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Abstract: Interest in reproductively sterile fish in aquaculture has prompted research into their production. Several meth-
ods are available for inducing sterility and optimizing its application in the global fishery industry. Sterilization can poten-
tially be accomplished through irradiation, surgery, or chemical and hormonal treatment. Alternative approaches include
triploidization, hybridization, and generation of new lines via advanced biotechnological techniques. Triploids of many com-
mercially important species have been studied extensively and have been produced on a large scale for many years. Novel
approaches, including disruption of gonadotropin releasing hormone signalling and genetic ablation of germ cells, have been
developed that are effective in producing infertile fish but have the disadvantage of not being 100% reliable or are imprac-
tical for large-scale aquaculture. We review currently used technologies and recent advances in induction of sterility in fish,
especially those intended for use in germ cell transplantation. Knowledge of the implications of these approaches remains
incomplete, imposing considerable limitations.
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Introduction

Culture of commercially important fish species largely
depends on continuous production by breeding in cap-
tivity. A worldwide decline in natural resources calls for
strategies to restore endangered species. According to
the most recent report on global fisheries, the catch
of wild fish has been gradually decreasing for years
(OCED/FAO Agricultural outlook 2011-2020, Chap-
ter 8). The aquaculture industry is exploring efficient
and reliable procedures for fish rearing that might also
apply to species not currently being cultured under arti-
ficial conditions. Biotechnological advances have made
it profitable to induce differentiation and maturation
of functional gametes for production of a number of
artificially cultured fish species (Yamaha et al. 2007).
One approach to optimizing aquaculture production in
an environmentally sustainable way is the rearing of
sterile fish through approaches, such as triploidization,
hybridization, hyperthermia, irradiation, surgery, and
chemical and hormonal treatment (Tashiro 1972; Arai
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et al. 2001; Bartley et al. 2001; Ito et al. 2008a,b; Wong
et al. 2011). Commercial advantages of sterile fish in-
clude increased growth rate, improved flesh quality, dis-
ease resistance, and increased environmental tolerance
(Hallerman & Kapuscinsky 1995; Bartley et al. 2001;
Rahman et al. 2005; Um-E-Kalsoom et al. 2009).

Fish sterilization by surgery was probably the first
approach used. Several authors have shown success-
ful inhibition of gonad development in some teleost
species through surgery and irradiation by X-rays and
~ rays (Bonham & Donaldson 1972; Tashiro 1972; Un-
derwood et al. 1986; Bart & Dunham 1990; Kuchar-
czyk et al. 2008). These procedures may not result
in permanent sterilization, since fish show the abil-
ity to regenerate gonad tissue (Kobayashi & Mogami
1958; Underwood et al. 1986). Recent progress in gen-
erating sterile fish through biotechnological techniques
has led to their use in culture of commercially impor-
tant species. Application of chemicals, such as busul-
fan in conjunction with temperature modifications is
a promising approach to interrupting gonad develop-
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ment (Brinster & Avarbock 1994; Brinster 2002; Lac-
erda et al. 2006). Triploidization is a further biotech-
nological approach to producing sterile fish (Banfey
1999). The induction of triploidy through application
of hydrostatic pressure, elevated temperature, or chem-
ical shock at a critical point after fertilization generally
produces impaired gametogenesis (Hallerman & Kapus-
cinski 1993; Benfey 1999; Sui et al. 2002). The suc-
cess rate of sterility via triploidization varies accord-
ing to species, sex, method of treatment, and egg qual-
ity.

Hybridization is a commonly used method to in-
duce sterility in fish. Apart from other advantages, in-
fertility of hybrid fish provides the potential for uti-
lization as hosts in germ cell transplantation. However,
many hybrids of both freshwater and marine species
may not be fully infertile (Allen & Wattendorf 1987,
Smith 1988; Verdegem et al. 1997). Few studies have
reported using hybridized sterile fish in germ cell trans-
plantation (Yamaha et al. 2003; Wong et al. 2011).

Genetic ablation of germ cells is also effective in
producing sterile fish (Hu et al. 2009; Hsu et al. 2010;
Wong & Collodi 2013), but has disadvantages and re-
sults in sterility of only one generation. It may not
achieve complete sterility.

Creation of sterile fish produced via novel tools
may facilitate the production of a germline chimera for
germ cell transplantation in vitro and its possible use
in commercial aquaculture. This review summarizes the
current commonly-used approaches for generating ster-
ile fish and evaluates methods of inducing sterility for
germ cell transplantation.

Methods of fish sterilization

Thermo-chemical treatment

Recently, thermal treatment alone or in combination
with busulfan has been tested to suppress gametogene-
sis. Exposure of the South American atherinids Argen-
tinian silverside Odontesthes bonariensis and Patago-
nian pejerrey Patagonina hatcheri to water tempera-
ture of 29°C for 1-5 weeks post-hatching was shown to
result in gonad degeneration, apoptosis of somatic and
germ cells, and severe germ cell depletion (Striissmann
et al. 1998; Ito et al. 2008a,b). The application of busul-
fan in association with elevated temperature has shown
success and is a promising approach to eliminating germ
cells (Brinster & Avarbock 1994; Brinster 2002; Lac-
erda et al. 2006, 2008). The use of busulfan to induce
sterilization in fish was first reported by Billard (1982)
in rainbow trout Oncorhynchus mykiss, but attempts
were unsuccessful, possibly due to the water temper-
ature, since fish were reared at their optimal growing
temperature.

Recently, research has been reported on the use of
busulfan in combination with high water temperature
to deplete host germ cells, creating an ideal environ-
ment for transplanted germ cell colonization, prolifer-
ation, and development. Depletion of spermatogenesis
has been obtained with a single busulfan injection of
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Fig. 1. Testis sections of sexually mature of Astyanaz altiparanae.
(a) Control fish (kept at 28 °C): spermatogenic cysts appear nor-
mal with high concentration of spermatocysts (Spc); (b) Fish
kept at 35°C and treated with busulfan: 42 days post-treatment
endogenous spermatogenesis is severely depleted with no sperma-
tocysts and the lumen (L) and interstitium (*) expanded. Arrow
represents sertoli cell.

40 mg/kg fish body weight at temperatures of 25-26 °C
and 35°C in O. bonariensis and zebrafish Danio rerio,
respectively (Majhi et al. 2009a,b; Nobrega et al. 2010).
Lacerda et al. (2010) and de Siqueira-Silva et al. (2015)
obtained similar results with two injections of busul-
fan at 18 mg/kg and 15 mg/kg body weight in Nile
tilapia Oreochromis mniloticus and tetra Astyanaz alti-
paranae, respectively (Fig. 1). Four busulfan injections
(30 mg/kg and 40 mg/kg for females and males, re-
spectively) administered at 26°C to O. hatcheri pro-
duced gonad germ cell degeneration and a sterility rate
of 80-90% (Majhi et al. 2014). Recently, Pacchiarini
et al. (2014) reported transient sterilization of Sene-
galese sole Solea senegalensis with a single busulfan in-
jection of 40 mg/kg. Although these strategies are effec-
tive, some germ cells remained after treatment (Bucci
& Meistrich 1987; Franga et al. 1998) resulting in fish
that were not completely sterile. It should be noted that
busulfan administration may produce sublethal effects
on somatic tissues including pyknosis in liver, and in-
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Table 1. Methods of inducing gonadal sterility in important aquaculture and laboratory model fish species.

Fish Method

Result References

Irradiation of «-ray on eyed
egg

Oncorhynchus mykiss

Oncorhynchus mykiss
Oncorhynchus mykiss Triploidization by tetraploid
X diploid cross

Blocking sGnRH expression
using antisense sGnRH in

transgenic line

Oncorhynchus mykiss

Oncorhynchus mykiss

Hydrostatic shock induced
triploidy

Heat and hydrostatic shock
induced triploidy

Heat and hydrostatic shock
induced triploidy

Dicentrarchus labrax
Oncorhynchus kisutch
Salmo salar
Scophthalmus mazimus
Oreochromis niloticus
Oreochromis niloticus Blocking sGnRH expression
using antisense sGnRH in
transgenic line
Thermo-chemical treatment
(busulfan)

Thermal shock induced
triploidy

Blocking sGnRH expression
using antisense sGnRH in

transgenic line
Intra-specific hybridization

Oreochromis niloticus
Cyprinus carpio

Cyprinus carpio

Ctenopharyngodon idella x Hy-
pophthalmichthys nobilis®

Salmo trutta X Salvelinus
fontinalis®

Oreochromis niloticus X Oreo-
chromis aureus®

Danio rerio

Intra-specific hybridization

Intra-specific hybridization

MOs

Heat shock induced triploidy

Heat shock induced triploidy

Heat shock induced triploidy

Heat shock induced triploidy

Knockdown nanosl gene using Complete female sterility

Sterile Tashiro (1972)
Undeveloped ovarian tissue
Males produced small amount
of aneuploid sperm

No sterility

Solar et al. (1984)
Chourrout et al. (1986)

Uzbekova et al. (2000)
Gonadal sterility in both

sexes
Full sterility

Felip et al. (1999, 2001)
Peruzzi et al. (2004)

Gonad sterility in female and
aneuploid sperm in males

Not fully sterile and unable to
produce viable offspring
Complete sterility in both
sexes

Gonad development retarded
in both sexes

Gonad sterility in female

Withler et al. (1995)
Benfey & Sutterlin (1984b)
Cal et al. (2006)
Byamungu et al. (2001)
Maclean et al. (2003)
Partially gonad sterility in
male

Full gonadal sterility in male

and female
Fully sterile gonad

Lacerda et al. (2010)
Cherfas et al. (1994)
Hu et al. (2007)

Generally sterile, with a small
proportion diploid and fertile

cells
Full gonadal sterility

Allen & Wattendorf (1987)

Scheerer & Thorgaard (1983)
Fertile hybrid Wohlfarth (1994); Verdegem
et al. (1997)

Draper et al. (2007)

@ Crossing between the two organisms.

crease of melanomacrophage centres (Pacchiarini et al.
2014).

Triploidy

Induction of triploidy has been broadly regarded as
an effective method of producing sterile fish for aqua-
culture and fishery management (Benfey 1999; Pifer-
rer et al. 2009; Fraser et al. 2012). Triploidization of
fish can be achieved by the application of hydrostatic
pressure (Benfey et al. 1988; Peruzzi & Chatain 2000;
Xu et al. 2008), cold (Felip et al. 1997; Holmefjord
& Refstie 1997; Piferrer et al. 2000; Piferrer et al.
2003) or heat shock (Rougeot et al. 2003), and chem-
ical treatment (Beaumont & Fairbrother 1991). These
applications are applied for a specific period of time
at a critical point post-fertilization to disrupt the ex-
trusion of the second polar body from the egg dur-
ing meiosis. Triploidy can also be achieved by cross-
ing diploid with tetraploid fish (Francescon et al. 2004;
Nam & Kim 2004). The main outcome of triploidiza-
tion is gonadal sterility, which is of advantage in aqua-
culture, since it results in superior growth and does

not lead to increased incidence of disease or dete-
rioration of flesh organoleptic properties (Thorgaard
1983; Thssen et al. 1990; Benfey 1999; Piferrer et al.
2009).

Triploidization of some commercial species in-
cluding rainbow trout Oncorhynchus mykiss, Atlantic
salmon Salmo salar, and grass carp Ctenopharyngodon
idella has been practiced on a large scale for many years
(Benfey 2001; Piferrer et al. 2009; Zajicek et al. 2011;
Taylor et al. 2013). Induced triploidy is associated with
measurable differences between sexes in the degree of
gonad development, with both male and female remain-
ing sterile and unable to produce viable offspring (Pe-
ruzzi et al. 2009). Functional sterility with no egg pro-
duction has been obtained by triploidization in several
teleost species, including coho salmon Oncorhynchus
kisutch (Benfey & Sutterlin 1984b), tench Tinca tinca
(Flajshans et al. 1997), Eurasian perch Perca fluviatilis
(Rougeot et al. 2003), turbot Scophthalmus mazimus
(Cal et al. 2006), and European sea bass Dicentrarchus
labraz (Felip et al. 2001a; Peruzzi et al. 2004). This
phenomenon exists in a proportion of triploid females,
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as triploidization interferes with the normal pairing of
homologous chromosomes during the initial phase of
meiosis and inhibits further gamete development due
to insufficient production of hormone in the theca and
granulose layers of the ovarian follicles (Schafthauser-
Smith & Benfey 2003). Triploid females produce small
numbers of oogonia and few primary oocytes (John-
stone et al. 1993; Benfey 1999; Devlin & Nagahama
2002). Eggs are undeveloped, unfertilizable, and few in
number (Benfey & Sutterlin 1984b; Piferrer et al. 1994;
Gillet et al. 2001). In contrast, meiosis occurs in males
with the onset of puberty, after spermatogonia have
gone through many rounds of cell division by mitosis.
The testes of triploid males can be developed to a size
similar to those of diploids, with a considerable popu-
lation of fully functional steroidogenic cells (Felip et al.
2001b; Piferrer et al. 2009).

Functional sterility in triploid males has been con-
firmed in several species including European sea bass
(Felip et al. 2001a; Peruzzi et al. 2004), turbot (Cal
et al. 2006), gilthead sea bream Sparus aurata (Haf-
fray et al. 2005), and Arctic charr Salvelinus alpinus
(Gillet et al. 2001). However, some important aquacul-
ture species, including Atlantic salmon (Benfey & Sut-
terlin 1984a), coho salmon (Piferrer et al. 1994), and
tench (Linhart et al. 2006), are capable of producing
small numbers of aneuploid spermatozoa, but these are
unable to generate viable offspring. Induced triploidy
primarily confers genetic sterility, producing competent
hosts for germ cell transplantation by providing an envi-
ronment favourable for germ cell colonization and devel-
opment to produce functional eggs and sperm (Okutsu
et al. 2007; Yoshizaki et al. 2010, 2012).

Hybridization

Hybridization is a reliable approach to improving aqua-
culture production, in which genetically distinct indi-
viduals (intraspecific hybridization) or separate species
(interspecific hybridization) are crossbred. This tech-
nique shows potential in commercial fish production,
because the hybrids retain characteristics of parent
species. Production of hybrid individuals through inter-
specific crosses frequently results in offspring that are
sterile or show reduced reproductive capacity and may
be valuable as hosts for germline production. Sterility
among fish hybrids can be categorized as zygotic, ga-
metic, or gonadal (Chevassus 1983). In zygotic steril-
ity, the gametes are normal in size and structure, and
fertilization takes place, but embryos do not develop.
Gametic sterility is that in which the gonads are nor-
mal in size but impaired with respect to gametogene-
sis. Gonadal sterility is characterized by a reduction in
gonad size. Hybrid offspring of the Japanese medaka
Oryzias latipes and Chinese Hainan medaka Oryzias
curvinotus appear to be healthy and show a more rapid
growth rate than normal, but are sterile (Hamaguchi &
Sakaizumi 1992). The gonads of these hybrids are sex-
ually differentiated but oogenesis and spermatogenesis
are severely impaired. With regard to these character-
istics, a method was recently developed, in which hy-
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brids are used as transplant hosts for the production
of viable offspring (Shimada & Takeda 2008). However,
many hybrids of both freshwater and marine species
may not be sterile (Allen & Wattendorf 1987; Smith
1988; Verdegem et al. 1997). Recently, zebrafish ovar-
ian germ cells were successfully transplanted into the
gonad of a hybrid male zebrafish larva, and cells sub-
sequently colonized and differentiated into functional
spermatozoa (Wong et al. 2011).

Germ cell transplantation using hybrid fish has
been successful in the production of germline chimeras.
Ovarian germ cells transplanted into two-week old ster-
ile hybrid zebrafish larvae successfully colonized the
gonad and differentiated into functional spermatozoa
(Wong et al. 2011). The transplant system described
in that study provides a reliable strategy to produce
germline chimeras through a hybrid recipient. Use of
infertile recipients optimizes the efficiency of germline
chimera production and produces only donor-derived
gametes. Further investigation is needed to evaluate use
of sterile hybrids as hosts in germ cell transplantation.

Knockdown of germline specific genes

Primordial germ cells (PGCs) are the precursor cells of
both female and male gametes. They are initially gener-
ated outside the gonad region and subsequently migrate
to the genital ridges (Sawatari et al. 2007; Saito et al.
2008; Xu et al. 2010). In vertebrates, inheritance of spe-
cific asymmetrically localized cytoplasmic components,
known as germplasm, are known to play an important
role in specification and development of PGCs (Knaut
et al. 2000; Tsunekawa et al. 2000). Many highly con-
served genes are involved. Large numbers of genes are
known to be important for germplasm function in inver-
tebrates, whereas few involved genes have been identi-
fied in vertebrates (Saffman & Lasko 1999; Koprunner
et al. 2001).

Better understanding of the molecular mechanisms
involved in PGCs development in fish requires isolation
and identification of genes that are expressed in these
cells during embryonic development. The first detected
molecular marker for PGCs in fish was the vasa ho-
mologue transcript vas RNA (Yoon et al. 1997), while
other factors, such as ziwi (Houwing et al. 2007), buck-
yball (Bontems et al. 2009), nanos 3 (Koprunner et
al. 2001; Draper et al. 2007; Presslauer et al. 2012),
staufen (Ramasamy et al. 2006), dead end (Weidinger
et al. 2003; Liu et al. 2009), hmgcr (Thorpe et al. 2004),
Igf (Schlueter et al. 2007), and Pik3 (Dumstrei et al.
2004) have been determined to stimulate PGCs forma-
tion and migration. Restriction of genes that are in-
volved in specification and development of PGCs can
be achieved by injection of morpholino oligonucleotide,
providing the appropriate environment for colonization
by transplanted donor PGCs (Ciruna et al. 2002; Saito
et al. 2008). The above mentioned proteins are essen-
tial for normal migration and survival of PGCs, and
embryos lacking the entire complex will develop into
sterile fish.
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Gene knockdown is a technique by which the ex-
pression of one or more of an organism’s genes is sup-
pressed. This can be accomplished by treatment with a
reagent, such as a short DNA or RNA oligonucleotide
that has a complementary sequence to a target gene or
an mRNA transcript (Summerton 2007). In most stud-
ied species, PGC development and migration are con-
trolled by genes and signal pathways (Raz & Reichman-
Fried 2006; Li et al. 2009; Xu et al. 2010). The genes
involved in PGCs development and migration are also
essential for maintaining viable germ cells, and silenc-
ing them has been demonstrated to result in sterility.
Failure of PGCs to properly migrate during embry-
onic development can lead to sterility (Weidinger et al.
2002; Slanchev et al. 2005). Agents that temporarily
suppress the expression of selected genes are commonly
referred to as antisense or gene knockdown agents. To
date, two major gene knockdown agents, small interfer-
ing RNA (siRNA) and morpholino, have been utilized
in fish (Summerton 1999, 2007). Currently, application
of morpholino predominates, due to its stability in bio-
logical systems and highly predictable targeting (Sum-
merston 2007). In zebrafish, a nanos-related gene, nosi,
has been identified as an important germplasm compo-
nent expressed in PGCs (Koprunner et al. 2001). It has
also been shown that the dead end (dnd) gene is local-
ized on PGCs of zebrafish for encoding an RNA-binding
protein. Knockdown of dnd blocks PGCs specification
and results in failure of PGCs to actively migrate (Wei-
dinger et al. 2003).

Morpholino oligonucleotide antisense

Morpholino antisense consists of chemically modified
oligonucleotides (MOs) that are used as tools for reverse
genetics by knocking down gene function (Summerton
1999; Draper et al. 2001). The MOs application reduces
gene expression via steric blocking of pre-mRNA splic-
ing or translation (Galderisi et al. 1999; Summerston
1999; Morcos 2007). The MOs have been employed for
studying the role of genes and disrupting their expres-
sion during fish embryonic development (Ekker & Lar-
son 2001; Shepherd et al. 2001; Boonanuntanasarn et
al. 2002). Although many researchers have used MOs
to assess gene function in fish, few studies have applied
this approach to specifically suppress genes involved in
embryonic PGCs development. Effective gene knock-
down using MOs has been demonstrated in transgenic
rainbow trout and zebrafish, suggesting the value of
investigating this tool in other teleosts, based on its
rate of interference with target genes (Nacevecious &
Ekker 2000; Boonanuntanasarn et al. 2002). Boonanun-
tanasarn et al. (2002) demonstrated that injection of
10 ng of MOs per rainbow trout embryo could effec-
tively interfere with specific genes, while doses of 1-5 ng
were reported to be effective in zebrafish (Nacevecious
& Ekker 2000). Zebrafish PGCs were also ablated by
nosl, which is responsible for the PGCs migration (Ko-
prunner et al. 2001). The dnd silencing has been suc-
cessfully employed to induce sterility without affecting
somatic development (Slanchev et al. 2005; Skugor et
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al. 2014). The larvae of Atlantic cod subjected to dnd
knockdown using MOs injected into two-cell embryos
showed a decrease in vasa, nanos3, and tudor domain
expression (Skugor et al. 2014). Injection of morpholino
into one or two-celled zebrafish embryos produced sim-
ilar results, along with high mortality rate and a va-
riety of phenotypic abnormalities (Daya et al. 2014).
Slightly reduced body length, smaller eyes, curved tail,
and a short underdeveloped trunk, as well as reduced
locomotor activity and impaired muscle integrity, in-
cluding a reduction in the number of muscle fibres were
the main reported effects (Daya et al. 2014). Hence,
the dose required to affect PGCs development must be
adjusted according to species to avoid undesired side ef-
fects. Development of anti-sense knockdown techniques
will allow identification of more genes and the char-
acterization of molecular mechanisms governing PGCs
formation and migration patterns as well as provide
tools for manipulating germline stem cells for research
in reproductive biotechnology for aquaculture applica-
tions.

Small interfering RNA (siRNA)

siRNA is an agent employed to disrupt expression of
maternally inherited mRNA via interference with the
expression of specific with complementary nucleotide
sequences. siRNA functions by causing mRNA to be
broken down after transcription, resulting in no trans-
lation (Summerston 2007). The use of siRNA to silence
gene expression in fish has been studied using small
double-stranded RNAs (dsRNA) and siRNA. Wargelius
et al. (1999), for the first time, injected dsRNAs into ze-
brafish embryos at the one to two-cell stage and found a
small proportion of the embryos to develop gene-specific
defects. Several authors have demonstrated non-specific
effects in fish embryos treated with siRNAs or dsR-
NAs, due either to toxicity (Oates et al. 2000; Zhao
et al. 2001) or type-1 interferon stimulation (Li et al.
2000). The activity of the dnd gene in zebrafish embryos
has been successfully inhibited by injection of siRNA
(Dodd et al. 2004), but fish showed non-specific defects
similar to those seen with dsRNA injection (Gruber et
al. 2005). siRNA shows potential for gene knockdown
in transgenic rainbow trout carrying the green fluores-
cent protein (GFP) gene during embryonic development
by demonstrating that siRNAs can effectively inhibit
the expression of GFP genes in embryos (Boonanun-
tanasarn et al. 2003). The researchers found that siRNA
did not interfere with the expression of non-relevant
genes, indicating gene knockdown effects of siRNAs are
highly sequence-specific.

Transgenic fish

Transgenic sterilization is obtained mainly by targeted
disruption or decrease of genes regulating reproductive
hormones, and the induced sterility can be reversed by
exogenous hormone administration. Reproductive func-
tion can hypothetically be modified by targeting the
gene coding for a crucial reproductive hormone (gene
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knockout) or its specific gene message (gene knock-
down) (Maclean et al. 2003). Gene knockout can be
defined as the recognition and replacement of a genetic
sequence with a copy via homologous recombination. In
this technique, a construct is designed to act on target
genes, rendering fish infertile by disrupting gametoge-
nesis or embryogenesis. Disruption of the gonadotropin
releasing hormone (GnRH) pathway has been achieved
in several fish species by the introduction of a transgene
that encodes antisense RNA that blocks GnRH expres-
sion (Uzbekova et al. 2000; Hu et al. 2007). However,
studies have revealed that a level of GnRH expression
persists in the transgenic fish, resulting in a failure to
induce complete sterility (Uzbekova et al. 2000).

Transgenic sterile fish may also be useful for germ
cell visualization as host, recipient, or a surrogate sys-
tem for germ cell transplantation (Okutsu et al. 2007;
Yoshizaki et al. 2010). Germ cells have been visualized
in transgenic rainbow trout and zebrafish (Yoshizaki
et al. 2000; Hsiao & Tsa 2003). In the transgene rain-
bow trout, GFP labelled PGCs could differentiate into
spermatozoa when introduced into host masu salmon
Oncorhynchus masou (Takeuchi et al. 2002). Steriliza-
tion methods using transgenic fish have been developed,
including disruption of germ cell development in fish
embryos without affecting other characteristics, result-
ing in an otherwise normal sterile fish. The method in-
cludes the production of a transgenic line of zebrafish
carrying a construct, Tg (hsp70:sdfla-nanos3, EGFP),
that can control autocrine expression of stromal-derived
factor-lalpha (Sdfla) by PGCs, a chemokine that has
been identified as the key to PGC migration (Raz &
Reichman-Fried 2006). Activation of hsp70 promoter
required that the embryos be exposed to water temper-
atures of 32.5-34.5°C, which resulted in migration of
the PGCs to ectopic locations, such as tail and head.
These embryos developed into infertile adult fish. When
the transgenic embryos were incubated at 28.5°C, and
when reared in ideal growth conditions, PGCs migra-
tion was normal, and the adult fish showed normal ga-
metogenesis (Wong & Collodi 2013).

Lin et al. (2013) employed Cre-loxP technology,
a system using recombination that facilitates replica-
tion of genomic DNA in bacteriophages developed for
genome manipulation in mammals and in zebrafish.
However, they did not achieve 100% sterility. Qiu et al.
(2014) also knocked out a GFP transgene in medaka
Oryzias latipes by affecting its translation and synthe-
sis using transcription activator-like effector nucleases.
These engineered factors allow targeted gene disrup-
tion, generating genetic alterations in animal genomes.

The prokaryotic CRISPR/Cas9 genome editing
system (Seruggia & Montoliu 2014) is a novel edit-
ing tool that can facilitate genetic modification of most
model organisms, including sterilization of fish. Hruscha
et al. (2013) demonstrated that CRISPR/Cas9 mutage-
nesis in zebrafish can reach 86.0%, and results are her-
itable. The design and generation of this system is less
costly and time consuming than the more commonly
used genome editing zinc-finger nucleases and transcrip-
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tion activator-like effector nucleases, and it also facili-
tated the targeted knock-in of a protein tag provided by
a donor oligonucleotide, demonstrating its specificity.

One of the most important advantages of genome
editing tools is that they avoid toxicity and non-specific
phenotypes caused by off-target effects, as frequently
seen in conventional knock-down approaches (Schmid
& Hass 2013). For sterility without unwanted effects,
transgenesis is a convenient approach, although lack of
strong stem cell lines with chimeric competence makes
gene transfer for integration of a transgene into the host
genome difficult in fish (Chen et al. 2007). Therefore,
while transgenesis is feasible for sterilization in aqua-
culture, its application to germ cell transplantation in
commercial fish species is problematic for reasons in-
cluding the difficulty in producing transgenic fish and
ensuring their physical and biological containment, as
well as consumer attitudes to genetically modified fish.
Further investigations are required to determine the po-
tential of this approach in aquaculture.

Assessment of fish sterility

Gonadosomatic index (GSI)

Several parameters are commonly used to assess effec-
tiveness of methods of fish sterilization. It has been
shown that GSI considerably decreases following expo-
sure to busulfan in conjunction with high water tem-
perature (Mahji et al. 2009a). Assessment of GSI of
P. pejerrey following busulfan plus temperature modi-
fications has shown dose-dependent decreases of GSI in
both sexes (Mahji et al. 2009b). Mahji et al. (2014)
reported similar results in males following heat and
busulfan treatment, but no significant changes were
observed in treated females. In zebrafish, the combi-
nation of high water temperature plus a single dose
of busulfan at 30 or 40 mg/kg body weight induced
progressively decreasing GSI, culminating in over 80%
of the spermatogenic tubules showing Sertoli cell ap-
pearance and total elimination of spermatogonia germ
cells (Nobrega et al. 2010). However, when busulfan
was injected into rainbow trout and tetra at opti-
mal water temperature, GSI was not different from
controls (Bilard 1982; de Siqueira-Silva et al. 2015).
Adult tetra held at 35°C for 6 weeks showed a signif-
icant decrease of GSI, from 3.4 to 0.77, and a reduc-
tion of more than 90% of germ cells in the seminif-
erous tubules (de Siqueira-Silva et al. 2015) (Fig. 2).
Hamasaki et al. (2013) used GSI as a tool to deter-
mine fertility in triploid Takifugu miphobles. Although
the testes and ovaries of triploid and diploid speci-
mens showed similar structure, the GSI of triploids
was significantly lower than that of diploids in both
males and females during the experimental period, at
38% and 42% of diploid levels at 1 and 2 years, re-
spectively. Linhart et al. (2006) showed high but non-
significant difference in GSI of testes of diploid and
triploid tench. Triploid males exhibited obvious sec-
ondary sex characteristics and showed high rates of fer-
tilization.
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Fig. 2. Macroscopic image of testes of Astyanaz altiparanae in control group held at 28°C (a) and busulfan treated fish at 35°C (b),
6 weeks after initiation of treatment. The testes of treated fish were visibly smaller than the control fish testes and were also darker,
due to spermatogenesis suppression. Scale bars indicate 1 cm. These photos were originally taken by Didégenes Henrique Siqueira-Silva

(co-author of the present paper) during his experiment.

Gonad histology

Qualitative and quantitative histological examination
of gonads is a promising tool to determine degree of
germ cell loss and investigate features of germ cell and
gonad degeneration (Mahji et al. 2009a). Stereological
investigation of testes of tilapia showed Leydig cell mor-
phology and volume to be unaffected by busulfan treat-
ment (Lacerda et al. 2006, 2010). However, endogenous
spermatogenesis was considerably depleted, and most
seminiferous tubules of busulfan-treated animals con-
tained Sertoli cells only. Somatic cells were not affected
in medaka Oryzias latipes embryos exposed to busulfan
(Shinomiya et al. 2001). The number of spermatogonia
per unit area of P. pejerrey gonad demonstrated sub-
stantial loss of germ cells in both sexes with busulfan in-
jection (Mahji et al. 2009b). Characteristics of histolog-
ical degeneration of gonad in busulfan-treated male and
female fish have been reported to consist of shrunken
germinal epithelium with small cysts of spermatogonia,
abnormal spermatogonia, minor atrophy of ovigerous
lamella, fewer oocytes, and degenerated oogonia (Mahji
et al. 2009b; Mahji et al. 2014). Thermo-chemical treat-
ment of sub-adults and sexually mature P. pejerrey re-
sulted in severe depletion of germ cells, but not com-

plete sterility (Mahji et al. 2009b). These authors also
observed ulcerations and mortality in busulfan-treated
fish. Several weeks following busulfan treatment, germ
cells were re-established in the gonads, resulting in gen-
eration of functional gametes.

Gonads of O. bonariensis and P. pejerrey exposed
to elevated water temperature have been reported to
show apoptotic somatic and germ cell degeneration
with the dynamics and severity of damage propor-
tional to the magnitude of the thermal stress (Ito et al.
2008a,b). Males were more sensitive to heat stress than
were females (Ito et al. 2008a,b; Striisman et al. 1998).
Pathological alterations of gonads in juvenile Senegalese
sole were detected with 40 mg/kg busulfan, with fe-
males more affected than males in terms of germ cell
disruption (Pacchiarini et al. 2014).

Molecular approaches

Genes involved in gametogenesis can be utilized to mon-
itor the degree of germ cell loss after induction of steril-
ity. In this context, molecular approaches can be use-
ful for assessing the degree of gonadal sterility. In most
species, studies have revealed specific expression of vasa
(an RNA binding protein) in germ cells. Thus, vasa
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can be considered a candidate for identifying germ cells
(Wu et al. 2014). Vasa isoforms have been identified in
species including zebrafish (Yoon et al. 1997), tilapia
(Kobayashi et al. 2002), Senegalese sole (Pacchiarini et
al. 2013), and Japanese flounder Paralichthys olivaceus
(Wu et al. 2014). A similar pattern has been found for
germ cell genes, such as boule and dazl in medaka O.
latipes (Xu et al. 2009) and dazl in rainbow trout (Li
et al. 2011). Transcripts of Ssvasal-2 and Ssvasa3-4
genes have been characterized in immature gonads of
juvenile Senegalese sole (Pacchiarini et al. 2013). Vasa
transcript in O. hatcheri examined by in situ hybridiza-
tion and real-time PCR revealed the lowest level to be
associated with the highest dose of busulfan. Histologi-
cal findings were corroborated by real-time PCR, anal-
ysis, and showed that vasa transcript levels were lower
at higher busulfan doses (Mahji et al. 2009a; Mahji et
al. 2014). In zebrafish, the expression of germ cell spe-
cific genes including piwill and sycp3l showed signifi-
cant decrease in busulfan-treated animals (Nobrega et
al. 2010).

Alterations in specific genes were also noted by
quantitative PCR (qPCR) analyses of germ cells in
both sexes of juvenile Senegalese sole after treatment
with busulfan (Pacchiarini et al. 2014). The ¢PCR re-
sults showed no significant differences between expres-
sion of Ssvasal-2 and Ssvasa3-4 transcripts in the testis
of busulfan-treated juveniles compared with a control
group. In females, a significant decrease in the expres-
sion of theSsvasa3-4 was found in treated individuals
compared with controls (Pacchiarini et al. 2014). The
qPCR analysis of two-celled Atlantic cod embryos, in
which dnd knockdown was induced using MOs, revealed
decreased wvasa, nanos3, and tudor mRNA expression
(Skugor et al. 2014). Microarray analyses indicated pro-
found suppression of genes involved in development and
regulation of the reproductive system (Skugor et al.
2014).

Conclusion

Sterilization in aquaculture has been considered a chal-
lenge due to strong selection pressure for the reversion
to fertility. In aquaculture, if sterility is the sole aim,
the practicable approaches are limited to triploidy and
transgenics. Gene knockdown approaches are not feasi-
ble, as many methods are still in the preliminary stages
of evaluation and not available for commercial applica-
tion. While production of sterile fish is possible, there is
no assurance of sterility using these complex methods
in large-scale aquaculture operations. Strategies to reli-
ably produce sterility can be useful for conservation of
genetic stock of endangered and valuable species. Fur-
ther studies are needed to determine the full potential
of the range of available methods in aquaculture.
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