces americanus Loss of membrane Yao (2000)

Paralichthys olivaceus Damage in the midpiece Zhang et al. (2003)

Jun et al. (2006)

Oncorhynchus mykiss Mytochondrial integrity Alterations in potential

of membrane

De Baulny et al. (1997)

Silurus glanis De Baulny et al. (1999)

Oreochromis niloticus Segovia et al. (2000)

Morone saxatilis He and Woods (2004)

Sparus aurata Cabrita et al. (2005)

Oncorhynchus mykiss Merino et al. (2011)

Figueroa et al. (2013)

Salmo salar Figueroa et al. (2015)

Clarias gariepinus Mitochondrial

dynamics

Alterations in cellular

respiration and bioenergy

Moal et al. (1989)

Cyprinus carpio Perchec et al. (1995)

Acipenser fulvescens Ciereszko et al. (1996)

Oncorhynchus mykiss Lahnsteiner et al. (1996)

Oncorhynchus mykiss De Baulny et al. (1997)

Clarias gariepinus Mansour et al. (2003)

Sparus aurata Cabrita et al. (2005)

Perca fluviatilis Boryshpolets et al. (2009)

Sparus aurata DNA Integrity Damage to mitochondrial

and nuclear genes

Cart�on-Garc�ıa et al. (2012)

Sparus aurata Cart�on-Garc�ıa et al. (2013)

Oncorhynchus mykiss Gonz�alez-Rojo et al. (2014)
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requirements of the species. Furthermore, mitochondria

contain their own DNA (mtDNA), which encodes proteins

necessary for the production of messenger RNA, ribosomal

RNA (rRNA) and transfer RNA (tRNA), which in turn sus-

tain the cell’s internal metabolism (Piomboni et al. 2012).

In mammalian spermatozoa, the mitochondria are

located exclusively in the middle piece of the flagellum,

around the axoneme, and are closely associated due to the

formation of a mitochondrial capsule with multiple disul-

phide bridges (Calvin et al. 1981; Ursini et al. 1999). Sperm

mitochondria, unlike somatic mitochondria, possess speci-

fic isoforms of proteins and isoenzymes, such as cyto-

chrome c (Goldberg et al. 1977; Hess et al. 1993), subunit

VI b of cytochrome c oxidase (CCO) (H€uttemann et al.

2003), lactate dehydrogenase (LDH-X or LDH-C4) (Blanco

& Zinkham 1963; Goldberg 1963) and pyruvate-E1 decar-

boxylase (Gerez de Burgos et al. 1994). In teleost fish, such

as Salmoninae, Coregoninae, Thymallinae and Blennidae,

the mitochondrial complex may adhere to the middle piece

in a helicoidal or conical pattern, or it may be contained in

invaginations towards the nucleus of the sperm head, or

free in the middle piece (Fig. 1). Mitochondrial complex is

composed of a variable number of mitochondria. In salmo-

nids, for example, either one mitochondrion or one pair of

mitochondria supplies the flagellum with energy during

sperm motility (Lahnsteiner et al. 2000; Lahnsteiner &

Patzner 2008; Figueroa et al. 2013).

The mitochondria play a fundamental role in ATP pro-

duction through oxidative phosphorylation (OXPHOS).

Mitochondria use multiple carbon fuels to produce ATP

and its metabolites, including pyruvate, which is generated

from glycolysis; amino acids such as glutamine; and fatty

acids. These carbon fuels feed into the tricarboxylic acid

cycle in the mitochondrial matrix to generate the reducing

equivalents NADH and FADH2, which deliver their elec-

trons to the electron transport chain (Piomboni et al.

2012). At the same time, the mitochondria are actively

involved in other processes, such as the generation of free

radicals, apoptosis and calcium signalling. Furthermore,

the mitochondria play a fundamental role in the mecha-

nism for the activation of flagellar movement during sperm

motility (Guthrie & Welch 2012).

Oxidative phosphorylation inside sperm mitochondria

requires the coordinated functioning of the two principal

components, the respiratory chain and ATP synthase, both

located in the inner membrane of the mitochondrion

(Brown 2008). The respiratory chain uses the free energy

released during this process by the generation of an electro-

chemical proton (H+) gradient across the mitochondrial

inner membrane; ATP synthase uses this proton gradient to

synthesize ATP, thus generating the bioenergy necessary for

the activation of sperm motility (Brown 2008; Cosson

2012a; Piomboni et al. 2012).

Possible alterations to the structural, functional and

genetic mechanisms of the mitochondria due to cryo-injury

during cryopreservation, known as cryodamage, have not

been studied in detail in the mitochondria of fish sperma-

tozoa, and their relation with motility and fertilizing capac-

ity is not yet understood. The supply of sufficient energy

for flagellar movement, in the form of ATP, is fundamental

for fertilization. The scope of this work is to propose an

updated view of the effects of cryopreservation on mito-

chondrial functioning in fish spermatozoa, thus providing

guidance for future research in the field of mitochondrial

bioenergy in cryopreserved spermatozoa.

General effects of cryopreservation

Spermatozoa of many mammal species have been success-

fully cryopreserved for many years (Isachenko et al. 2004).

In situations of impaired male fertility, sperm storage will

provide the necessary time for a reasonable amount of

sperm to be obtained for successful artificial insemination

or in vitro fertilization. Nevertheless, because of the damage

associated with freezing, the motility of cryopreserved sper-

nu

fl

nu

fl

nu

fl

Thymallinae Coregoninae Salmoninae

Figure 1 Schematic reconstruction and scanning electron microscopy

of types of spermatozoa in salmonid fishes. dc: distal centriole; fl: flagel-

lum; hr: head region; mi: mitochondrium; mp: midpiece; nu: nucleus;

pc: proximal centriole; rc: ring of cytoskeletal filaments; tr: tail region

(extracted and modified, Lahnsteiner & Patzner 2008).
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matozoa after thawing is statistically reduced with respect

to prefreezing motility; this factor shows wide interindivid-

ual variability (Thurston et al. 2002). Sperm quality may

also be affected by the subsequent slow-thawing process,

which induces further cell damage (Mazur et al. 1981).

Furthermore, the addition and removal of osmotically

active cryoprotective agents during freezing and thawing

can induce lethal mechanical stress (Perez-Sanchez et al.

1994).

The integrity of mammalian sperm DNA is of prime

importance for the paternal genetic contribution to normal

offspring. Damaged DNA can have a significant negative

impact on oocyte fertilization, embryo development rate

and live-birth rate. A significant correlation between the

presence of nuclear DNA alterations in mature spermato-

zoa and poor sperm parameters or impaired reproductive

efficiency is reported in both humans and animals (Ron-el

et al. 1991). To date, studies in mammals have shown that

the cryopreservation process causes DNA damage to

human (Royere et al. 1988, 1991; Donnelly et al. 2001),

boar (Fraser & Strzezek 2004), ram (Peris et al. 2004) and

mouse sperm (Yildiz et al. 2007).

The primary problem in the cryopreservation of mouse

sperm cells is that they become very sensitive to cold and

osmotic effects (Critser & Mobraten 2000). Significant loss

of sperm motility and plasma membrane integrity during

cryopreservation affects sperm functioning in mice (Nishi-

zono et al. 2004). In human sperm on the other hand, the

motility, plasma membrane integrity and mitochondrial

function are not significantly affected by cooling and

warming during cryopreservation (Henry et al. 1993). In

general, there is extensive evidence to suggest that the main

causes of alterations to sperm physiology after cryopreser-

vation are related with a reduction in motility, as well as

alterations to metabolic pathways and enzyme activity in

the cells and seminal plasma. Cryopreservation in the fish

species Nibea albiflora has been shown to cause a decline in

the percentage of motile sperm, and the fertilizing capacity

of post-thaw sperm was significantly lower than that of

fresh sperm. Following cryopreservation, the activities of

total ATPase, creatine kinase, succinate dehydrogenase,

LDH, superoxide dismutase (SOD), catalase and glu-

tathione peroxidase (GPx) activities increased in seminal

plasma and decreased in spermatozoa, while glutathione

reductase (GR) activity varied inversely, falling in seminal

plasma and increasing in spermatozoa (Huang et al. 2014).

This process can also affect the mitochondria, which are

the main source of energy for sperm.

Characteristics of mitochondria

Mitochondria are cell organelles with a double membrane

and their own mitochondrial DNA. The double membrane

structure allows the inner membrane to project towards the

centre of the mitochondrion, the matrix, producing

contoured folds called mitochondrial crests, where ATP is

produced. The number and morphology of the crests

change constantly inside the mitochondria, reflecting cell

response to energy demands (Scheffler 1999). In addition to

changes in the number and morphology of the crests, the

mitochondria may be subject to fission and fusion events

within the cell (Bereiter-Hahn & Voth 1994). These fission

and fusion events are probably proliferation mechanisms in

response to the energy demands of the cell (Brown 2008).

Mitochondrial DNA is unique among cell organelles

and is found in multiple copies within each mitochon-

drion. Multiple individual copies of the mitochondrial

genome are found in DNA groups known as nucleoids,

with each mitochondrion containing multiple nucleoids

(Jacobs et al. 2000). This unique structure of the mito-

chondrion goes back to its origins. Mitochondria are

thought to have originated from a symbiotic relationship

between a host prokaryote and an alpha proteobac-

terium or proto-mitochondrion (Andersson et al. 2003;

Dyall et al. 2004) which was able to capture oxygen

(Kurland & Andersson 2000; Gabaldon & Huynen 2003)

or was a facultative producer of anaerobic hydrogen

(Martin et al. 2001). This relationship marked the first

cooperative stages of eukaryotic life. The benefits of this

symbiosis led to energy production through the process

of OXPHOS in almost all cells. Over time, this symbio-

sis converted the proto-mitochondria into an inclusion

in the cytoplasmic organelle system of the host. As part

of this inclusion process, mitochondrial genes whose

functions were duplicated in the two symbionts were

transferred to the nuclear genome or lost completely

(Gray et al. 1999; Timmis et al. 2004). This transference

and loss of mitochondrial genes have continued to the

point where there is only one noncoding zone in the

sequence of the mitochondrial genome of vertebrates.

This zone is responsible for initiating replication of the

genome, tRNA and rRNA coding sequences, and genes

responsible for OXPHOS which are unable to pass

through the mitochondrial membranes. This reduction

in genome size amount has been translated into the

conversion of mitochondrial genomes into a model of

efficiency for the superimposition of coding sequences,

between the heavy and light strands of various genes,

and a complete lack of introns.

The origins of this symbiosis also explain the circular

nature observed for mtDNA, and the use of an independent

genetic code for the production of mitochondrial polypep-

tides (Barrell et al. 1979). The mitochondrial genome of a

vertebrate generally presents a single, noncoding control

region (D-loop) responsible for initiating replication.

Moreover, the coding regions of 13 polypeptides, 22 tRNA,
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two rRNA and one light initiation chain for short-sequence

replication are contained in the typical structure of circular

DNA (Attardi 1985; Brown 2008).

The 13 encoded mitochondrial polypeptides present

in vertebrate genomes are used exclusively for ATP

production by oxidative phosphorylation. These polypep-

tides include seven NADH components for complex I,

cytochrome b for complex III, cytochrome oxidase, sub-

units of complex IV and two ATPase subunits of complex

V (Fig. 2) (Brown 2008).

Mitochondrial physiology

The mitochondria have a physiological requirement for an

integral, impermeable inner membrane to maintain the

proton concentration potentials in the intermembrane

space, thus ensuring sufficient supply of substrates for vari-

ous metabolic events which occur inside or outside the

mitochondrion (Pagliarini & Rutter 2013).

Inside the mitochondria, the oxidative metabolism of

glucides, fats and proteins is frequently divided into three

stages: in the first stage, the catabolic pathways of amino

acids (e.g. oxidative deamination), the beta oxidation of

fatty acids, and glycolysis give rise to two-carbon molecules

of acetyl-CoA; the second stage comprises the citric acid

cycle, which depends on the formation of malate and

acetyl-CoA; and the third stage is that of oxidative phos-

phorylation, in which the reductive power of the NADH

and FADH2 generated is used for the synthesis of ATP or

metabolic bioenergy (Brown 2008).

Mitochondria are intracellular energy-producing units

found in almost all cells. Thousands of these organelles can

be found in a single living cell, depending on its type and

function (Brown 2008); they are responsible for producing

ATP, through the OXPHOS process, thus providing energy

for cell activities, including the Na+/K+ ATPase pump,

endocytosis, protein synthesis and many other cell

processes. Each mitochondrion is an autonomous, energy-

producing unit with an inner and an outer membrane.

ATP is produced through a process of electron transfer

between the five enzyme complexes included in the inner

membrane of the mitochondrion (Chan 2006). The first

two complexes, NADH dehydrogenase and succinate dehy-

drogenase (complexes I and II, respectively), receive NADH

and succinate electrons independently, which they transfer

to the Q coenzyme, resulting in the formation of ubiquinol

(Fig. 2). The ubiquinol then transfers electrons to the bc1
complex (complex III). The transfer of electrons to com-

plex III leads to the formation of cytochrome c, which then

cedes its electrons to the CCO of complex IV. Complex IV

is produced as a result on conclusion of the transfer of elec-

trons to the molecular oxygen and the formation of water

(H2O) (Fig 2). Electron transfer results from hydrogen ions

(H+) being pumped from complexes I, III and IV of the

mitochondrial inner membrane to the intermembrane

space, where the H+ ions are stored. This ion transfer

results in the establishment of a pH gradient and an electri-

cal potential across the inner mitochondrial membrane.

This potential difference allows the protons to flow back by

virtue of the gradient by means of an enzyme, in a process

known as chemiosmosis (Pagliarini & Rutter 2013). This

concentration gradient is used by a fifth enzyme complex,

ATP synthase (complex V), to combine adenosine diphos-

phate (ADP) and inorganic phosphate to form ATP

(Brown 2008), through the integrated functioning of the

five complexes (Fig. 2).

MITOCHONDRIAL INNER MEMBRANE

COMPLEX I COMPLEX II COMPLEX III COMPLEX IV

Rotenone

NADH + H+

4H+

SuccinateNAD+ Fumarate

Q

- Antymicin A
- Myxothiazol

Cyt c

½ O2 + 2H+ H2O

F0 ATP-SYNTHASE

- Cyanide 
- Azide
- Carbon monoxide Oligomycin

2H+

INTERMEMBRANE SPACE

ADP+ Pi ATP

MATRIX

Figure 2 The oxidative phosphorylation process in the mitochondrial inner membrane. The principal protein complexes inserted in the membrane (I,

II, III and IV) are shown; their function is the formation of protons (H+) in the intermembrane space. ATP synthase produces ATP by mobilizing protons

to the mitochondrial matrix by energy difference (F0 – F1). Mitochondrial respiration inhibitors cytochrome c and coenzyme.
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Oxidative phosphorylation is an important part of meta-

bolism, producing ROS such as superoxide (O��
2 ), hydroxyl

radical (•OH), hydrogen peroxide (H2O2), hypohalous

acids (HOX, where X = Cl�, Br �, I� or SCN�), nitric
oxide (NO•) and peroxynitrite (ONOO�). These molecules

are highly disruptive to cellular function, and an increase in

ROS production contributes significantly to several dis-

eases, including some that may compromise reproduction

and fertility. The mitochondrial antioxidant enzymes that

effect these metabolic pathways, such as SOD, catalase, GPx

and GR, have been studied to evaluate the possible effects

in the form of alterations in cell bioenergy and respiration

(Halliwell & Gutteridge 1989; Agarwal & Allamaneni 2004;

Guthrie et al. 2012).

General characteristics of sperm motility in fish

Motility is the condition which enables the spermatozoon

to reach the oocyte in order to fertilize it successfully, and

has been considered to be one of the principal variables of

sperm quality in fish (Rurangwa et al. 2004), as it is an

integrated quality variable, combining various cell compo-

nents responsible for the activation and sustainability of

the motility and progressive movement of the spermato-

zoon (Bobe & Labb�e 2010). Fish spermatozoa, unlike those

of mammals, are immobile before ejaculation; the osmo-

larity and ion content of the aquatic medium are central

factors in activating motility (Figueroa et al. 2014). The

mechanisms involved in activating sperm motility are con-

sidered to be of vital importance in regulating processes

such as artificial fertilization and cryopreservation. In fish

with external fertilization, the activation of sperm motility

is triggered by ionic changes (K+ and Ca+2) producing

reduced osmolality in freshwater species and increased

osmolality in saltwater species (Morisawa et al. 1999; Cos-

son 2010; Dzyuba & Cosson 2014). This, combined with

variations in the concentration of intracellular ATP, leads

to a possible general scheme which may explain how

changes in the internal ionic concentration occurring in

response to external osmolality could control fish sperm

motility (Fig. 3). These changes occur when the spermato-

zoa come into contact with water after their release during

the reproduction process (Linhart et al. 2002; Cosson

2012b). Furthermore, various glycoproteins have been

Fresh water SeawaterSalmonids 

[K+]

Ac va on   of mo lity

[K+]

Isomo c

Seminal fluid

SMIF/HSAP

Clupea pallasiO. nilo cus

[SPP]

[SPP]

[Ca+2]i

Hypotonic Hypertonic  

Tes cle

Aqua c medium

Adenylyl cyclase ac ve 

Proteins kinase ac ve 

[cAMP] 

Proteins phosphoryla on

[ATP]i
IC

[ATP]i

Figure 3 General model of sperm activation in salmonids and other freshwater and marine fish species. The spermatozoa are immobile in the semi-

nal fluid (testicle), an isosmotic medium, and presence of specific proteins (SPP: seminal plasma protein fraction that motility inhibited). Motility activa-

tion occurs (aquatic medium) at a low potassium concentration in salmonids, and in other species in response to a reduction (freshwater species) or

increase (marine species) in the osmolality of the medium, and presence of specific proteins secreted by the oocyte (SMIF: sperm motility initiation fac-

tor/HSAP: herring sperm activating protein). Overall changes intracellular (IC) occurring in fish sperm activation are by the modification of the osmolal-

ity of the external medium that lead to the activation cascade of molecular events that increase the concentration of cAMP and intracellular Ca+2. The

rise of internal ionic concentration reaches values where dynein-ATPase activity is optimal, and consequently, motility is at high velocity. Later, the

ATP content becomes lower because the renewal by mitochondrial phosphorylation is too slow; this combines with a further decrease in internal ionic

concentration to values where the dynein activity stops, and therefore, flagellar waves are fully arrested several minutes later (extracted and modified,

Cosson 2004; and Figueroa et al. 2014).
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reported to be motility activators. These proteins are syn-

thesized in the follicular cells and transferred to the outer

layer of the mature oocyte; during reproduction, they

reach sperm receptors in the plasma membrane, inducing

intracellular signalling pathways and loss of membrane

integrity (Fig. 3) (Oda et al. 1998).

Motility is one of the parameters most frequently used to

assess semen quality after cryopreservation and generally

presents a positive correlation with fertilizing capacity.

Effects of cryopreservation on mitochondrial
functioning

Two types of damage may be caused to the mitochon-

drial membrane potential during cryopreservation, which

may affect the spermatozoa motility: direct damage to

the DNA or alterations to the inner or outer membrane;

and indirect damage provoked by the fragmentation of

nuclear DNA, on which the mitochondrion depends for

certain proteins which are not coded by its genome

(Kurland & Andersson 2000). During cryopreservation of

the spermatozoa of some fish, for example Polyo-

don spathula, damage occurred to nuclear DNA, leading

to a marked reduction in sperm motility post-thawing,

apparently caused by the unsuitable osmolality of the

diluent and the concentration of the cryoprotector (Li

et al. 2008; Dzyuba et al. 2013).

In work by Irvine et al. (2000), it was observed that

semen with a high level of DNA damage presented low

motility and velocity. It is possible that the DNA affected in

these cases may be nuclear DNA, which is related to mito-

chondrial function. In most animal cells, only the mito-

chondria contain coding DNA for the aerobic cell

respiration proteins which trigger ATP production.

Although these relations between DNA, mitochondrial

function and sperm motility have not been fully explained,

some authors assert that, apart from the fragmentation

damage caused to nuclear DNA, the diminution in sperm

motility must be associated also with damage to the struc-

ture and metabolic functioning of the mitochondrion

(Perchec et al. 1995; Zilli et al. 2014) (Table 1). Figueroa

et al. (2013) show experimentally that a direct correlation

exists between the mitochondrial potential and the motility

and fertilizing capacity of the cryopreserved spermatozoa,

confirming that this organelle is the energy pivot of the

spermatozoon and that the cessation or prolongation of

motility and successful fertilization depend on the availabil-

ity of ATP in the spermatozoa (Fraser & Strzezek 2007;

Bondarenko et al. 2013).

Damage to the genome would hinder the replication and

transcription of mitochondrial or nuclear target genes and

would consequently impair efficient synthesis of key pro-

teins for energy production. This in turn would lead to a

diminution of sperm motility; however, in some cases this

damage might be repaired by DNA repair systems in the

oocyte. Damage to the proteome translates into interrup-

tion of the phosphorylation cascade and enzyme activation,

affecting the flagellar movement and fertilizing capacity of

the spermatozoon.

Interventions with antioxidants

Spermatozoa are protected by various antioxidants and

antioxidant enzymes, found in the seminal plasma or in the

spermatozoa itself, which prevent oxidative damage (Kim

& Parthasarathy 1998; Lahnsteiner & Mansour 2010; Li

et al. 2010; Shaliutina et al. 2013; Dzyuba et al. 2014). An

antioxidant that reduces oxidative stress and improves

sperm motility could be useful in cryopreservation proto-

cols (Lahnsteiner et al. 2011; Gazo et al. 2014). Antioxi-

dants are the agents which break the oxidative chain

reaction, thereby reducing oxidative stress (Mart�ınez-

P�aramo et al. 2013; Shaliutina-Kole�sov�a et al. 2014).

Recent studies demonstrate that supplementation of cryop-

reservation extenders with antioxidants provides a cryopro-

tective effect on bull, ram, goat, boar, canine, human and

fish sperm quality, thus improving semen parameters such

as sperm motility, membrane integrity and ΔΨm after thaw-

ing (Bucak et al. 2010; Cabrita et al. 2011; Mart�ınez-

P�aramo et al. 2012; Figueroa et al. 2015; Viveiros et al.

2015).

With the rapid development of sperm cryopreservation,

some researches have been conducted on antioxidant sup-

plementation in vitro to improve techniques for sperm stor-

age and cryopreservation (Cabrita et al. 2011; Hagedorn

et al. 2012; Gadea et al. 2013). However, the effect of each

antioxidant was species specific (Cabrita et al. 2011) and

depended on the type of molecule and concentration used

for each species. In the case of ROS-derived damage, the

cascade of lipid peroxidation (LPO) in the sperm mem-

brane has been shown to correlate with decreased sperm

motility and membrane damage (Storey 1997; Liu et al.

2015). Lipid peroxidation probably promoted sperm mem-

brane alterations, which could be avoided by the use of an

antioxidant (Peris et al. 2007). A great variety of antioxi-

dant substances, including vitamins, enzymes, trehalose,

taurine and other free radical scavengers, have been used in

sperm cryopreservation (Pena et al. 2003; Hagedorn et al.

2012; Gadea et al. 2013). Vitamin E (antioxidant) may

directly quench free radicals such as peroxyl and alkoxyl

(ROO•) generated during ferrous ascorbate-induced LPO

and is therefore suggested as a major chain-breaking

antioxidant (Bansal & Bilaspuri 2009; Mart�ınez-P�aramo

et al. 2012). In the case of attenuation of mitochondrial

ROS sources, the use of flavonoids and derived compounds

such as lycopene and resveratrol has shown to be efficient
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in reducing DNA damage, maintaining mitochondrial

activity. However, the bioavailability of these compounds is

questionable in other models of oxidative damage (Bucak

et al. 2015). Moreover, the mechanism of the protective

effect of antioxidants in fish sperm is not yet fully

understood. Further studies are required to obtain more

information on the mechanism of these antioxidant

scavenging ROS and how the normal structure and

function of the sperm are maintained.

Supplementation with these antioxidants prior to cryop-

reservation may be recommended to as a way of enhancing

sperm cryopreservation for the fish breeding industry (Cab-

rita et al. 2011).

Perspectives

This review will allow to support the mechanistic bases for

carrying out studies oriented towards gaining an under-

standing of the effects of cryopreservation on the mito-

chondrial physiology of fish spermatozoa. Currently, there

are few studies that investigate possible alterations in the

mitochondria of fish spermatozoa as a result of cryodam-

age. Further work will enable researchers to incorporate

biotechnology oriented towards cell and molecular-level

studies of the possible effects of cryopreservation on mito-

chondrial DNA, enzymatic or metabolic modifications of

the citric acid cycle, and the oxidative phosphorylation pro-

cess in the inner membrane, as well as studies of the ultra-

structure of the mitochondrion. All this knowledge is

necessary in order to optimize the design of pharmacologi-

cal targets that may help to mitigate this type of damage.

Development and progress in this area of research will con-

tribute to scientific knowledge and provide standardized

tools to ensure successful use of cryopreserved fish sperma-

tozoa in the salmon-farming industry and aquaculture in

general.

Acknowledgements

The authors are most grateful for support provided by

FONDECYT N�1151315 (JGF), FONDEF D10I1064 (IV),

CONICYT Grants for PhD studies in Chile (EF, ABZ and

CAF), and DIUFRO Grant DI15-2018 (JGF).

References

Agarwal A, Allamaneni SS (2004) Role of free radicals in female

reproductive diseases and assisted reproduction. Reproductive

BioMedicine Online 9: 338–347.
Aitken RJ, De Iuliis GN, Finnie JM, Hedges A, McLachlan RI

(2010) Analysis of the relationships between oxidative stress,

DNA damage and sperm vitality in a patient population:

development of diagnostic criteria. Human Reproduction 25:

2415–2426.
Alvarez JG, Storey BT (1992) Evidence for increased lipid perox-

idative damage and loss of superoxide dismutase activity as a

mode of sublethal cryodamage to human sperm during cryop-

reservation. Journal of Andrology 13: 232–241.
Andersson G, Karlberg O, Canback B, Kurland C (2003) On the

origin of mitochondria: a genomics perspective. Philosophical

Transactions of the Royal Society of London. Series B, Biological

Sciences 358: 165–179.
Attardi G (1985) Animal mitochondrial DNA: an extreme exam-

ple of genetic economy. International Review of Cytology 93:

93–145.
Bansal AK, Bilaspuri GS (2009) Antioxidant effect of vitamin E

on motility, viability and lipid peroxidation of cattle sperma-

tozoa under oxidative stress. Animal Science Papers and

Reports 27 (1): 5–14.
Barrell BG, Bankier AT, Drouin J (1979) A different genetic code

in human mitochondria. Nature 282: 189–194.
Bereiter-Hahn J, Voth M (1994) Dynamics of mitochondria in

living cells: shape changes, dislocations, fusion, and fission of

mitochondria.Microscopy Research and Technique 27: 198–219.
Billard R (1983) Ultrastructure of trout spermatozoa: changes

after dilution and deep-freezing. Cell and Tissue Research 228:

205–218.
Blanco A, Zinkham WH (1963) Lactate dehydrogenases in

human testes. Science 139: 601–602.
Bobe J, Labb�e C (2010) Egg and sperm quality in fish. General

and Comparative Endocrinology 165: 535–548.
Bondarenko O, Dzyuba B, Cosson J, Yamaner G, Prokopchuk G,

Psenicka M et al. (2013) Volume changes during the motility

period of fish spermatozoa: inter-specific differences. Theri-

ogenology 79: 872–881.
Boryshpolets S, Dzyuba B, Stejskal V, Linhart O (2009) Dynam-

ics of ATP and movement in Eurasian perch (Perca fluviatilis

L.) sperm in conditions of decreasing osmolality. Theriogenol-

ogy 72: 851–859.
Brown KH (2008) Fish mitochondrial genomics: sequence,

inheritance and functional variation. Journal of Fish Biology

72: 355–374.
Bucak MN, Sarı€ozkan S, Tuncer PB, Sakin F, Ates�s�ahin A,

Kulaksız R et al. (2010) The effect of antioxidants on

post-thawed Angora goat (Capra hircus ancryrensis) sperm

parameters, lipid peroxidation and antioxidant activities.

Small Ruminant Research 89 (1): 24–30.
Bucak MN, Ataman MB, Bas�pınar N, Uysal O, Tas�pınar M,

Bilgili A et al. (2014) Lycopene and resveratrol

improve post-thaw bull sperm parameters: sperm motility,

mitochondrial activity and DNA integrity. Andrologia 47(5):

545–552.
Cabrita E, Robles V, Rebordinos L, Sarasquete C, Herr�aez MP

(2005) Evaluation of DNA damage in rainbow trout

(Oncorhynchus mykiss) and gilthead sea bream (Sparus

aurata) cryopreserved sperm. Cryobiology 50: 144–153.

Reviews in Aquaculture (2015) 0, 1–12

© 2015 Wiley Publishing Asia Pty Ltd8

E. Figueroa et al.



Cabrita E, Ma S, Diogo P, Mart�ınez-P�aramo S, Sarasquete S,

Dinis MT (2011) The influence of certain aminoacids and

vitamins on frozen-thawed fish sperm motility, viability and

DNA fragmentation. Animal Reproduction Science 125 (1):

189–195.
Calvin HI, Cooper GW, Wallace E (1981) Evidence that sele-

nium in rat sperm is associated with a cystein-rich structural

protein of the mitochondrial capsule. Gamete Research 4:

139–149.
Carpenter JF, Crowe JH (1988) The mechanism of cryoprotec-

tion of proteins by solutes. Cryobiology 25: 244–255.
Cart�on-Garc�ıa F, Riesco MF, Cabrita E, Mart�ınez-Pastor F,

Herr�aez MP, Robles V (2012) 75. Quantification of DNA

damage on specific sequences after gilthead sea bream sperm

cryopreservation. Cryobiology 65: 363.

Cart�on-Garc�ıa F, Riesco M, Cabrita E, Herr�aez MP, Robles V

(2013) Quantification of lesions in nuclear and mitochondrial

genes of Sparus aurata cryopreserved sperm. Aquaculture

402–403: 106–112.
Chan D (2006) Mitochondrial fusion and fission in mammals.

Annual Review of Cell and Developmental Biology 22: 79–99.
Ciereszko A, Toth GP, Christ SA, Dabrowskila K (1996) Effect of

cryopreservation and theophylline on motility characteristics

of lake sturgeon (Acipenser fulvescens) spermatozoa. Theri-

ogenology 45: 665–672.
Cosson J (2004) The ionic and osmotic factors controlling

motility of fish spermatozoa. Aquaculture International 12:

69–85.
Cosson J (2010) Frenetic activation of fish spermatozoa flagella

entails short-term motility, portending their precocious deca-

dence. Journal of Fish Biology 76: 240–279.
Cosson J (2012a) ATP, the sperm movement energizer. In: Kues-

tler E, Traugott G (eds) Adenosine Triphosphate: Chemical

Properties, Biosynthesis and Functions in Cells, pp. 1–46. Nova
Publisher Inc, USA. ISBN 978-1-62417-890-0.

Cosson J (2012b) Fish spermatozoa motility: physical, and

bio-energetic interactions with their surrounding media. In:

Morisawa M. (ed.) Sperm Cell Research in the 21st Century:

Historical Discoveries to New Horizons, pp. 152–156. Adthree
Publisher Co, Japan. ISBN 978-4-9044419-37-3.

Critser JK, Mobraten LE (2000) Cryopreservation of murine

spermatozoa. ILAR Journal 41: 4.

De Baulny BO, Levern Y, Kerboeuf D, Maisse G (1997) Flow

cytometric evaluation of mitochondrial activity and mem-

brane integrity in fresh and cryopreserved rainbow trout

(Oncorhynchus mykiss) spermatozoa. Cryobiology 34: 141–149.
De Baulny BO, Labb�e C, Maisse G (1999) Membrane integrity,

mitochondrial activity, ATP content, and motility of the

European catfish (Silurus glanis) testicular spermatozoa after

freezing with different cryoprotectants. Cryobiology 39:

177–184.
De Iuliis GN, Newey RJ, King BV, Aitken RJ (2009) Mobile

phone radiation induces reactive oxygen species production

and DNA damage in human spermatozoa in vitro. PLoS One

4 (7): e6446.

Devenish RJ, Prescott M, Rodgers AJ (2008) The structure and

function of mitochondrial F1Fo-ATP synthases. International

Review of Cell and Molecular Biology 267: 1–58.
Donnelly ET, McClure N, Lewis SE (2001) Cryopreservation

of human semen and prepared sperm: effects on motility

parameters and DNA integrity. Fertility and Sterility 76:

892–900.
Dyall SD, Brown MT, Johnson PJ (2004) Ancient invasions:

from endosymbionts to organelles. Science 304: 253–257.
Dzyuba V, Cosson J (2014) Motility of fish spermatozoa: from

external signaling to flagella response. Reproductive Biology 14:

165–175.
Dzyuba B, Cosson J, Yamaner G, Bondarenko O, Rodina M,

Gela D et al. (2013) Hypotonic treatment prior to freezing

improves cryoresistance of common carp (Cyprinus carpio L.)

spermatozoa. Cryobiology 66: 192–194.
Dzyuba V, Dzyuba B, Cosson J, Boryshpolets S, Rodina M,

Yamaner G et al. (2014) The antioxidant system of sterlet

seminal fluid in testes and Wolffian ducts. Fish Physiology and

Biochemistry 40: 1731–1739.
Fahy GM (1986) The relevance of cryoprotectant “toxicity” to

cryobiology. Cryobiology 23 (1): 1–13.
Figueroa E, Risopatr�on J, S�anchez R, Isachenko E, Merino O,

Valdebenito I et al. (2013) Sperm vitrification of sex-reversed

rainbow trout (Oncorhynchus mykiss): effect of seminal

plasma on physiological parameters. Aquaculture 372–375:

119–126.
Figueroa E, Valdebenito I, Farias JG (2014) Technologies used in

the study of sperm function in cryopreserved fish spermato-

zoa. Aquaculture Research, 1–15. DOI:10.1111/are.12630

Figueroa E, Merino O, Risopatr�on J, Isachenko V, S�anchez R,

Effer B et al. (2015) Effect of seminal plasma on Atlantic sal-

mon (Salmo salar) sperm vitrification. Theriogenology 83:

238–245.
Fraser L, Strzezek J (2004) The use of comet assay to assess DNA

integrity of boar spermatozoa following liquid preservation at

5 and 16 °C. Folia Histochemica et Cytobiologica 42: 49–55.
Fraser L, Strzezek J (2007) Effect of different procedures of ejac-

ulate collection, extenders and packages on DNA integrity of

boar spermatozoa following freezing-thawing. Animal Repro-

duction Science 99: 317–329.
Gabaldon T, Huynen MA (2003) Reconstruction of the proto-

mitochondrial metabolism. Science 301: 609.

Gadea J, Gumbao D, G�omez-Gim�enez B, Gard�on JC (2013) Sup-

plementation of the thawing medium with reduced glu-

tathione improves function of frozen-thawed goat sperm.

Reproductive Biology 13 (1): 24–33.
Gallon F, Marchetti C, Jouy N, Marchetti P (2006) The func-

tionality of mitochondria differentiates human spermatozoa

with high and low fertilizing capability. Fertility and Sterility

86: 1526–1530.
Gao D, Mazur P, Critser J (1997) Fundamental cryobiology of

mammalian spermatozoa. In: Karow AM, Critser JK (eds)

Reproductive Tissue Banking Scientific Principles, pp. 263–328.
Academic Press, New York.

Reviews in Aquaculture (2015) 0, 1–12

© 2015 Wiley Publishing Asia Pty Ltd 9

Cryopreservation of fish spermatozoa

http://dx.doi.org/10.1111/are.12630


Gazo I, Shaliutina-Kole�sov�a A, Dietrich MA, Linhartova P, Cos-

son J (2014) The effect of reactive oxygen species on motility

parameters, DNA integrity, tyrosine phosphorylation and

phosphatase activity of common carp (Cyprinus carpio L.)

spermatozoa. Molecular Reproduction and Development 82:

48–57.
Gerez de Burgos NM, Gallina F, Burgos C, Blanco A (1994)

Effect of L-malate on pyruvate dehydrogenase activity of

spermatozoa. Archives of Biochemistry and Biophysics 308:

520–524.
Goldberg E (1963) Lactic and malic dehydrogenases in human

spermatozoa. Science 139: 602–603.
Goldberg E, Sberna D, Wheat TE, Urbanski GJ, Margoliash E

(1977) Cytochrome c: immunofluorescent localization of the

testis-specific form. Science 196: 1010–1012.
Gonz�alez-Rojo S, Fern�andez-D�ıez C, Guerra SM, Robles V, Her-

raez MP (2014) Differential gene susceptibility to sperm DNA

damage: analysis of developmental key genes in trout. PLoS

One 9: e114161.

Gray MW, Burger G, Lang BF (1999) Mitochondrial evolution.

Science 283: 1476–1481.
Guthrie HD, Welch GR (2012) Effects of reactive oxygen species

on sperm function. Theriogenology 78: 1700–1708.
Gwo JC, Arnold CR (1992) Cryopreservation of Atlantic croaker

spermatozoa: evaluation of morphological changes. Journal of

Experimental Zoology 264: 444–453.
Hagedorn M, McCarthy M, Carter VL, Meyers SA (2012) Oxida-

tive stress in zebrafish (Danio rerio) sperm. PLoS One 7: e39397.

Halliwell B, Gutteridge JMC (1989) Free radicals in biology and

medicine. In: Halliwell B, Gutteridge JMC (eds) Second Edi-

tion Oxford, pp. 1–20. Clarendon, Oxford

He S, Woods LC (2004) Effects of dimethyl sulfoxide and glycine

on cryopreservation induced damage of plasma membranes

and mitochondria to striped bass (Morone saxatilis) sperm.

Cryobiology 48: 254–262.
Henry MA, Noiles EE, Gao D, Mazur P, Critser JK (1993) Cry-

opreservation of human spermatozoa. IV. The effects of cool-

ing rate and warming rate on the maintenance of motility,

plasma membrane integrity, and mitochondrial function. Fer-

tility and Sterility 60: 911–918.
Hess RA, Miller LA, Kirby JD, Margoliash E, Goldberg E (1993)

Immunoelectron microscopic localization of testicular and

somatic cytochromes c in the seminiferous epithelium of the

rat. Biology of Reproduction 48: 1299–1308.
Huang X, Zhuang P, Zhang L, Zhao F, Liu J, Feng G et al.

(2014) Effects of cryopreservation on motility characteristics

and enzyme activity of sperm in a Chinese fish Nibea albiflora.

Cryo Letters 35: 267–276.
H€uttemann M, Jaradat S, Grossman LI (2003) Cytochrome c

oxidase of mammals contains a testes-specific isoform of sub-

unit VIb – the counterpart to testes-specific cytochrome c?

Molecular Reproduction and Development 66: 8–16.
Irvine DS, Twigg JP, Gordon EL, Fulton N, Milne PA, Aitken RJ

(2000) DNA integrity in human spermatozoa: relationships

with semen quality. Journal of Andrology 21 (1): 33–44.

Isachenko V, Isachenko E, Katkov II, Montag M, Dessole S,

Nawroth F et al. (2004) Cryoprotectant-free cryopreservation

of human spermatozoa by vitrification and freezing in vapor:

effect on motility, DNA integrity, and fertilization ability.

Biology of Reproduction 71: 1167–1173.
Jacobs HT, Lehtinen SK, Spelbrink JN (2000) No sex please,

we’re mitochondria: a hypothesis on the somatic unit of

inheritance of mammalian mtDNA. BioEssays 22: 564–572.
Jun L, Quinghua L, Shicui Z (2006) Evaluation of the damage in

fish spermatozoa cryopreservation. Chinese Journal of

Oceanology and Limnology 24: 370–377.
Kim JG, Parthasarathy S (1998) Oxidation and the spermatozoa.

Seminars in Reproductive Endocrinology 16: 235–239.
Kurland C, Andersson S (2000) Origin and evolution of the

mitochondrial proteome. Microbiology and Molecular Biology

Reviews 64: 786–820.
Labb�e C, Martoriati A, Devaux A, Maisse G (2001) Effect of

sperm cryopreservation on sperm DNA stability and progeny

development in rainbow trout. Molecular Reproduction and

Development 60: 397–404.
Lahnsteiner F, Mansour NA (2010) A comparative study on

antioxidant systems in semen of species of the Percidae, Sal-

monidae, Cyprinidae, and Lotidae for improving semen stor-

age techniques. Aquaculture 307: 130–140.
Lahnsteiner F, Patzner R (2008) Sperm morphology and ultra-

structure in fish. In: Alavi SMH, Cosson J, Coward K, Rafiee

G (eds) Fish Spermatology, pp. 215–239. Alpha Science Ltd,

Oxford.

Lahnsteiner F, Weismann T, Patzner RA (1992) Fine structural

changes in spermatozoa of the grayling, Thymallus thymallus

(Pisces: Teleostei), during routine cryopreservation. Aquacul-

ture 103: 73–84.
Lahnsteiner F, Berger F, Weismann T, Patzner R (1996) The

influence of various cryoprotectants on semen quality of the

rainbow trout (Oncorhynchus mykiss) before and after cryop-

reservation. Journal of Applied Ichthyology 12: 99–106.
Lahnsteiner F, Mansour N, Kunz F (2011) The effect of antioxi-

dants on the quality of cryopreserved semen in two salmonid

fish, the brook trout (Salvelinus fontinalis) and the rainbow

trout (Oncorhynchus mykiss). Theriogenology 76: 882–890.
Li P, Wei Q, Liu l (2008) DNA integrity of Polyodon spathula

cryopreserved sperm. Journal of Applied Ichthyology 24:

121–125.
Li P, Li ZH, Dzyuba B, Hulak M, Rodina M, Linhart O

(2010) Evaluating the impacts of osmotic and oxidative

stress on common carp (Cyprinus carpio, L.) sperm caused

by cryopreservation techniques. Biology of Reproduction 83:

852–858.
Linhart O, Cosson J, Mims Sd, Shelton Wl, Rodina M (2002)

Effects of ions on the motility of fresh and demembranated

paddlefish (Polyodon spathula) spermatozoa. Reproduction

124: 713–719.
Liu Q, Wang X, Wang W, Zhang X, Xu S, Ma D et al. (2015)

Effect of the addition of six antioxidants on sperm motility,

membrane integrity and mitochondrial function in red seab-

Reviews in Aquaculture (2015) 0, 1–12

© 2015 Wiley Publishing Asia Pty Ltd10

E. Figueroa et al.



ream (Pagrus major) sperm cryopreservation. Fish Physiology

and Biochemistry 41: 413–422.
Mansour N, Lahnsteiner F, Berger B (2003) Metabolism of

intratesticular spermatozoa of tropical teleost fish

(Clarias gariepinus). Comparative Biochemistry and Physiol-

ogy Part B: Biochemistry and Molecular Biology 135: 285–
296.

Martin W, Hoffmeister M, Rotte C, Henze K (2001) An over-

view of endosymbiotic models for the origins of eukaryotes,

their ATP-producing organelles (mitochondria and

hydrogenosomes), and their heterotrophic lifestyle. Biological

Chemistry 382: 1521–1539.
Mart�ınez-P�aramo S, Diogo P, Dinis MT, Herr�aez MP, Saras-

quete C, Cabrita E (2012) Incorporation of ascorbic acid and

a-tocopherol to the extender media to enhance antioxidant

system of cryopreserved seabass sperm. Theriogenology 77:

1129–1136.
Mart�ınez-P�aramo S, Diogo P, Dinis MT, Soares F, Sarasquete

C, Cabrita E (2013) Effect of two sulfur-containing amino

acids, taurine and hypotaurine in European sea bass

(Dicentrarchus labrax) sperm cryopreservation. Cryobiology

66: 333–338.
Mattei X (1991) Spermatozoon ultrastructure and its systematic

implications in fishes. Canadian Journal of Zoology 69: 3038–
3055.

Mazur P, Rall WF, Rigopoulos N (1981) Relative contribution

of the fraction of unfrozen water and of salt concentration to

the survival of slowly frozen human erythrocytes. Biophysical

Journal 36: 653–675.
Merino O, Risopatr�on J, S�anchez R, Isachenko E, Figueroa E,

Valdebenito I et al. (2011) Fish (Oncorhynchus mykiss) sper-

matozoa cryoprotectant-free vitrification: stability of mito-

chondrion as criterion of effectiveness. Animal Reproduction

Science 124: 125–131.
Moal J, Le Coz JR, Samain JF, Daniel JY (1989) Nucleotides in

bivalves: extraction and analysis by high performance liquid

chromatography (HPLC). Comparative Biochemistry and

Physiology Part B 93: 2.

Morisawa M, Oda S, Yoshida M, Takai H (1999) Transmem-

brane signal transduction for the regulation of sperm motility

in fi shes and ascidians. In: Gagnon C (ed.) The Male Gamete

from Basic Science to Clinical Applications, pp. 149–160. Cache
River Press, Vienna.

Nishizono H, Shioda M, Takeo T, Irie T, Nakagata N (2004)

Decrease of fertilizing ability of mouse spermatozoa after

freezing and thawing is related to cellular injury. Biology of

Reproduction 71: 973–978.
Oda S, Igarashi Y, Manaka K, Koibuchi N, Sakai-Sawada W,

Sakai S (1998) Sperm-activating proteins obtained from

the herring eggs are homologous to trypsin inhibitors and

synthesized in follicle cells. Developmental Biology 204:

55–63.
Pagliarini DJ, Rutter J (2013) Hallmarks of a new era in mito-

chondrial biochemistry. Genes and Development 27: 2615–
2627.

Pagliarini DJ, Calvo SE, Chang B, Sheth SA, Vafai SB, Ong S

(2008) A mitochondrial protein compendium elucidates com-

plex I disease biology. Cell 134: 112–123.
Pena FJ, Johannisson A, Wallgren M, Rodriguez Martinez H

(2003) Antioxidant supplementation in vitro improves boar

sperm motility and mitochondrial membrane potential after

cryopreservation of different fractions of the ejaculate. Animal

Reproduction Science 78 (1): 85–98.
Perchec G, Jeulin C, Cosson J, Andr�e F, Billard R (1995) Rela-

tionship between sperm ATP content and motility of carp

spermatozoa. Journal of Cell Science 108: 747–753.
P�erez-Cerezales S, Mart�ınez-P�aramo S, Beir~ao J, Herr�aez MP

(2010) Evaluation of DNA damage as a quality marker for

rainbow trout sperm cryopreservation and use of LDL as cry-

oprotectant. Theriogenology 74: 282–289.
Perez-Sanchez F, Cooper TG, Yeung CH, Nieschlag E (1994) Im-

provement in quality of cryopreserved spermatozoa by swim-up

before freezing. International Journal of Andrology 17: 115–120.
Peris SI, Morrier A, Dufour M, Bailey JL (2004) Cryopreserva-

tion of ram semen facilitates sperm DNA damage: relation-

ship between sperm andrological parameters and the sperm

chromatin structure assay. Journal of Andrology 25: 224–233.
Peris SI, Bilodeau JF, Dufour M, Bailey JL (2007) Impact of cry-

opreservation and reactive oxygen species on DNA integrity,

lipid peroxidation, and functional parameters in ram sperm.

Molecular Reproduction and Development 74: 878–892.
Piomboni P, Focarelli R, Stendardi A, Ferramosca A, Zara V

(2012) The role of mitochondria in energy production for

human sperm motility. International Journal of Andrology 35:

109–124.
Ron-el R, Nachum H, Herman A, Golan A, Caspi E, Soffer Y

(1991) Delayed fertilization and poor embryonic development

associated with impaired semen quality. Fertility and Sterility

55: 338–344.
Royere D, Hamamah S, Nicolle JC, Barthelemy C, Lansac

J (1988) Freezing and thawing alter chromatin stability of

ejaculated human spermatozoa: fluorescence acridine orange

staining and Feulgen-DNA cytophotometric studies. Gamete

Research 21: 51–57.
Royere D, Hamamah S, Nicolle JC, Lansac J (1991) Chromatin

alterations induced by freezing-thawing influence the fertiliz-

ing ability of human sperm. International Journal of Andrology

14: 328–332.
Rurangwa E, Kime DE, Ollevier F, Nash JP (2004) The measure-

ment of sperm motility and factors affecting sperm quality in

cultured fish. Aquaculture 234: 1–28.
Scheffler I (1999)Mitochondria. Wiley-Liss, New York, NY.

Segovia M, Jenkins JA, Paniagua-Chavez C, Tiersch TR (2000)

Flow cytometric evaluation of antibiotic effects on viability

and mitochondrial, function of refrigerated spermatozoa of

Nile tilapia. Theriogenology 53: 1489–1499.
Shaliutina A, Gazo I, Cosson J, Linhart O (2013) Comparison of

oxidant and antioxidant status of seminal plasma and sperma-

tozoa of several fish species. Czech Journal of Animal Science

58: 313–320.

Reviews in Aquaculture (2015) 0, 1–12

© 2015 Wiley Publishing Asia Pty Ltd 11

Cryopreservation of fish spermatozoa



Shaliutina-Kole�sov�a A, Gazo I, Cosson J, Linhart O (2014)

Protection of common carp (Cyprinus carpio L.) spermato-

zoa motility under oxidative stress by antioxidants and sem-

inal plasma. Fish Physiology and Biochemistry 40: 1771–
1781.

Sickmann A, Reinders J, Wagner Y, Joppich C, Zahedi R, Meyer

H (2003) The proteome of Saccharomyces cerevisiae

mitochondria. Proceedings of the National Academy of Sciences

USA 100: 13207–13212.
Storey BT (1997) Biochemistry of the induction and prevention

of lipoperoxidative damage in human sperm. Molecular

Human Reproduction 3: 203–213.
Thurston LM, Siggins K, Mileham AJ, Watson PF, Holt WV

(2002) Identification of amplified restriction fragment length

polymorphism markers linked to genes controlling boar

sperm viability following cryopreservation. Biology of Repro-

duction 66: 545–554.
Timmis JN, Ayliffe MA, Huang CY, Martin W (2004) Endosym-

biotic gene transfer: organelle genomes forge eukaryotic chro-

mosomes. Nature Reviews Genetics 5: 123–135.
Ursini F, Heim S, Kiess M, Maiorino M, Roveri A, Wissing J

et al. (1999) Dual function of the selenoprotein PHGPx

during sperm maturation. Science 285: 1393–1396.

Viveiros ATM, Nascimento AF, Leal MC, Gonc�alves ACS, Orf~ao
LH, Cosson J (2015) Methyl glycol, methanol and DMSO

effects on post-thaw motility, velocities, membrane integrity

and mitochondrial function of Brycon orbignyanus and

Prochilodus lineatus (Characiformes) sperm. Fish Physiology

and Biochemistry 41: 193–201.
Yao Z (2000) Motility, fertility and ultrastructural changes of

ocean pout (Macrozoarces americanus L.) sperm after cryop-

reservation. Aquaculture 181: 361–375.
Yildiz C, Ottaviani P, Law N, Ayearst R, Liu L, McKerlie C

(2007) Effects of cryopreservation on sperm quality,

nuclear DNA integrity, in vitro fertilization, and in vitro

embryo development in the mouse. Reproduction 133:

585–595.
Zhang YZ, Zhang SC, Liu XZ, Xu YY, Wang CL, Sawant MS

et al. (2003) Cryopreservation of flounder (Paralichthys oli-

vaceus) sperm with a practical methodology. Theriogenology

60: 989–996.
Zilli L, Beirao J, Schiavone R, Herraez MP, Gnoni A, Vilella S

(2014) Comparative proteome analysis of cryopreserved flag-

ella and head plasma membrane proteins from sea bream

spermatozoa: effect of antifreeze proteins. PLoS One 9 (6):

e99992.

Reviews in Aquaculture (2015) 0, 1–12

© 2015 Wiley Publishing Asia Pty Ltd12

E. Figueroa et al.


