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Abstract: We studied the effect of different magnitudes (7000 PSI (48.26 MPa), 8000 PSI (55.16 MPa),
and 9000 PSI (62.05 MPa)) of hydrostatic pressure on the ploidy of pikeperch larvae. Pressure shock
was applied 5 min after the fertilization of eggs at a water temperature of 14.8 ± 1 ◦C. A 7000 PSI
pressure shock was applied for 10 or 20 min, while 8000 and 9000 PSI treatments lasted for 10 min.
Each treatment with its respective control was completed in triplicate, where different females’ eggs
served as a replicate. In the treatment groups exposed to 7000 PSI for 10 min, only diploid and
triploid larvae were identified, while 2n/3n mosaic individuals were found after a 20-min exposure
to a 7000 PSI pressure shock. The application of 8000 or 9000 PSI pressure shocks resulted in only
triploid and mosaic individuals. Among larvae from eggs treated with 8000 PSI, three mosaic
individuals with 2n/3n karyotype were identified (4.0 ± 6.9%), while a single (2.0 ± 3.5%) 1n/3n
mosaic individual was found in the 9000 PSI-treated group. To our knowledge, this is the first report
that demonstrates the induction of a haplo-triploid karyotype by hydrostatic pressure shock in teleost
fish. The dominance of triploid individuals with a reasonable survival rate (36.8 ± 26.1%) after 8000
PSI shock supports the suitability of the hydrostatic pressure treatment of freshly fertilized eggs for
triploid induction in pikeperch.
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1. Introduction

The phenomenon of polyploidization means that an organism possesses three or more
chromosome sets. It occurs naturally in many taxa of teleost fishes (e.g., Cypriniformes,
Salmoniformes, Perciformes, and Siluriformes), as a result of chromosome multiplication
during evolution [1,2]. The ancient and most primitive diploid chromosome number in
teleosts is 2n = 48 acrocentric chromosomes [3]. The diploid karyotype of all species in
the order Perciformes is 2n = 48. The species of this order can be divided into two further
groups: the karyotype of genera Sander and Perca and the species Gymnocephalus cernuus
represents a more primitive state, with one pair of metacentric chromosomes, while the
species of genera Zingel (which have two and three pairs of metacentric chromosomes) and
two species of Gymnocephalus (Gymnocephalus baloni and Gymnocephalus schraetser, which
have five pairs of metacentric chromosomes) possess a more advanced karyotype [4]. For
the genus Sander, which includes the species pikeperch (Sander lucioperca), naturally occur-
ring polyploid stocks have not yet been described. On the other hand, applying heat shock,
cold shock, pressure shock, or cytoskeleton-targeting drugs (cytochalasin B or colchicine)
induces polar body retention in fishes, resulting in polyploid individuals [5]. When fertil-
ized eggs were treated with pressure, cold, or heat shock shortly after fertilization, triploid
progenies were obtained, because the treatment inhibits the expulsion of the second polar
body from the egg during the second meiotic division [6–8]. In this case, the triploid
offspring inherits two maternal and one paternal chromosome sets [9]. The pressure shock
can cause chromosomal retention of maternal or paternal origin. Glover et al. (2020) [10]
showed that the application of pressure shock in the Atlantic salmon (Salmo salar) species
can lead to various chromosomal aberrations. Chromosomal aberrations were identified
in 0.9% of triploid individuals, and mosaic individuals were also found among the non-
hatched embryos. In the case of a tetraploid walleye produced using a pressure shock,
aneuploid and mosaic individuals were also found at different rates, ranging from 0 to
17% [11]. In most cases, DNA staining combined with flow cytometry was applied to
determine the ploidy level of individuals and the effectiveness of treatments. However,
in some cases, the flow cytometer identified diploid individuals that were hyperdiploid
aneuploid individuals [12]. Therefore, besides flow cytometry-based DNA content analysis,
chromosome preparation techniques [13], as well as microsatellite marker analyses, are
used to accurately validate various chromosomal abnormalities [10].

The production of triploids can be important for aquaculture for several reasons.
On the one hand, induced triploid fish are either partially or completely sterile, and the
reduction of gonadal development can result in improved growth performance [14]. In
addition, the faster growth and higher filet yield of triploids can result in higher profits [15].
The optimal conditions for the growth of diploids and triploids are often considered to
be equal, yet, it is often observed that triploids show a reduced growth rate compared to
diploids in their early life stages, while, later on, they grow at a similar or better rate [16].
On the other hand, artificially produced triploids of several species have successfully been
used in surrogate gamete production methods as recipients, including salmonids [17],
medaka [18], and grass buffer [19]. Triploid zebrafish (Danio rerio) have successfully
been used for intraperitoneal germ cell transplantation [20]. This method, combined
with cryopreservation of spermatogonial stem cells, could be an alternative approach for
conserving valuable and endangered genetic resources [21]. The application of this protocol
could be very important for intensive pikeperch aquaculture.

In the present study, we conducted a series of trials to determine the effect of pressure
shocks of different magnitudes and duration times on the ploidy level of pikeperch, with
the final aim of developing a reliable protocol for triploidy induction in this species.

2. Materials and Methods
2.1. Hydrostatic Pressure Shock Treatment

Altogether, 12 female pikeperch individuals were used in this study, where eggs of
each individual were used for one replicate and its respective control. Artificial reproduc-
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tion was performed as explained by Ljubobratović et al. (2021) [22]. A total of 100 g of
eggs per female were used for each replicate and were separated (treatment and control)
after the fertilization and egg adhesiveness elimination treatment and about 1 min prior
to pressure shock. The uniquely produced ‘Hydra’ pressure chamber (Hydra Technol-
ogy Service Ltd., Budapest, Pest, Hungary) was 1–5 liters in volume and had a 700 Bar
maximum performance. During the experiment, three different magnitudes of pressure
treatment were used in triplicate: 7000 PSI (48.26 MPa), 8000 PSI (55.16 MPa), and 9000 PSI
(62.05 MPa). In the case of 7000 PSI, two different duration times (10 and 20 min) were
tested. The time of initiation (TI) for the pressure shock was 5 min after fertilization in each
case. Fertilization took place in 0.5 L of clean fertilization water at 14.8 ± 0.1 ◦C for 1 min,
and then 0.5 L of freshwater mixed with 1 mL alkalase enzyme solution was added, to
remove the adhesiveness of the eggs [23]. In this 1 mL L-1 alkalase solution, the eggs were
mixed for 2 min, and then the eggs were washed twice with fertilizing water. Later, the
eggs were divided into equal portions: control and treated (pressurized) replicate. After
the respective durations of pressure shock, the pressure was released with the control
valve in less than one second. The eggs were then mixed in clean fertilizing water for an
additional 20 min and then placed in separate Zuger jars. During incubation, the water
temperature was kept at 14.6 ± 1 Co. The embryo survival rate (ESR) was calculated after
72 h, as explained by Ljubobratović et al. (2019) [24]:

Embryo survival = (volume of eggs 72 h after fertilization)/(volume of eggs at the
time of stocking in Zuger jar) × mean percentage of live eggs

Eggs hatched after about 8 days of incubation, when each group of larvae was trans-
ported into separate 20-L aquariums for further samplings. The karyotype of the larvae
was determined before the onset of exogenous feeding by applying chromosome analysis
and laser scanning cytometry (LSC).

2.2. Chromosome Analysis of Pikeperch Larvae from the Treated and Control Groups

A direct method was used for chromosome preparation from 5–8 days post-hatch
(DPH) pikeperch larvae. Larvae were pre-treated with a mitostatic agent (0.05% Kary-
oMAX™ Colcemid™ Solution: Thermo Fisher Scientific, (Waltham, MA, USA)) for 3–3.5 h
in well-aerated freshwater, and then they were put into hypotonic solution (distilled wa-
ter) for 25 to 35 min. Subsequently, the hypotonic solution was replaced by fresh fixative
(methanol/acetic acid applied at a volume ratio of 3:1) for 20 min. The fixative was changed
three times. Larvae were stored in fixative at 4 ◦C, until the preparation of slides.

Fixed larvae were put into a Petri dish for drying (1–2 min). Cells were dispersed with
a micropipette in a few drops of 50% acetic acid and were then dropped onto a microscope
slide, pre-warmed on a 50 ◦C heating plate (BIOSAN Thermo Block TDB-120), and then
removed very slowly using a pipette. This step was repeated several times (modified after
Várkonyi et al., 1998 [17]). The slides were dried and stained with 5% of KaryoMAX™
(Waltham, MA, USA) Giemsa Stain Solution in phosphate buffer pH 7.0 (Gibco™ 10092013,
Waltham, MA, USA) for 7–8 min. The samples for chromosome analysis were taken
separately from each larva. A total of 30 larvae were analyzed from each treatment and
control group. Two slides were prepared from each individual, and at least 30 metaphase
spreads per individual were examined, to analyze the chromosome number.

2.3. Sample Preparation for Laser-Scanning Cytometry from the Hydrostatic-Pressure-Treated and
Control Groups

For laser-scanning cytometry analysis, we prepared single-cell suspensions from
6–8 DPH pikeperch larvae. Each larva was incubated in 50 µL of proteinase K solution
(0.5 mg/mL) in phosphate-buffered saline (PBS, pH = 7.4) containing 1 mM EGTA for
10 min at 37 ◦C and then dissected using harsh pipetting. After washing with PBS, the
samples were centrifuged at 300× g for 5 min at 4 ◦C and then fixed and permeabilized by
70% ethanol for 30 min at room temperature. Thereafter, the samples were washed with PBS
(500× g for 5 min at 4 ◦C) and transferred to 96-well plates. Before LSC measurement, the



Life 2021, 11, 1296 4 of 11

samples were stained with 50 µg/mL propidium iodide (PI) for 20 min at room temperature
and washed again with PBS (500× g for 5 min at room temperature).

2.4. Laser-Scanning Cytometry Measurements and Analysis of Data

LSC imaging was performed using an iCys instrument (iCys® Research Imaging
Cytometer; CompuCyte, (Westwood, MA, USA)). PI was excited using a 488 nm Argon ion
laser, and its fluorescence signal was collected through a 650 nm long-pass filter using a
UPlan FI 20× (NA 0.5) objective. Each viewing field (comprising 1000 × 768 pixels) was
scanned with a step size of 1.5 µm. Data evaluation was performed using iCys 7.0 software
for Windows XP. G1 phase cells were selected in scatterplots based on the nuclear area
and PI fluorescence intensity of cells. The PI fluorescence intensity integral values (i.e., the
summed fluorescence intensity of all the pixels representing the nucleus of a cell) were
measured for all cells and averaged by LSC. The median PI fluorescence integrals (±SD)
were determined for about 500–1000 G1 phase cells per larva using iCys software.

2.5. Statistical Analysis

All data were analyzed using R Studio (v1.4.1106). R software was used to build
a logistic regression model (generalized linear model) in which ‘embryo survival’ was
the response variable, while ‘treatment type’ was the predictor variable. The predictor
variable showed a significant effect on the ratio of surviving embryos; therefore, multiple
comparisons of means (Tukey contrasts) were performed to further analyze the differences
between groups. In case of the karyotype data, R software was used to perform Fisher’s
exact tests, to compare the ratios of the three genotypes between the treated group pairs.
(* p < 0.05, ** p < 0.01, *** p < 0.001.)

3. Results
3.1. Chromosome Analysis

Direct preparations (Figure 1) for chromosome analysis were prepared from 30 larvae
from each experimental (1T, 2T, 3T, 4T, 6T, 7T, 8T 9T 10T 11T, and 12T) and control (1K, 2K,
3K, 4K, 6K, 7K, 8K 9K 10K 11K, and 12K) group.
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Figure 1. Mitotic metaphase chromosome spread (A) from a control diploid larva (2n = 48) and a
pressure shock treated (B) triploid larva (3n = 72) of pikeperch. Bar is 10 µm.

Due to technical issues, appropriate samples for evaluation could not be obtained
from every larva. Therefore, a total of 371 larval chromosome numbers were determined, as
shown in Table 1. From the three replicates of the first treatment (710Ta, 710Tb, and 710Tc),
altogether, 32 individuals could be analyzed, and in the corresponding controls (710Ca,
710Cb, and 710Cc), 42 larvae suitable for analysis were obtained. The chromosome number
was determined from 55 individuals in the three treated replicates of the second treatment
(720Ta, 720Tb, and 720Tc) and 50 individuals in the corresponding controls (720Ca, 720Cb,
and 720Cc). Chromosome numbers were determined from 58 individuals in the three
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independent replicates of the third treatment (810Ta, 810Tb, and 810Tc) and 61 individuals
from the corresponding controls (810Ca, 810Cb, and 810Cc). There were no live larvae
in one of the three treated replicates of the fourth treatment; therefore, the chromosome
number could be determined from the 32 individuals in the remaining two groups (910Ta,
910Tb), and 41 from the corresponding controls (910Ca and 910Cb) were analyzed.

Table 1. Effect of four different pressure shock treatments on the genome size of pikeperch larvae, based on chromosome
analysis. All treatments were performed in triplicate with parallel control studies.

Pressure
(PSI)

Duration
(min) Type Replicate Identifier

Diploid
Fish
(pcs)

Triploid
Fish
(pcs)

Mosaic
Fish
(pcs)

Karyotyped
Fish
(pcs)

Diploid (%)/
Triploid (%)

- - Control
1 710Ca 11 0 0 11
2 710Cb 15 0 0 15 100.0 a/0.0 b

3 710Cc 16 0 0 16

7000 10 Treated
1 710Ta 1 9 0 10 12.3 ± 11.1 c/

87.7 ± 11.1 d2 710Tb 3 8 0 11
3 710Tc 0 11 0 11

- - Control
1 720Ca 15 0 0 15
2 720Cb 19 0 0 19 100.0 a/0.0 b

3 720Cc 16 0 0 16

7000 20 Treated
1 720Ta 2 24 0 26 11.3 ± 4.0 c/

87.0 ± 3.7 d2 720Tb 1 5 0 6
3 720Tc 2 20 1 23

- - Control
1 810Ca 27 0 0 27
2 810Cb 21 0 0 21 100.0 a/0.0 b

3 810Cc 13 0 0 13

8000 10 Treated
1 810Ta 0 22 3 25 0.0 e/

96.0 ± 5.7 f2 810Tb 0 14 0 14
3 810Tc 0 19 0 19

- - Control
1 910Ca 15 0 0 15
2 910Cb 26 0 0 26 100.0 a/0.0 b

3 910Cc 17 0 0 17

9000 10 Treated
1 910Ta 0 15 0 15 0.0 e/

97.0 ± 3.0 df2 910Tb 0 16 1 17
3 910Tc 0 0 0 0

Abbreviations: PSI: pound per square inch, min: minute; pcs: pieces; a–f in superscript: significant difference; 710Ca-b-c: control groups of
710Ta-b-c in three replicates; 710Ta-b-c: treated groups with 7000 PSI pressure and 10 min duration time; 720Ca-b-c: control groups of 720Ta-b-c
in three replicates; 720Ta-b-c: treated groups with 7000 PSI pressure and 20 min duration time; 810Ca-b-c: control groups of 810Ta-b-c in
three replicates; 810Ta-b-c: treated groups with 8000 PSI pressure and 10 min duration time; 910Ca-b-c: control groups of 910Ta-b-c in three
replicates; 910Ta-b-c: treated groups with 9000 PSI pressure and 10 min duration time.

In terms of karyotype ratio, the 810T group was significantly different from the 710T
and 720T groups. In the case of the other comparisons, there were no significant differences
in karyotype ratio between the groups (Figure 2).

The embryo survival rate was significantly lower in all four hydrostatic-pressure-
treated groups compared to their respective controls. Among the treated groups, the
survival rate was significantly higher in the 710T group compared to all other treated
groups. The group 720T showed no significant differences compared to the 810T and
910T groups; while, the 810T group had a significantly higher survival rate than the 910T
group (Figure 3).
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3.2. Laser-Scanning Cytometry Measurement

Pikeperch larvae are of a rather small body size before the onset of first feeding. We
could isolate a relatively small number of cells from the embryos, which were difficult
to analyze using flow cytometry. Therefore, in a pilot experiment, we applied the LSC
technique to determine the ploidy level of pikeperch larvae using 1000–5000 cells prepared
from one individual (Figure 4). Based on the nuclear area and PI fluorescence intensity,
we could discriminate intact G0/G1 phase cells from cell debris and S/G2/M phase cells
(Figure 4, left panels). We determined the median PI fluorescence intensity of the G1 peak
from larvae belonging to the diploid control group (for example, see Figure 4A, middle
panel) and the 7000 PSI-pressure-treated group (Figure 4B, middle panel).
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Figure 4. Laser-scanning cytometry (LSC) measurement of the nuclear size and DNA content of propidium-iodide (PI)-
stained pikeperch larvae. Panels (A,B) show scatterplots (left panels) and DNA distribution histograms (middle panels)
of cells from a representative larva from the 710Cb untreated diploid control group and a triploid larva from the 710Tb
group treated with a 7000 PSI pressure for 10 min, respectively. G1 phase nuclei are marked by the R1 gate in the scatterplot
and are indicated by red color in the histogram. Examples of G1 phase nuclei are encircled by a blue color in the galleries
(right panels).

4. Discussion

Our experiments demonstrated that 7000 PSI pressure shocks resulted in an approx-
imately 90% triploid ratio in pikeperch. Previous studies carried out on species from
the Percidae family demonstrated a lower triploid ratio compared to our results [8,11].
However, they observed that the triploid ratio improved when increasing the length of the
pressure shock, from 3–6 min to 8–12 min [11]. In pikeperch, by increasing the duration of
the treatment from 10 min to 20 min, we did not find a significant difference in the triploid
ratio; while, the embryo survival rate significantly decreased. In the group treated with
7000 PSI for 20 min, we detected one mosaic larva with a 2n/3n mosaic karyotype. In the
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case of heat shock, 2n/3n mosaic individuals were found in less than 1% of yellow perch
(Perca flavescens) individuals if the onset of the shock began 5 min after fertilization [25]. In
some cases, shock-induced polyploidization may result in non-uniform polyploid stocks,
but in part genetically mosaic stocks. Lemoine et al. (1980) [26] also obtained polyploid
mosaic specimens from the larvae of cold-shock-treated brook trout (Salvelinus fontinalis)
eggs. According to that study, a possible explanation for the mosaicism is that the sec-
ond polar body is retained but does not fuse with the sperm, resulting in binuclear cells.
Polyploid–diploid mosaic individuals were also reported by Smith and Lemoine (1979) [27]
in the case of larvae (fry) hatched from colchicine-treated brook trout eggs and in sturgeon
fishes treated by heat shock [28]. Allen and Stanley (1979) [29] found triploid–diploid
mosaic individuals among the larvae of Atlantic salmon, when fertilized eggs were treated
with cytochalasin B. Refstie et al. (1977) [30] found tetraploid–diploid mosaic larvae when
salmon and rainbow trout eggs were treated with cytochalasin B after fertilization. This
was explained by the non-disjunction of each cell. Our study, for the first time, shows this
phenomenon in pikeperch eggs treated with hydrostatics pressure.

In the case of pikeperch eggs treated with a 8000 PSI pressure, we identified 5.2 ± 2.4%
mosaic larvae with 2n/3n karyotype. The triploid ratio was significantly higher than in
the groups treated with 7000 PSI, either for 10 or 20 min. Nevertheless, the survival rate
for larvae also decreased at higher pressure. No diploid individuals were found in the
8000 PSI treatment groups; therefore, only the presence of mosaic larvae was responsible
for the triploid ratio differing from 100%. In accordance with our experiments, Malison et al.
(2001) [11] also achieved a higher triploid ratio in their 8000 PSI-treated group compared to
7000 PSI. Nevertheless, in that study, half an hour was the shortest reported pressure shock
duration that could result in the full elimination of diploids.

The triploid ratio of the 9000 PSI-treated group did not differ significantly from the
8000 PSI-treated group, while the survival rate was significantly lower. This is in contrast
with the results of studies in walleye, where the triploid ratio increased with higher
pressure [11]. However, a comparable treatment of 12 min duration yielded a survival
rate of about 80.0% in walleye [8], while it was below 20% in the present study with
pikeperch. Fethermann et al. (2015) [31] found that in walleye at 9500 PSI, the maximum
triploid ratio was reached after 10 min of treatment, when the time from fertilization to
the onset of shock was 7 min 33 s. The maximum triploid ratio obtained in the walleye
was 98.5% [31]. These results agree with the values we obtained for pikeperch at 8000 and
9000 PSI. Generally, in percids, the application of cold shock [32], heat shock [14,25,33,34],
or pressure shock [11,35] resulted in a 100% triploid ratio, but with rather variable survival
rates. Reviewing the previously mentioned results and the results of the present study, it
appears that pressure shock is an effective tool for inducing triploidy in percids; however,
special attention should be paid to finding the minimal effective exposure duration and
magnitude, to improve embryo survival rates.

A mosaic individual with a 1n/3n karyotype was also detected in 3.13 ± 1.5% of this
treatment group. Haplodiploid mosaic individuals have already been found in several
fish species as a result of various shock effects following fertilization, as well as being a
consequence of polyspermic fertilization. Swarup (1959) [36] found haplodiploid genetic
mosaicism in three-spined stickleback (Gasterosteus aculeatus) using cold shock. This was
explained by the fact that the sperm cell did not fuse with the female pronucleus, resulting
in the formation of a diploid and a haploid cell line. Svardson (1945) [37] also found
haplodiploid mosaicism in whitefish (Coregonus lavaretus) larvae hatched from cold-shock-
treated eggs. According to his explanation, the haploid line may come from a non-rejected
polar body, which has begun to develop. Iegorova et al. (2018) [38] reported that the
interspecific polyspermy fertilization between odd ploidy sturgeon parent species caused
viable haplodiploid progeny.

However, the interspecific polyspermic fertilization between odd ploidy levels of
sturgeon parent species by the retention of a second polar body can also result in 1n/3n
abnormally divided mosaic individuals [39].
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In amphibians, 0–11% of fertilized eggs were found to develop into haplo-triploid
mosaic individuals, following exposure to pressure shock. The ratio of these haplo-triploid
individuals increased in parallel with the pressure elevation, from 3000 to 7000 PSI [40].
That study did not identify diploid individuals in the treatment groups exposed to pressure
shock. Mosaic individuals have also been described upon heat-induced triploidization in
less than 1% of walleye larvae [25]. In that species, heat-induced tetraploidization was also
reported [8]. However, the karyotype of these mosaics was not published. In amphibians,
it was previously found that pressure shock can inhibit the rejection of the second polar
body, leading to the development of haplo-triploid mosaic individuals from the fertilized
eggs [40]. The haploid cell line was of androgenic origin, and its occurrence was not
time-bounded [40]. To the best of our knowledge, this study is the first observation of
pressure-shock-induced haplo-triploid mosaicism in the teleost fishes.

5. Conclusions

Our experiments demonstrated that a hydrostatic pressure shock applied 5 min after
fertilization effectively induces triploidy in pikeperch. However, in response to both 10
and 20 min of 7000 PSI pressure shock, diploid individuals were still present among
the hatched larvae. On the other hand, in both 8000 and 9000 PSI treatments, diploid
larvae were not found. Both a prolonged treatment time and increased pressure reduced
the embryo survival rate and induced the formation of mosaic individuals, although at
a low percentage. Either a 20 min exposure to the 7000 PSI pressure shock or 10 min
exposure to the 8000 PSI pressure yielded some 2n/3n mosaic individuals, while a 10 min
9000 PSI pressure shock induced 1n/3n mosaicism at a low level. Taken together, our
results support that in pikeperch, a 10 min pressure shock of 8000 PSI is appropriate for
inducing the triploid karyotype, with an acceptable embryo survival rate; although a low
number of mosaic individuals also appeared. Automated microscopy techniques, such as
LSC, can be applied for DNA content analysis and ploidy determination when there is an
insufficient number of cells for flow cytometry evaluation.
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