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1. Introduction

Rainbow trout (Oncorhynchus mykiss Walbaum,
1792) is one of the most important salmonid fish
species in global aquaculture, with an annual
production of about 800 000 t (FAO 2016). All-female
stocks of rainbow trout are preferred in aquaculture
because, compared to males, females gain weight
faster and mature later. Sexual maturation observed
in rainbow trout within the second year of rearing
significantly reduces the growth rate and causes
a deterioration of fillet quality. The production of
sterile specimens is therefore highly required in
the case of this species and triploid individuals are
increasingly frequently produced under aquaculture
conditions (Poontawee et al. 2007; Piferrer et al. 2009;
Aussanasuwannakul et al. 2011; Lefevre al. 2015).

The term ‘triploidy’ describes the condition
in which somatic cells of an individual contain
three sets of chromosomes. In a few fish species,
including goldfish  (Carassius auratus Linnaeus,
1758), Prussian carp (Carassius gibelio Bloch, 1782),
spined loach (Cobitis taeinia Linnaeus, 1758), natural
diploid-polyploid complexes have been described
(Zhou et al. 2000; Janko et al. 2007; Juchno and Boron
2006; Xiao et al. 2011). In such cases, triploid females
are fertile and can reproduce gynogenetically with
non-reduced triploid eggs. In the Iberian minnow
(Squalius alburnoides Steindachner, 1866) and pond
loach (Misgurnus anguillicaudatus Cantor, 1842),
allotriploid (containing three sets of chromosomes
that are derived from different species) females
produce haploid, diploid or triploid eggs (Zhang &
Arai 1999; Alves et al 2004; Morishima et al 2004). On
the other hand, spontaneous autopolyploidy has been
reported in several fish species, including California
roach Hesperoleucus symmetricus Baird & Girard,
1854 (Gold & Avise 1976), rainbow trout (Thorgaard
& Gall 1979; Ocalewicz & Dobosz 2009), nurse shark
Ginglymostoma cirratum Bonnaterre, 1788 (Kendall
et al. 1994) and pond loach (Zhang & Arai 1999).
Such a condition may occur as a result of impaired
gametogenesis caused by cytogenetic changes during
meiosis, including pre-meiotic endoduplication of
a set of chromosomes, suppression of the first or
second meiotic division (Cherfas et al 1995), and/or
lack of disjunction of mitotic chromosomes during
the first embryo cell cleavage. Suppression of the
second meiotic division was observed in poor-quality
post-ovulatory ageing oocytes (Aegerter & Jalabert
2004; Flajshans et al. 2007). Triploid individuals can be
obtained by mating tetraploid and diploid individuals,
as reported in pond loach (Arai & Fujimoto 2013;
Zhou et al. 2018), rainbow trout (Chourrout et al. 1986;
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Blanc et al. 1987; Myers & Hershberger 1991; Quillet
et al. 1988) and Iberian minnow (Alves et al. 2001), or
by dispermic fertilization of an haploid egg (Ueda
et al. 1986; Grunina et al. 2006). Moreover, exposure
of activated eggs to chemical (colchicine, ether,
deuterium oxide and specific enzyme inhibitors) or
physical (sub-lethal temperature or high hydrostatic
pressure HHP) shock shortly after fertilization also
results in the development of triploid specimens
(Piferrer et al. 2009). In fish, ovulated eggs are arrested
at the metaphase of the second meiotic division and
sperm-induced activation of eggs is followed by
re-initiation of meiosis and extrusion of the second
polar body (Arai & Fujimoto 2013). Chemical, HHP and
temperature shock applied to activated/fertilized
eggs disrupts microtubules of the meiotic spindle,
which prevents extrusion of the second polar body
and results in the development of triploid embryos
(Thorgaard 1986; Pandian & Koteeswaran 1998).
Embryos produced by this method consist of a haploid
set of chromosomes from the egg nucleus, a haploid
set of chromosomes from the sperm nucleus and
an additional haploid set of chromosomes from the
second polar body nucleus (Arai & Fujimoto 2013).
The additional set of chromosomes in triploid fish
causes cytogenetic incompatibility that impairs normal
gonadal development and gamete production (Benfey
1999). Some of the triploid females show highly
reduced ovaries, which are usually unable to produce
eggs. Whereas triploid males develop testes to the size
observed in diploid individuals, however, such fish are
usually infertile due to the aneuploidy of spermatozoa
(Benfey 1999; Zhang & Arai 1999; Piferrer et al. 2009;
Zhou & Gui 2017). Triploid fish are not affected by a
decline in growth, survival and meat quality, which
accompanies the process of sexual maturation in
normal diploid specimens. Artificial triploidization
is therefore a promising method for breeding fish
species showing early sexual maturation (Arai 2001).
As reported by Arai (2001), Hulata (2001) and Rothbard
(2006), triploidization on a commercial scale has been
applied to rainbow trout, Atlantic salmon (Salmo salar
Linnaeus, 1758), masu salmon (Oncorhynchus masou
Brevoort, 1856), ayu (Plecoglossus altivelis Temminck &
Schlegel, 1846), bastard halibut (Paralichthys olivaceus
Temminck & Schlegel, 1846), pond loach, black carp
(Mylopharyngodon piceus Richardson, 1846) and grass
carp (Ctenopharyngodon idella Valenciennes, 1844).

An important feature of triploid fish is that they are
not considered to be genetically modified organisms
(GMOs) and do not require extensive testing before
being introduced to the market. Moreover, the sterility
of triploid individuals inhibits interactions between
fish that escaped from a fish farm and wild stocks.
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Unfortunately, it has been observed that
produced triploids may show reduced survivability
(Dunham 2004) and an increased incidence of skeletal
deformities compared to their diploid siblings (Paschos
et al. 2001; Sadler et al. 2001: Opstad et al. 2013). In
the triploid Atlantic cod (Gadus morhua Linnaeus,
1758), the most common deformities were lordosis
and cervical deformations (Opstad et al. 2013). The
triploid Argentinian silverside (Odontesthes bonariensis
Valenciennes, 1835) exhibited ocular deformities,
dilation of the pericardial cavity, bulges in the head,
and either curling or bending of the body (Striissmann
et al. 1993), while a short curved tail and an edematous
body were described in the triploid Mozambique
tilapia Oreochromis mossambicus Peters, 1852
(Varadaraj & Pandian 1990). Jaw and body deformities
(scoliosis, lordosis and humpback deformities), a short
opercula and non-cranial deformities were described
in triploid Atlantic salmon (O'Flynn et al. 1997; Sadler
et al. 2001; Fjelldal & Hansen 2010), whereas triploid
brook trout (Salvelinus fontinalis Mitchill, 1814)
exhibited scoliosis, lordosis, presence of spiral larvae
and double-headed larvae (Galbreath & Samples 2000).
Deformed individuals show problems with swimming
and difficulties in food intake (Boglione et al. 2013).

The objective of this study was to compare the
ratio and variety of body deformities in rainbow trout
from diploid and triploid commercially produced
stocks. External body shape examination, radiography
and whole-mount skeletal staining were performed
to determine body deformities in the studied
rainbow trout. All these methods were used to obtain
complementary and detailed information on spinal
deformities in diploid and triploid rainbow trout.

2. Materials and methods

The study was conducted in compliance with the
recommendations stipulated in the Polish ACT of 21
January 2005 on Animal Experiments (Dz. U. of 2005,
No. 33, item 289).

The examined rainbow trout from the Rutki strain
(14-month-old specimens) originated from diploid
(n,, = 886) and triploid (n, = 732) stocks produced
and kept at the Department of Salmonid Research,
Inland Fisheries Institute (IFl) in Olsztyn, Rutki, Poland.
The diploid chromosome number in rainbow trout
specimens from the strain used in this experiment is
varied (58-62), while the chromosome arm number
(Fundamental Number, FN) remains stable at 104
(Robertsonian polymorphism; Ocalewicz 2002).

A triploid stock of rainbow trout was produced
using a routine procedure that involves a 3 min high

hydrostatic pressure (HHP) shock (9500 psi) applied 35
min after egg insemination using a TRC-APV electric/
hydraulic device (TRC Hydraulics Inc. Dieppe, Canada).
From insemination to the application of the HHP
shock, eggs were incubated in water at 10°C. After
hatching, diploid and triploid fish were kept under the
same conditions in water from the Radunia stream.
Water temperature ranged from 0 to 4°C in winter,
from 4 to 16°C in spring, from 15 to 22°C in summer
and from 5 to 14°C in autumn. Oxygen concentration
ranged from 80 to 90% and pH was about 7. The
fish were fed with feed produced by Aller-Aqua,
Christiansfeld, Denmark (larvae — Aller Infa Ex 0.4 mm,
Aller Futura Ex 0.5-1.0 mm, Aller Performa 1.3 mm, 1.5
mm and 2 mm, after reaching 50 g — feed Aller Silver 3
mm). Feed portions were related to water temperature,
calorific value, average fish sizes and corresponded to
the manufacturer’s recommendations. The fish were
fed 5-8 times per day depending on the season with
a natural photoperiod. Eggs and larvae were kept
until yolk sac resorption in a 30 x 30 x 10 cm nursery
with a water flow rate of 5 | min™'. After the yolk sac
resorption, fish were transported to 2 x 2 x 0.3 m
plastic pools with 1.2 m? water and a water flow rate of
30-50 I min™". From 20 g of body weight, fish were kept
in 3 X 3 X 0.4 m concrete pools with a water flow rate
of 50-100 | min~".

2.1. Analysis of deformations

A total of 732 and 886 individuals from triploid and
diploid stocks, respectively, were screened for visible
skeletal deformities. In addition, 115 diploids and
103 triploids were randomly selected, measured and
weighed.

All individuals exhibiting skeletal deformities
and four individuals without any abnormalities were
sedated and transported to a veterinary clinic (Klinika
dla zwierzat 24H, Gdynia, Poland) for X-ray imaging
(Gierth HS80, 50 kWh, 0.4 s, 101 cm). After X-rays were
taken, the same fish were subjected to a whole-mount
skeletal staining procedure (Dingerkus & Uhler 1977).
The fish were fixed in formaldehyde (10%) for 3 days
and then washed in distilled water for another 3 days.
The eviscerated and skinned fish were placed for 48 h
in 100 ml of alcian blue solution (solution A; 10 mg of
alcian blue, 80 ml of 95% ethanol and 20 ml of glacial
acetic acid). After this step, the fish were washed
twice in 95% ethanol and in the series of ethanol for
3 h each (75%, 45% and 15%) and transferred to the
digestive mixture (30 ml of saturated aqueous sodium
borate, 70 ml of distilled water, 1 g of pancreatic
trypsin; Pancreatin 4xUSP, Sigma) for 12 to 25 days
(depending on fish size) until bones and cartilage




were clearly visible (from 12 to 25 days depending on
fish size). During incubation, the solution was replaced
every 2 to 4 days with a freshly prepared solution. The
fish were then placed in solution B (aqueous 0.5%
KOH and 0.5% alizarin S) for 24 h. The fish were then
passed through a graded series of 0.5% KOH/glycerin
bleaching solutions (3:1, 1:1, 1:3) for 24 h each. Between
3 to 4 drops of 3% H,0, were added per 100 ml of 3:1
and 1:1 KOH-glycerin solution to bleach pigments of
dark specimens. Finally, individuals were transferred to
pure glycerol (Dingerkus & Uhler 1977).

2.2. Cytogenetic analysis

Cytogenetic studies were carried out on randomly
selected four specimens from the triploid stock and
two individuals from the diploid control groups.
Somatic metaphase chromosomes were prepared
from cephalic kidney cells according to the method
described by Ocalewicz et al. (2013).

2.3. Statistical analysis

The weight and length of the examined rainbow
trout were compared using Student’s t-test. All
calculations were performed using Statistica version
12 (StatSoft). Differences between the results were
assessed as significant at p < 0.05. All values in the
text are expressed as means + standard deviations
(S.D.).

Figure 1
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Skeletal deformities in triploid rainbow trout

3. Results

The triploid state was confirmed in the rainbow
trout from the stock produced as a result of the
HHP shock applied to fertilized eggs to prevent the
release of the 2nd polar body (Fig. 1). The average
length (cm) of diploids and triploids was 14.6 + 1.8
and 15.2 + 1.8, respectively, and their average weight
(9) was 33.2 + 11.5 and 39.7 + 13.1, respectively.
Statistical analysis (Student’s t-test) showed significant
differences in body weight between the groups of
diploid and triploid juvenile rainbow trout (p < 0.05).
The differences in body length were not statistically
significant (p < 0.05).

Individuals with body deformities were found
among diploids (n = 4) and triploids (n = 28),
representing up to 0.45% and 3.83% of the examined
fish from each stock, respectively. Among the
deformed diploids, two individuals had a malformed
jaw (0.23%), one fish had a shortened tail (0.11%) and
one trout had scoliosis (0.11%). The most frequently
observed deformity among triploids was humpback
(2.05%), and eight fish had a shortened tail (1.23%).
One individual showed both of these deformities.

The spine of the analyzed rainbow trout consists of
55-64 vertebrae (Fig. 2A). The whole-mount skeletal
staining and radiography of a diploid individual with
a deformed tail showed deformed vertebrae in the
hemal area (40-47): vertebrae from 40 to 42 were
compressed and vertebrae from 43 to 47 were fused

Metaphase spreads with 58 (a) and 91 (b) chromosomes prepared from the diploid and triploid rainbow trout

(Oncorhynchus mykiss)
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Figure 2

Skeletal deformities of fish visualized by radiography (1) and whole-mount skeletal staining (2); A - radiography of

fish with properly developed vertebrae, B - fish with compressed and fused vertebrae in the hemal area (arrows),

C - fish with compressed vertebrae in the pre-hemal area (arrows), D - fish with a deformed tail, compressed and

fused vertebrae in the hemal and caudal area (arrows)

(Fig. 2B). The diploid individual with scoliosis exhibited
fusion of the first five vertebrae.

Vertebral deformities were more frequently
observed in the analyzed triploid individuals.
Deformities involving fusions or compression of
vertebrae were observed in almost all (excluding
individuals with a sole jaw deformity) individuals
with externally visible deformities (3.14%). The most
common abnormality (2.05%) in the triploid fish
was the compression of vertebrae, mostly from the
pre-hemal area (8-14 vertebrae), which was externally
observed as a hump (Fig. 2C). Less common was the
compression and fusion of vertebrae in the hemal and
caudal area from the 30-38th vertebrae up to the last
vertebrae, resulting in a shortened tail (1.23%; Fig. 2D).

3 www.oandhs.ug.edu.pl

4. Discussion

Nowadays, the use of sterile triploid specimens is
becoming increasingly common in the aquaculture
sector and in the fisheries management (Zhou &
Gui 2017). An advantage of rearing sterile fish is the
reduction of losses related to negative consequences
of premature sexual maturation, including a reduced
growth rate, altered meat quality, increased aggressive
behavior and mortality (Taranger et al. 2010).
All-female production of sterile trout allows rearing of
fish to the weight at which conventional production is
ineffective due to sexual maturation. Several studies
show that the induction of triploidy in rainbow

Journal owner: Faculty of Oceanography and Geography, University of Gdarnsk, Poland



trout has a positive effect on the body and fillet
development, however, the muscle of triploids may
sometimes exhibit slightly inferior flesh characteristics,
including slightly reduced firmness (Poontawee et al.
2007; Aussanasuwannakul et al. 2011; Lefevre al. 2015).
The sterility of fish also protects the flesh from the
catabolism of proteins and fat content loss, which may
occur during maturation (Aussanasuwannakul et al.
2011).

Due to the lack of sexual maturation and large size
of cells, triploid fish are expected to reach a higher
body weight than their diploid siblings. Differences
in the growth rate between triploid and diploid fish
depend on the species, developmental stage and
environmental conditions (Piferrer et al. 2009). After
14 months of rearing under aquaculture conditions,
the weight of the triploid rainbow trout examined in
this study significantly exceeded the weight of the
diploids. Although some other studies on triploid
salmonid species show similar trends (O'Flynn et al.
1997; Oppedal et al. 2003), there are reports showing
no significant differences between the weight of
juvenile triploid and diploid fish (Cotter et al. 2002;
Aussanasuwannakul et al. 2011). On the other hand,
during the early development stages, triploids tend
to have a lower body weight compared to diploids, a
trend that persists until the maturation stage (Solar
et al. 1984; Chourrout et al. 1986; Withler et al. 1995;
Chiasson et al. 2009). A similar pattern was observed
in the Atlantic salmon, where diploid females of Salmo
salar showed significantly greater weight than triploids
17 months after the post-feeding stage (Galbreath et
al. 1994).

Literature and experimental data show that
triploids tend to exhibit a higher incidence of body
deformities than diploids (Piferrer et al. 2009; Taranger
et al. 2010). In this study, the ratio of deformed
specimens in the diploid group was low (0.45%) and
the deformities themselves were minor. In the triploid
rainbow trout group, the ratio of fish with body
deformities increased to 3.83%, but was still lower
than in other reports, where up to 48% of triploid
individuals have some body deformities (Madsen
et al. 2000; Weber et al. 2014). In other salmonids,
deformities were also observed among triploids.
A fairly low rate of deformed individuals (c. 1.8%) was
observed in the brown trout Salmo trutta m. fario
(Preston et al. 2013). In the Atlantic salmon, deformity
rates ranged from 2 to 48.9% in triploids and from
0.66 to 24.4% in their diploid counterparts (O'Flynn et
al. 1997; Sadler et al. 2001; Cotter et al. 2002; Fjelldal
& Hansen 2010: Leclercq et al. 2011; Fraser et al. 2013;
Taylor et al. 2014). Studies on triploidization of the
Atlantic cod showed that 72% of triploids and 42% of
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their diploid siblings had body abnormalities (Opstad
et al, 2013). The Argentinian silverside showed
a 13.89-33.33% incidence of deformities among
triploids and 0-3.19% among the diploid fish
(Strissmann et al. 1993). The Mozambique tilapia
showed 7-23% deformities in triploids and 2-6% in
diploids (Varadaraj & Pandian, 1990).

An increased ratio of deformed fish among
triploids may occur during exposure of fertilized eggs
to the HHP shock used for triploidization (Huergo &
Zaniboni-Filho 2006). It has been proven that HHP
may delay the epiboly and suppress the dorso-ventral
differentiation in fish (Yamaha et al. 2002). Triploid
fish obtained through crossbreeding of tetraploid
and diploid fish show a lower deformation rate
than triploids produced by applying temperature or
pressure shock, which confirms that manipulations
on activated eggs should be considered responsible
for deformations of triploids (Myers & Hershberger
1991; Weber et al. 2014). On the other hand, triploidy
in itself may disturb the process of body development.
A number of published studies show that higher
supplementation of phosphorous and proteins in feed
correlates with lower deformity rates among triploids
(Fjelldal et al. 2016; Smedley et al. 2016). However,
other results demonstrate no significant differences in
deformity rates between juvenile diploids and triploids
during feeding with feed optimal for diploids (Burke et
al. 2010; Peruzzi et al. 2018).

The majority of deformities observed after
radiography and whole-mount skeletal staining were
spinal deformities, including compression and fusion
of vertebrae (Fig. 2.B,C,D). Radiography enabled
better examination of the cephalic vertebrae, whereas
the whole-mount skeletal staining allowed more
accurate observation of other vertebrae. Deformities
in the thoracic region led to the observation of fish
with humpback, while deformities in the caudal area
resulted in the phenotype with a shortened tail (Fig.
2D). Similar deformities were previously described in
the triploid rainbow trout (Weber et al. 2014) and in
the triploid Atlantic salmon (Cotter et al. 2002; Fjelldal
& Hansen 2010). The presence of body deformities
in aquaculture species is one of the most important
problems in fish farming. The deformities observed in
the diploid and triploid rainbow trout examined in this
study were non-lethal, however, they can negatively
affect the condition of fish, disturb the growth rate
and cause swimming and food intake difficulties. As
fish with body abnormalities are not aesthetically
pleasing to the customers, increased ratios of skeletal
deformities among fish produced for the commercial
purpose may result in real economic losses (Hough
2009). Moreover, any deviation from the standards
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of the spinal morphology spotted at the slaughter
line can lead to problems with proper fish processing
(Helland et al. 2005).

5. Conclusion

The presented study indicates that triploid
rainbow trout individuals obtained through the
HHP shock exhibited more body deformities than
diploids. Compared to studies on other triploid
species, the deformity rate in the triploid rainbow
trout examined in this study was relatively low
(3.83%). The most common deformities observed
in triploid individuals were vertebral compression
in the pre-hemal region, resulting in the humpback
phenotype, and vertebral compression in the hemal
and caudal regions, resulting in shortened tails in
these individuals. Although the triploid rainbow trout
from the examined stock showed an increased ratio of
deformed specimens, differences between triploid and
diploid individuals under these conditions were small,
which, given the profits related to sterility of triploid
fish, makes this method efficient in the aquaculture of
rainbow trout from the farm under study.
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