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Artificial tetraploid induction is one of the important techniques of fish chromosome
manipulation, and it is the first step for triploid breeding. There are a few reports
to artificial induction of tetraploid in marine fish. The induction and survival rates
were usually low. We firstly optimized the tetraploid induction conditions in turbot
Scophthalmus maximus, one of the most important maricultural fish in China and
Europe. For the initiate time of treatment, which is the most important factor in tetraploid
induction, the first cleavage index (FCI) was used to reduce the influences of genetic
origin and environment factors. Overall, the optimal initiation time for pressure shock
was 15 min before the first cleavage at 14.8-15.5°C. The optimal treatment pressure
and treatment duration were 67.5 MPa and 6 min. The regression equation prediction
model was: The optimal initiation time = 0.982 FCI — 12.182 or the optimal initiation
time = 0.85 FCI. Then two tetraploid induction (4n1 and 4n2) populations were obtained
under the optimal conditions with diploid controls (2n1 and 2n2). The induction rates
in tetraploid induction (4n) populations at hatched larvae stage could reach 100%. The
genetic structure of these two 4n populations was also studied. Two to four alleles in
each locus were detected in diploid (2n) and 4n populations, respectively. Private alleles
were only appeared at locus Sma-USC21, with two alleles lost in 4n populations. Eleven
and fourteen loci in 2n and 4n populations respectively showed a negative genetic
deviation index. 3D-FCA analysis showed that the two 2n and two 4n populations have
obvious differences. The numbers of locus deviating from Hardy—Weinberg equilibrium
in 2n1, 4n1, 2n2, and 4n2 populations were 6, 9, 12, and 7, respectively. Overall, 12
loci in either 2n or 4n population deviated from Hardy—Weinberg equilibrium. Tetraploid
induction population showed lower heterozygosity and higher heterozygote deletion.

Keywords: turbot Scophthalmus maximus, tetraploid, artificial induction, first cleavage index, genetic diversity

INTRODUCTION

Polyploidization results in a wide variety of beneficial effects for genetic breeding. The most
common chromosome manipulation in fish is to use a physical shock, usually a pressure or heat
shock, to induce retention of the second polar body during meiosis, resulting in triploid fish. An
alternative method for producing triploids is to first make tetraploids by suppression of early cell
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division in the zygote (Chourrout, 1984; Zhang and Onozato,
2004; Zhu et al., 2017) and then mate the fertile tetraploids with
normal diploids to generate triploid offspring. The tetraploid-
derived triploids are not exposed to the trauma of the induction
shock and show higher survival rate than induced triploids.
Generation of tetraploid-derived triploids has been achieved in
rainbow trout (Oncorhynchus mykiss) (Chourrout et al., 1986;
Blanc et al., 1993). However, tetraploid-derived triploid was
unavailable in marine fish until now, due to the low induction
rate of tetraploid.

Research on chromosome set doubling has been going
on since the first part of the last century. Tetraploid has
been induced in many finfish species, including rainbow trout
(Thorgaard et al, 1981; Chourrout et al, 1986), channel
catfish (Ictalurus punctatus) (Bidwell et al, 1985), tilapia
(Oreochromis aureus) (Don and Avtalion, 1988) and silver
crucian carp (Carassius auratus) (Gui et al., 1993). In marine
fishes, induction of tetraploid has been reported in European
sea bass (Dicentrarchus labrax) (Peruzzi and Chatain, 2003),
yellow perch (Perca flavescens) (Malison et al., 1993), olive
flounder (Paralichthys olivaceus) (Yi et al., 2012), and half-
smooth tongue sole (Cynoglossus semilaevis) (Li et al., 2012).
However, the optimal values of treatment parameters, such
as initiate treatment time, treatment intensity (temperature
or pressure) and treatment duration, differ greatly among
species. We also studied the artificial induction of tetraploid
turbot (Scophthalmus maximus) (Wu et al, 2014), but the
result was not stable and the induction rate was low. The
viability of tetraploids was low in most instances and even
unviable in several cases (Rothbard et al., 1997). The low yield
of tetraploids, high frequency of abnormality and mosaicism,
and especially the relatively low fertility of tetraploid females
have prevented the establishment of tetraploid broodstock
(Myers and Hershberger, 1991). Some possible mechanisms for
the occurrence of mosaicism have been proposed by several
investigators. Mosaics may be produced from tetraploid by
conversion of some of tetraploid to diploid cells resulting from
tetrapolar division (Yamaki et al, 1999) or somatic meiosis
(Zhang and Onozato, 2004), or may be generated from the
start by the simultaneous appearance of both types of ploidy
cells after treatment. Maybe it is a reason to lead to the ploidy
instability of artificial induced tetraploid. So, most reports on
the production of tetraploid finfish have based their claims
on analyses of early embryos or fry, and successful examples
have been reported in a limited number of freshwater fish as
mentioned above.

Induction of tetraploid requires the precise timing of the
application of the shock treatment, usually a pressure shock.
In salmonid, the embryo development lasts a long period.
The initiation time of tetraploid induction is based on a
percentage of the first cleavage interval (FCI), which is the
time span between insemination and first cleavage of the
zygote (Chourrout, 1984; Myers et al, 1986). The initiation
time was also expressed as the relative dimensionless unit
10, which is equivalent to the duration of one mitotic
cycle during synchronous cell divisions in the initial stages
of embryogenesis (Cherfas et al, 1993). By comparison, in

turbot and most marine fish, the embryo development was
relatively short. It seems that the optimal initiation time
is easier to ascertain. The initiation time of tetraploid was
mostly calculated by minutes after fertilization or minutes
before the first cleavage. However, the precise timing of the
shock treatment was hard to get due to the different embryo
development speed caused by different genetic origin and
breeding temperature.

Tetraploid usually shows higher heterozygosity because it has
four sets of chromosome. It could help to produce relatively
large fish (Chourrout et al, 1986). The tetraploid also plays
an important role in evolution due to its high heterozygosity
(Amores et al., 2004; Pasquier et al., 2017). In artificial induced
tetraploid, all the chromosome sets come from the diploid
parents. The genetic diversity in tetraploid should be equal to the
diploid full sib family in theory. Or the genetic diversity should
be even lower in tetraploid because of the loss of some genetic
information in induction process. However, how the genetic
diversity varied in artificial induced tetraploid is still unknown.

In this study, one of our goals was to determine the most
effective and repeatable timing of hydrostatic pressure shock
for suppression of the mitotic cleavage of the embryo in
turbot, an important maricultured fish in China and Europe.
Subsequently, tetraploid turbot with high tetraploid rates were
produced. Finally, the genetic structure of tetraploid populations
was also studied.

MATERIALS AND METHODS

Brood Stock Management and Gamete

Collection

The turbot broodstocks used in the present study were the
cultured stocks introduced from Europe. Turbot broodstocks
were cultured in the fish farm of Shenghang Aquatic Science and
Technology Co., Ltd., Weihai, China under controlled conditions
(photoperiod 16 h light: 8 h dark; temperature, 14 £ 1°C). The
eggs were stripped from each female turbot and stored at wet
box under dark condition. The eggs were divided into small
subsamples before fertilization so that each parameter could
be tested with one batch (~5,000 eggs per batch). Semen was
drawn from mature male by the application of gentle pressure
to their abdomens and was transferred into 5 mL EP tubes to be
stored on ice until required. Semen contaminated with water or
urine was discarded.

Artificial Fertilization

Before artificial fertilization, the quality of sperms and eggs were
checked under microscope. The sperm motility was Grades IV-
V (Valdebenito et al., 2013). The unfertilized eggs were buoyant,
transparent, spherical in shape, and 1 mm in average diameter
with a single oil globule. The gametes below standards were
discarded. The artificial fertilization procedure was as follows:
0.5 mL sperm was activated using 15-20 mL filtered seawater at
15°C and then was added to plastic beakers each containing 5,000
eggs. After a further 30 s of gentle agitation, 50-100 mL filtered
seawater was added and the eggs were left undisturbed.
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Tetraploid Induction

The appropriate conditions for the production of tetraploid
turbot were examined by varying the moment of hydrostatic
pressure shock after fertilization and by altering the pressure
and durations of hydrostatic pressure shock. Hydrostatic pressure
induction was carried out in manual hydrostatic pressure
chamber. There were three experiments, including five groups in
each experiment: (1) to determine the optimal moment of shock
induction with a single treatment of pressure shock at 65 MPa
for 6 min at 5, 10, 15, 20, or 25 min before the appearance of
the cleavage furrow; (2) to determine the appropriate pressure
intensity of shock with a single treatment of pressure shock at
15 min before the appearance of the cleavage furrow for 6 min
at 55, 60, 65, 70, or 75 MPa; (3) to determine the appropriate
pressure duration of shock with a single treatment of pressure
shock at 15 min before the appearance of the cleavage furrow
at 65 MPa for 4, 5, 6, 7, or 8 min. The preset pressure was
achieved in 15 s, and recovered to normal pressure in 30 s after
shock. Temperature was constantly monitored throughout the
experimentation. After treatments, shocked eggs were acclimated
to 15 £ 0.2°C water for incubation. All experiments were
replicated up to five times using egg batches derived from
different five males and females, respectively. Eggs without
hydrostatic pressure shock were used as diploid control.

Fertilization rate in each group was determined at blastocyst
stage by examining ~200 floating eggs. Hatching rate was
assessed at 6 h after hatching. Induction rate was the percentage
of tetraploid larvae in hatched larvae.

The FCI and mitotic interval (t0) were calculated in diploid
controls. The FCI was defined as the time at which more than
80% of the zygotes had reached first cleavage, and was calculated
according to Hershberger and Hostuttler (2005). The t0 was also
calculated according to Shelton et al. (1997). The FCI and 10 were
calculated and recorded in each group of each experiment.

Assessment of Ploidy Level

The ploidy of control and treatment groups was determined
by cellular DNA content and chromosome preparation. Flow
cytometric analysis was performed to detect average cellular DNA
contents of larvae in hatched control and treated groups with
a PARTEC cell counter analyzer CCA-II (PARTEC, Germany),
and 30 hatched larvae were sampled and prepared each group
(You et al.,, 2001; Luckenbach et al., 2004). Diploid larvae were
used as a diploid standard for the calibration of the cytometer.
Chromosomal metaphases were prepared from embryos at
gastrula stage by regular air-dried method after colchicine and
hypotonic pretreatments. Slides were stained in 15% Giemsa for
15 min and observed under the light microscope after drying
(You et al., 1991).

Induction of Tetraploid Populations and
Embryo Development Observation

According to the results of induction conditions of tetraploid
turbot, we carried out a massive tetraploid induction of turbot.
About 200 mL eggs acquired from three to four female turbot
were fertilized with 5 mL sperms from three to four male ones,

and then shocked under the optimal parameters. Then eggs
were incubated in net cages under 15 £ 0.2°C. The hatched
larvae were reared in indoor tanks with flow-through sea water
at a temperature of 18-21°C and fed with rotifer, artemia,
and commercial dry feed (salinity 28-30, pH 7.8-8.2, dissolved
oxygen > 6 mg/L, water exchange rate was 50% for fry, 100% for
larvae, and >800% for juveniles). Two tetraploid induction (4n1
and 4n2) populations with different parental origin were induced,
respectively. The control diploid (2nl and 2n2) populations
were also conducted.

The embryo development was observed under stereoscope.
The morphological character and embryonic development time
were calculated in each tetraploid induction (4n) and diploid
control (2n) population.

Genetic Structure Analysis

The genetic diversity of 4n induction populations was measured
using microsatellite markers. More than 50 new hatched larvae
in each 2n or 4n population were sampled and stored in 100%
ethanol under —20°C until DNA extraction. Total genomic DNA
was extracted using the rapid salt-extraction of genomic DNA
according to Aljanabi and Martinez (1997). Extracted DNA was
checked using 0.8% agarose gel electrophoresis and then stored at
—20°C for PCR amplification.

Twenty out of fifty-five previously published microsatellite
loci were screened to be analyzed (Table 1, Iyengar et al., 2000;
Castro et al., 2003; Chen et al., 2007; Pardo et al., 2010). Primers
were synthesized by Sangon Biological Engineering Technology
& Services Co., Ltd. (Shanghai, China). PCR was conducted
in a volume of 25 pL containing 100 ng of template DNA,
0.4 pmol/L of each primer, 1.5 mmol/L of MgCl,, 100 pmol/L of
dNTPs, 1 U of Taq polymerase, and 1 x PCR buffer (Promaga).
Reactions were processed as follows: an initial denaturation
step of 5 min at 94°C, followed by 1 min at 94°C, 30 s at
annealing temperature and 45 s at 72°C for 35 cycles with a final
5 min extension at 72°C. Amplification products (5 wL load)
were separated by electrophoresis through a 12% non-denaturing
polyacrylamide gel in 1 x TBE buffer. Detection of microsatellite
alleles was achieved by silver staining method. DNA fragments
were visualized with a modified silver stain method described
by Xu et al. (2002). Alleles were designated according to the
PCR product size relative to a molecular size marker (M1041
50-500 bp, Dongsheng Biotech, China) in combination with
Quantity One software (Bio-Rad). More than 2% PCR products
with representative alleles in each population were screened out,
and were blindly scored after electrophoresis on the same plate to
reduce genotyping errors.

The genetic diversities of the two 4n induction populations
were calculated separately and integrally, as well as the two
2n populations. Measurements of genetic diversity were
conducted within population: standard genetic diversity
parameters, including the number of alleles (A), effective
alleles (Ae), observed heterozygosity (Ho), and expected
heterozygosity (He), were calculated using GENALEX v. 6.
Deviations from Linkage and Hardy-Weinberg Equilibrium
(HWE) for each microsatellite locus were tested using the
package GENEPOP v. 4.0, and the significance was adjusted
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TABLE 1 | The microsatellite primer and annealing temperature.

Primer Sequence 5'-3' Annealing
temperature/°C

F1-0CA19 F:AGTTACACCAGTGCACAGAG 56
R:CCAGGCCATCCACATTTAAC

Smac-01 F: TGTTGCTTTGCTCCTTTTCC 56
R: TAGTGGAACGGCGTCTAGGT

Smac-02 F: TGTCTCTCGTCAGTGGCAGT 56
R: AAACTGCAGCCTCCAAGATG

Smac-05 F: TTCGAATTCACCAAGTGTCC 56
R: GTCAGCCATCATCTCCACCT

Smac-06 F: GACCCAACGAGCACTGTT 57
R: GGGCCAACATCATTATGG

Smac-08 F: GTACACTTATTGGTGCAAGGC 58
R: TTCTGACAGATTTGCTGGCACT

Smac-10 F: GGTGGCTGGGTAAATCTGTT 60
R: CTTCCCTCCGTCTACGCTCC

Smac-11 F: AACCACTAGCTGGAAATCAGACC 64
R: CTTCCCTTCAACTCGGCAAAA

Sma3-129INRA F:GCACTGCCTTTTCATTGG 58
R:CAGCTCTAGATTGTTTATCCC

Sma-USC9 F:CAAGATGGAGAAGCTGGACTG 58
R:GCAGGAAAGAGGGAAGATCG

Sma-USC13 F:CATTTGTGGCACTTTTAG 50
R:CTTTCTGTCAGTCTCATCC

Sma-USC17 F:TCGCCTGCTATCTGCTTACA 55
R:TCGTTCCCACACTTGACTTG

Sma-USC18 F:-TGGGACTGCTTGTGTGTGTT 55
R:TCACACTCCTAAATTCCCTCTT

Sma-USC21 F:.TGGGAGAGTGGGACTTTCAG 55
R:CGCTCGTCTTTCTTTCCATC

Sma-UsC23 F:CCTGGCACTGTCTGGGCT 56
R:CACTGGAGCGGGAATGATG

Sma-USC25 F:AGCCCACTGCCATGAATAGA 56
R:CACAGTTGAAGCACACAGCA

Sma-USC26 F:CAAACCAACGGACTAACAAACA 56
R:TCTTCATTACCAGCCCATCA

Sma-USC27 F:GCATTACCGCCATCTACTGG 56
R:GGTGCAGTTTGAATCTCCTTG

Sma-USC28 F:CCCGCAGAGACAGAGGTAAA 58
R:CGTGTGCAGGATTGTTTGG

Sma-USC30 F:GTGCTTCTAACACATCTACTGT 54
R:GTTCAGACTCGGATTATGTA

by applying the sequential Bonferroni correction. Linkage
disequilibrium and HWE exact tests were tested using the
Markov chain method (10,000 dememorization steps, 100
batches, 5,000 iterations). The Discriminant Analysis of
Principal Components (DAPC) was used to cluster genotypes
independently of a priori haplotype designation using the R
package adegenet v. 1.4.2.

Statistical Analysis
Data from control diploid and tetraploid induction groups were
analyzed with the SPSS package for Windows (Version 15.0,

SPSS, Chicago, IL, United States). Data are shown as mean =+ SD.
And the regression analyses of optimal initiation time, t0
and FCI in nine groups were conducted by linear regression
analysis in the SPSS package. Distributions were examined for
departures from normality by the Kolmogorov-Smirnov test and
the homogeneity of variances was verified by the Levene’s test.
Significant differences were determined using One-way ANOVA
tests followed by Duncan’s multiple comparison tests at the
probability level of 0.05.

RESULTS

The Optimal Conditions of Pressure

Shock Induction

The optimal conditions of pressure shock induction were
evaluated according to the survival rate of new hatched larvae
(hatching rate x tetraploid rate). Overall, the optimal initiation
time for pressure shock was 15 min before the first cleavage
at 14.8-15.5°C. The optimal treatment pressure and treatment
duration were 67.5 MPa and 6 min (Figure 1). The initiation
time for pressure shock was the most important factor for the
survival of tetraploid induction. The peak of survival rate was
obtained when the shock started around 15 min (12.5-17.5 min)
before the appearance of the cleavage furrow, which was higher
than those obtained from shocks applied at earlier or later time.
The induction rate was determined by cellular DNA content of
hatched larvae and was verified by chromosome preparation at
gastrula stage (Figure 2). The induction rate ranged from 70 to
100% under the optimal condition.

The Regression Analysis of Optimal
Initiation Time, FCI, and <0

The variation in FCI and 10 among the populations tested
in this study was fairly large (Table 2). On the other hand,
the coefficient of variation within the groups was rather small,
suggesting homogeneity among the eggs within each group.

The FCI had extremely significant correlation with the optimal
initiation time (P = 0.002). Meanwhile, there was no significant
correlation between t0 and the optimal initiation time (Table 3).
Therefore, the factor 10 could be excluded, and the regression
analyses of optimal initiation time and FCI were conducted.
The FCI had extremely significant correlation with the optimal
initiation time (P = 0.001, Table 3). A regression equation
prediction model was as below:

The optimal initiation time = 0.982 FCI — 12.182.
The optimal initiation time = 0.85 FCI.

Tetraploid Induction Population
Establishment and Embryo Development

Observation
According to the optimal induction conditions of tetraploid
turbot and the prediction model of optimal initiation time
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FIGURE 1 | Effects of initiation treatment time, treatment pressure, and treatment duration on fertilization rate, survival rate at gastrula stage, hatching rate, and
induction rate.
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TABLE 2 | The optimal initiation time, FCI, and <0 in nine different tetraploid
induction (4n) groups.

No. Water Optimal initiation ~ FCI/min FCIl/% 7 0/min
temp/°C time/mpf
1 15.0 86.0 96.0 89.6 56.0
2 156.0 82.5 95.0 86.8 58.0
3 15.4 81.5 94.0 86.7 60.0
4 156.1 76.0 91.0 83.5 58.3
5 1561 81.5 96.5 84.5 60.0
6 15.0 72.5 86.5 83.8 50.0
7 14.9 83.5 99.5 83.9 62.0
8 156.0 77.0 92.0 83.7 62.5
9 14.8 82.0 97.0 84.5 64.0

described above, we carried out a massive tetraploid induction
of turbot, and obtained two 4n induction populations. The
ploidy levels in these two populations were tested by FCM
at 1 dph. The 1 dph diploid larvae were also tested as
control. The tetraploid rates in both 4n induction populations
were 100%. The observation of embryo development showed
that the 2n embryos took about 100 h to hatch under
15°C. Hydrostatic pressure shock induced higher deformity
rate of embryos which could not survive to hatching stage.
The rest embryos showed no difference in morphology with
diploid embryo and larvae, and had a prolonged hatching
period (110 h). About 8 g (7,200-8,800) embryos in each
population were moved into a 1.5 m® indoor tank before

hatching. The hatching rates in 4nl and 4n2 induction
populations were 70 and 75%, respectively. The hatching rates
in 2nl and 2n2 populations were slightly higher (81 and
88%, respectively). In embryo development, two mortality
peaks were observed at stages gastrula and hatching in 4n
induction populations. Some embryos in 2n populations also
died in these two stages, but the mortality rates were much
lower (Figure 3).

Genetic Structure of Tetraploid Induction

Populations

The population genetic analysis with 20 microsatellite markers
showed that two to four alleles in each locus were respectively
detected in 2n and 4n populations (Figure 4). Private alleles were
only appeared at locus Sma-USC21, with low allele frequencies.
Two alleles in locus Sma-USC21 lost in 4n induction populations.
The genetic diversity indexes were shown in Table 4. Eleven
and fourteen loci in 2n and 4n populations showed a negative
genetic deviation index (D). The numbers of locus deviating
from Hardy-Weinberg equilibrium in 2nl, 4nl, 2n2, and 4n2
populations were 6, 9, 12, and 7, respectively. Overall, 12 lociin 2n
and 4n populations, respectively deviated from Hardy-Weinberg
equilibrium (Table 5).

The scatter plots from the DAPC clearly showed four
major clusters. In the 3D-FCA, the plots of 4nl scatted more
widely than those of 2nl population, meanwhile plots of
4n2 showed narrower distribution range than those of 2n2
population (Figure 5).
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TABLE 3 | The coefficient of regression analysis of optimal initiation time, FCI, and t O.

Model Unstandardized coefficients Standardized coefficients t Sig.
B SE Beta
1 (Constant) —16.224 15.786 —1.028 0.344
FCI 1.242 0.230 1.133 5.408 0.002
0 —0.347 0.212 —0.342 —1.633 0.154
2 (Constant) —12.182 17.349 —0.702 0.505
FCI 0.982 0.184 0.896 5.334 0.001
50 1
—2nl
—2n2
40 A ——4nl
4n2
~30 A
$
2
=20 A
10 4
0
2 cell 4 cell 8cell  multicell blastula gastrula tail bud heartbeat hatching new ldph 2dph
hatched
FIGURE 3 | The mortality of diploid (2n) and tetraploid induction (4n) populations.

DISCUSSION

Tetraploid could benefit in triploid breeding, because it can
avoid the inductive effect in artificial triploid induction.
However, tetraploid-derived triploids were only acquired in
a few fish, such as rainbow trout (Chourrout et al., 1986;
Weber et al, 2014) and Atlantic salmon (Salmo salar)
(Benfey, 2016). In some ancient tetraploid fresh water fish,
triploids could also be acquired by distant hybridization,
such as female Japanese crucian carp (Carassius cuvieri) and
male blunt snout bream (Megalobrama amblycephala) (Hu
et al., 2018), and female grass carp (Ctenopharyngodon idellus)
and male topmouth culter (Erythroculter ilishaeformis) (Wu
et al, 2019). In turbot and other marine fish, no report
was found about the tetraploid-derived triploids. The main
reason is the difficulty in acquirement of tetraploid parent fish
because of the low survival and unstable ploidy of artificial
induced tetraploid.

Hydrostatic treatment is the most frequently used method
of tetraploid induction in marine fish. Usually, the effect of

hydrostatic treatment is mainly affected by three factors: initiate
treatment time, treatment pressure intensity and treatment
duration (Peruzzi and Chatain, 2003). The optimal values of
these parameters differ greatly among species. Especially the
initiate treatment time could range from 6 to 70 min after
fertilization (Peruzzi and Chatain, 2003; Li et al., 2012; Yi
et al., 2012). Our results showed a longer optimal initiate
treatment time (about 85 min after fertilization) in turbot,
which may concern with the longer FCI. There were significant
differences in fertilization rate, hatching rate and induction
rate among induction groups at different initiate time and
pressure (P < 0.05); but there were no significant differences
at different treatment time, which indicated that the effect of
treatment time on the experiment results was small, and the
determination of appropriate treatment time and pressure were
more important. Hydrostatic pressure doubles the chromosomes
to induce tetraploid fish by inhibiting cleavage of fertilized eggs
(Zhou and Gui, 2017).

Generally, before the first cleavage, the low synchronization
of fertilized eggs, the complexity of cleavage regulation and
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environmental changes will affect the development of fertilized
eggs, making it difficult to determine the optimal treatment
time (Jeuthe et al.,, 2016). If treated in advance, the fertilized
eggs will be shocked before they reach the expected level, which
greatly reduces the induction efficiency. If the treatment is
postponed, the fertilized eggs will begin to cleavage, which will
affect their inhibition effect on cleavage, leading to the generation
of aneuploidy and an increase in mortality (Sakao et al., 2006).
In salmonids, early studies suggested that small changes in the
moment of shock induction could have large effects on success
of tetraploid induction (Chourrout, 1984; Chourrout et al.,
1986; Zhang et al., 2005). Hershberger and Hostuttler (2007)

found that applying pressure 15 min late could decrease the
tetraploid induction rate from 100 to 0%. It was also found
that the variation in embryo development significantly affected
the tetraploid induction in terms of both tetraploid induction
rate and viability of tetraploid progeny (Weber and Hostuttler,
2012). Thereafter, the FCI index was used to alleviate the effect
of asynchronism in embryo development. And the induction
success rate was increased (Weber and Hostuttler, 2012).
The temperature-dependent measure of t0 can also help to
standardize chromosome manipulation in fish eggs (Shelton
et al., 1997). It is the duration of one mitotic cycle during early
embryonic cleavage stage when the cleavage is synchronous.
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TABLE 4 | The genetic diversity index of diploid (2n) and 4n populations.

Locus 2n 4n
A Ae Ho He D A Ae Ho He D
F1-0CA19 2 1.980 0.450 0.501 0.091 2 1.982 0.524 0.501 —0.057
Smac-01 2 1.904 0.725 0.481 —-0.527 2 1.999 0.738 0.506 —-0.477
Smac-02 2 1.923 0.450 0.486 0.062 2 1.747 0.619 0.433 —0.448
Smac-05 2 1.987 0.270 0.504 0.456 2 1.968 0.308 0.498 0.374
Smac-06 2 1.835 0.700 0.461 —0.538 2 1.426 0.366 0.303 —-0.224
Smac-08 2 1.632 0.475 0.392 —0.227 2 1.636 0.450 0.353 —0.290
Smac-10 2 1.663 0.550 0.404 —0.379 2 1.660 0.548 0.402 —-0.377
Smac-11 2 1.988 0.564 0.503 —-0.135 2 1.980 0.600 0.501 —-0.212
Sma3-129INRA 2 1.999 0.525 0.506 —0.051 2 1.981 0.463 0.501 0.064
Sma-usc09 3 2.888 0.579 0.662 0.114 3 2.795 0.463 0.650 0.278
Sma-usc13 3 2.796 0.658 0.651 —0.024 3 2.832 0.707 0.655 —0.093
Sma-usc17 2 1.904 0.225 0.481 0.526 2 1.908 0.244 0.482 0.488
Sma-usc18 3 2.456 0.675 0.600 —0.139 3 2.292 0.610 0.571 —0.082
Sma-usc21 4 2.102 1.000 0.531 —0.907 2 2.000 1.000 0.506 —1.000
Sma-usc23 4 3.233 0.641 0.700 0.072 4 3.666 0.625 0.736 0.141
Sma-usc25 2 1.838 0.378 0.462 0.170 2 1.621 0.439 0.347 —0.281
Sma-usc26 3 2.791 0.641 0.650 0.001 3 2.779 0.756 0.648 —0.181
Sma-usc27 4 3.399 0.872 0.715 —0.235 4 3.816 0.902 0.747 —0.223
Sma-usc28 3 2.817 0.450 0.653 0.302 3 2.894 0.524 0.662 0.200
Sma-usc30 2 1.257 0.231 0.207 —0.130 2 1.584 0.488 0.373 —0.323
Mean 2.550 2.219 0.553 0.627 —0.075 2.450 2.218 0.569 0.519 —0.136
TABLE 5 | Hardy-Weinberg equiliorium in 2n and 4n populations. Both the FCI and t0 were widely used in Salmonids, paddlefish
Locus Population (Polyodon spathula) and shovelnose sturgeon (Scaphirhynchus
platorynchus) (Shelton et al., 1997). It is mainly because the
on1 4n1 2n2  4n2  2n-total  4n-total Optimal moment of treatment in fish is long, and the embryo
development is hard to find out. In flatfish, the embryo
F1-0CAT9 ns ns ns ns ns ns development was far shorter than that in Salmonids, so it was
Smac-01 ns R ns o - believed that the deviation from the actual initial time to the
Smac-02 ns v ns ns ns - optimal initial time was small. The optimal initiate time of
Smac-05 ns ns ' ns - ' treatment was conducted as minutes after the fertilized time or
Smac-06 ns ns v ns o ns before the appearance of the first cleavage furrow (Lin et al,
Smac-08 ns ns ns ns ns ns 2016). In the present study, we found that FCI and t0 varied in
Smac-10 ns ns ) ’ ’ ) a fairly large range for the optimal initiation time for pressure
Smac-11 ns ns ' ns ns ns shock (Table 2). These indexes could be affected by the water
Smag-129INRA ns ns ns ns ns ns temperature and genetic background. Due to the buoyant trait
Sma-usc09 ns - ) ’ - o of turbot eggs, they may also be affected by the air temperature.
Sma-uset3 ’ e ) e N ne Besides, our previous study showed that about 5 min derived
Sma-uset? ns *** *** ne o - from the optimal moment of shock induction would sharply
Sma-usc18 :i :i *rji :i :i *rji decrease the induction rate (Zhu et al., 2017). Therefore, the
zma—uscm . . - . . . relatively short embryo development also shortens the time
ma-use23 window of initiation time for success tetraploid induction. It
z::iz;z rls rls :z rls rls Sf needs t9 determine the init.iation time more precisely. In order t.o
Srmauseo? ., . . . . . determine the treatment time accurately and reduce the genetic
S usoo8 . . . s s . and environment influences, the relation among optimal initiate
time of treatment, FCI and t0 was calculated. We found that the
Sma-usc30 ns ns ns ns ns *

ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

10 is affected by temperatures, and is also a reliable indicator
of developmental rates of egg incubation. So it can be used
to estimate the optimal times for chromosome manipulation.

FCI is the best index to determine the optimal initiate time of
treatment in turbot. In this way, the influences of genetic origin
and environmental factors such as water temperature and air
temperature can be reduced. Under the optimal conditions, even
fully tetraploid population could be induced, which is far better
than the original method.
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FIGURE 5 | Discriminant analysis of principal components (DAPC, left) and three

-dimensional factorial correspondence analysis (3D-FCA, right) showing the
relationships among turbot individuals of two 2n and two 4n populations. Yellow block, 2n1; white block, 4n1; blue block, 2n2; gray block, 4n2.
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In present study, we also tried to find out how the artificial
tetraploid induction affected the genetic diversity in turbot.
The genetic structure of natural or spontaneous tetraploid
fish, such as Amazon molly (Poecilia formosa) (Lampert et al.,
2008) and minnow (Squalius alburnoides) (Crespo-Lopez et al.,
2007), has been reported before. The number of alleles and
heterozygosity were higher in tetraploid populations than those
in diploid populations in these fishes due to their hybrid origin.
However, the genetic structure of artificial induced tetraploids
was different. Overall, the number of effective alleles in the
2n population of turbot was basically the same as that in
the 4n induction population. The observed heterozygosity was
slightly lower and the expected heterozygosity was slightly
higher in 2n population than those in the 4n induction
population. The average observed heterozygosity Ho of 2n
and 4n populations were 0.553 and 0.569, respectively. The
average expected heterozygosity He of 2n and 4n populations
were 0.527 and 0.519, respectively. Yu et al. (2009) analyzed
seven artificial breeding families of turbot, and the average
heterozygosity was 0.7206. Gu et al. (2009) used self-developed
microsatellite markers to analyze the expected heterozygosity
of 31 turbot individuals ranging from 0.5061 to 0.8995. It
was found that the heterozygosity of turbot populations in
the present study were lower than those has been reported.
The screened out microsatellite markers were reported to have
more alleles in the literature, but the number of alleles in this
study is only 2-4. Heterozygote deletion was also found at
many loci. It indicates that inbreeding may occur in parent
turbot breeding, and it is necessary to introduce parents from
different sources to improve their genetic diversity. By comparing
the allele frequencies of turbot, two alleles of Sma-USC21
were deleted in the 4n population, suggesting the existence of
recessive lethal genes. Tetraploid induction population showed
lower heterozygosity and higher heterozygote deletion. We also,

respectively, analyzed the genetic diversity of two 4n populations,
and the scatter plots from the DAPC clearly showed four major
clusters. In the 3D-FCA, the plots of 4nl population scatted
more widely than those of 2nl population, meanwhile plots
of 4n2 population showed narrower distribution range than
those of 2n2 population. Since the 4n population was obtained
by inhibiting the cleavage doubling of the 2n population, its
genetic diversity level should theoretically be the same as that
in the 2n population (Ferris and Whitt, 1980). Besides, this
induction process can be regarded as artificial selection of
population. Some individuals with specific alleles or genotypes
are sensitive to high-pressure induction and cannot survive,
resulting in the deletion or frequency reduction of the allele.
Such phenomena could also be found in artificial induced triploid
(Liu et al., 2018). Therefore, it is easy to explain the decrease
of genetic diversity in 4n2 population compared to that in 2n2
population. However, it is hard to explain the wider expand
of scatter of 4nl population than that of 2n1 population. The
4nl and 4n2 induction populations came from different parents.
Weather the genetic origin affected the genetic diversity in
tetraploid induction is still unknown. Further analysis is needed
in combination with genotypes.

In conclusion, the tetraploid induction rate of turbot can be
increased to be more than 90% or even 100% under the optimized
conditions by using FCI. The optimal initiation time is 0.982
FCI — 12.182 or the optimal initiation time is 0.85 FCI. And
the optimal treatment pressure and treatment duration were
67.5 MPa and 6 min. Then two tetraploid induction populations
were obtained under the optimal conditions. They showed lower
heterozygosity and higher heterozygote deletion. Besides, it seems
that the hydrostatic pressure has different effects on turbot
with different genetic origin. The exact mechanism still needs
further study. The results would help in tetraploid induction and
relatively studies in marine fish.
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