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. Clonal fishes are useful tools in biology and aquaculture studies due to their isogenicity. In

. Japanese flounder (Paralichthys olivaceus), a group of homozygous clones was created by inducing

' meiogynogenesis in eggs from a mitogynogenetic homozygous diploid. As the clones reached sexval
. maturity, meiogynogenesis was again induced in order to produce a 2" generation clonal group

. of Japanese flounder. After 3 months, there were 611 healthy, surviving individuals. Twenty-four

. microsatellite markers, that covered all the linkage groups of Japanese flounder, were used to identify
. the homozygosity of the 2nd generation clones; no heterozygous locus was detected. This indicates

© that the production of a 2"¢ generation clonal group of Japanese flounder was successful. Restriction-
. site DNA associated sequencing at the genomic level also confirmed the homozygosity and clonality
. of the 2" generation clonal group. Furthermore, these 2" generation clones had a small coefficient

. of variation for body shape indices at 210 days of age and showed a high degree of similarity in body

. characteristics among individuals. The successful production of 2"d generation clones has laid the

. foundation for the large-scale production of clonal Japanese flounder.

. Laboratory animals are commonly used for research purposes in several fields, including medicine, biology, and
. environmental toxicology efc. These animals possess desirable characteristics such as a clear genetic background
: and genetic uniformity among individuals from the same family. The traditional approach to preparing labora-
© tory animals is continuous full-sib mating for at least 20 generations!. At that time, the theoretical coeflicient
. of inbreeding is F=0.986% Although the coefficient of inbreeding is close to 1, 2% of genetic variance remains
. within the family. By using the full-sib mating approach, hundreds of inbreeding lines of rodents have been
. established and used commercially®. Additionally, inbreeding lines of fish are established by using this method in
: avariety of fish species*.

: For most fish species, the matured eggs are spawned out of the body to be fertilized by sperm in the water
. when they are in the metaphase of second meiosis’. These reproductive traits make it possible to artificially induce
. polyploidy, androgenesis, and gynogenesis. Gynogenesis is a special mode of reproduction in which the homol-
:ogous or heterologous spermatozoa enters the egg only to activate embryonic development. The sperm cannot
. develop into a male pronucleus and fuse with the female pronucleus to form a zygote. Offspring that hatch as a
© result of gynogenesis inherit genetic information only from the female parent’. When artificially inducing gyno-
© genesis in fish, the egg is first activated by an irradiated homologous or heterologous sperm, and then the diploidy
. of the egg is restored via physical or chemical treatment. If the release of the second polar body is inhibited,
© meiogynogenesis is induced. This will result in the offspring being heterozygous due to the exchange of sister
. chromatids during meiosis. If cleavage is inhibited, mitogynogenesis is induced. Offspring that hatch as a result
. of mitogynogenesis is double haploid (DH) and have 100% homozygosity. The use of eggs or sperm that are
. spawned by the DHs to induce meiogynogenesis (eggs) or androgenesis (sperm) could establish a clonal line that
. has a coefficient of inbreeding of F=1.00. Compared with full-sib mating, use of the chromosome manipulation
 method can establish a clonal line that has full homozygosity in short a period of time (2 generations). By using
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Figure 1. The schematic flow of the production procedure of 2" generation clones of Japanese flounder
(Paralichthys olivaceus).

1% clone Wild-type Normal fertilization 4754 33.67 (0.38~77) 16.97 (0.23~48.39) 5.54 (0~11.11)

1*clone | Doubled Haploid | Normal fertilization 2488 43.93 (24.05~81.85) | 30.54 (6.94~61.17) | 8.37(5.08~14.85)

1tclone | UV-irradiatedred | 5. a0 45min| 5708 20.40 (5.75~45.11) 11.29 (0.51~28.78) | 22.88 (6.35~55.56)
sea bream sperm

Table 1. Cleavage, hatching and abnormal rates of different treatment groups in Japanese founder
(Paralichthys olivaceus). "AA, after activation.

this method, clonal lines were successfully established in zebrafish (Danio rerio)”8, medaka (Oryzias latipes)°,
common carp (Cyprinus carpio)'®!, Nile tilapia (Oreochromis niloticus)'>"%, amago salmon (Oncorhynchus rho-
dorus)'*15, ayu (Plecoglossus altivelis)'S, rainbow trout (Oncorhynchus mykiss)'’-'°, Japanese flounder (Paralichthys
olivaceus)® and red seabream (Pagrus major)?'.

To our knowledge, there is only one other report of a 2™ generation of clonal fish by Miiller-Belecke and
Horstgen-Schwark, who studied the survival rate, reproductive traits, and mean body weight of a 2™ generation
clones of tilapia?%. A clonal line of Japanese flounder was established for the first time in China®. Because all indi-
viduals of the clonal line are females, it is impossible to produce 2" generation clones by male and female mating.
Here, we describe the creation of a 2" generation clonal group of Japanese flounder by induced meiogynogenesis
using eggs spawned by 1% generation clones (Fig. 1).

Results

Induction rate of 2" generation clones. 1In total, five out of 27 1% generation clones were used for the
meiogynogenetic induction to create the 2" generation clones. The cleavage rate, hatching rate, and abnormal
rate was calculated for three of them. The control group consisted of eggs from the 1* generation clones that were
fertilized by sperm from wild-type males (three males) or double haploid males (three males, and the progeny
are heterozygous clones). Due to the poor quality of eggs spawned by the clones, a wide variety of low values were
obtained for cleavage, hatching, and abnormal rates. The abnormal rate was higher in the meiogynogenesis group
than in the other two groups (Table 1). This may have been caused by the side effects of the cold-shock treatment.
By the age of 3 months, we had 611 healthy, surviving individuals.

Homozygosity analysis by microsatellite genotyping. The homozygosity of the 2" generation clonal
group and the genetic similarities between the 1* and 2" generation clones were analyzed by using 24 micro-
satellite markers that cover the 24 linkage groups of Japanese flounder. In five of the 1* generation clones, each
individual had the same allele size at each locus, and no heterozygous loci were detected. These results represent
the clonality and homozygosity of the 1% generation clones. The 25 2" generation clones had the same band
pattern as the 1* generation clones, and only homozygous loci were detected (Table 2, Fig. 2). The microsatellite
genotyping results indicated that the production of the 2" generation clones was successful.

Homozygosity analysis by Restriction-site associated DNA sequencing. A total of 10.571 Gb of
raw data was obtained from the five individuals that were sequenced (submitted to SRA database, accession
No. SRP087604). The raw data from each individual ranged from 1283.039 Mb to 4556.052 Mb. After filtering
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1 Poli130TUF 127/127 127/127 9 Poli182TUF 118/118 118/118 17 Poli1407TUF 166/166 166/166
2 Poli866TUF 258/258 258/258 10 Poli101TUF 147/147 147/147 18 Poli16-79TUF 130/130 130/130
3 Poli188TUF 136/136 136/136 11 Poli174TUF 137/137 137/137 19 Poli1490TUF 173/173 173/173
4 Poli148TUF 197/197 197/197 12 Poli212TUF 145/145 145/145 20 Poli139TUF 145/145 145/145
5 Poli9TUF 169/169 169/169 13 Poli966TUF 172/172 172/172 21 Poli1925TUF 221/221 221/221
6 Poli107TUF 151/151 151/151 14 Poli141TUF 176/176 176/176 22 Poli2TUF 124/124 124/124
7 Poli18-55TUF 120/120 120/120 15 Poli39MHFS 221/221 221/221 23 Poli193TUF 127/127 127/127
8 Poli1825TUF 145/145 145/145 16 Po25A 224/224 224/224 24 Poli607TUF 152/152 152/152

Table 2. Microsatellite genotyping results of clonal female parents and 2" generation clones in Japanese
founder (Paralichthys olivaceus). *See Castafio-Sénchez ef al.*®.
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1®generation | 34937 6715 217
clone

nd 2

2* generation | 34) 59 5218 1.72
clone-1

nd 5

2*generation | 35719 5349 174
clone-2

S -

2" generation | 334359 5877 1.92
clone-3

Control 307308 190010 61.83

Table 3. Summary of SNP number and heterozygous rate of each sample in Japanese founder (Paralichthys
olivaceus).

Figure 2. Electrophorogram of PCR products for Polil130TUF and Poli2TUF microsatellite loci in 1* and
2" generation clones of Japanese flounder (Paralichthys olivaceus). 21-5: 1* generation clone individual 1 to
5; Offspring 1-25: 2" generation clone individual 1-25. Note each individual had the only one allele and same
allele size at each locus, indicating the clonality and homozygosity of each samples.

through the data, 10.403 Gb of clean data was selected for further analyses. All samples were of high quality (Q20
>93.13%, Q30 > 85.0%), and the GC contents ranged from 39.75% to 40.26% (Table S1). The 1% generation clone
that was used to assemble the reference sequence obtained 10851243 digestion reads (RAD tags). The other four
samples had RAD tags ranging from 3340795 to 4425361 (Table S2).

The RAD reference sequence that was assembled using 1% generation clone sequences contained 212820 con-
tigs with 78774559 bp. The average contig length was 370 bp (Table S3, Figure S1). This covered approximately
of the sequenced genome of Japanese flounder. To evaluate accuracy of the assembled reference sequence, the
high-quality pair-end reads (125-bp) were realigned onto the assembled scaffolds. An average depth of 24.92 was
obtained, and approximately 89.54% of the reference assembly was covered by 4 or more reads (Table S3).

For all five samples, the alignment rates to reference sequence ranged from 66.28% to 72.36%, and the average
depth (excluding the N region) was between 8.44X ~24.43X (Table S4). The total SNP loci ranged from 304129 to
309307, and the control had 190010 heterozygous SNPs. However, the 1% generation clone and three 2™ genera-
tion clones, had heterozygous SNP numbers that were only 5218 to 6715. These were significantly smaller than the
control (Tables 3 and S5). The heterozygosity rate was calculated as the ratio of heterozygous SNPs to total SNPs.
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1* generation | 2"dgeneration | 2"¢generation | 2"generation
clone clone-1 clone-2 clone-3 Control

st 1,
L generation s 0.9644 0.9683 0.9720 0.0982
clone

" -
2" generation 0.9644 s 0.9649 0.9643 0.0940
clone-1

nd H
2" generation 0.9683 0.9649 s 0.9677 0.0952
clone-2

nd 3
2" generation 0.9720 0.9643 0.9677 e 0.0963
clone-3
Control 0.0982 0.0940 0.0952 0.0963 Hooee

Table 4. The genetic similarity index between samples in Japanese founder (Paralichthys olivaceus).

The results indicated that the 1% and 2™ generation clones had low heterozygosity rates (1.72%~2.17%), and the
control had the heterozygosity rate of 61.83% (Table 3). Due to the homozygous pairing of alleles during meiogy-
nogenesis, the heterozygosity rates of three of the 2" generation clones were lower than those of the 1% generation
clones. The results revealed that the genetic similarity index between clones was above 0.9643 (Table 4). The low
heterozygosity rate and high genetic similarity obtained from RAD sequencing indicate the successful production
of 2" generation clones at the genomic level.

Morphological characteristics. The ratios of total length/body length, total length/head length, total
length/caudal peduncle length, total length/withers height, caudal peduncle length/caudal peduncle height, and
withers height/caudal peduncle height of the 2°¢ generation clonal group were significantly different from those
of the control group (P < 0.01). Within the 2" generation clonal group, only the CV of the total length/caudal
peduncle length ratio was higher than 3% (3.62%), the CVs of all other ratios were lower than 3%. However,
within the control group, only the CV of the total length/body length ratio was lower than 3% (2.82%), the other
ratios’ CV's were all higher than 3% (Table 5). These results revealed that the control group had higher CVs of
morphological characteristics, and presented a large number of morphological differences between individuals
within the family. In contrast, the 2" generation clonal group had low CVs, and individuals within the family had
highly similar morphological characteristics.

Discussion

In this study, using eggs from homozygous clones, the 2" generation clonal group was induced by artificial mei-
ogynogenesis. This is the first time that 2" generation clones of Japanese flounder were induced by three cycles of
gynogenesis (one cycle of mitogynogenesis and two cycles of meiogynogenesis).

The homozygosity and clonality of 2°¢ generation clones were verified by microsatellite markers and RAD-Seq.
Interestingly, 1.7-2% heterozygosity rate was detected in 1* and 2" generation clones from the RAD-Seq results.
Theoretically, the clone induced from doubled haploid by meiogynogenesis must be totally homozygous, and no
heterozygous locus Should be detected. Sequencing error might be one possible explanation for the heterozygous
SNPs. Random and systematic errors are inevitably for the common high-throughput sequencing platforms?:.
Although there are a lot of programs that based on different data structures and algorithms available for error
removal in sequencing data, it is impossible to remove all the errors due to each program’s limitation?. The other
explanation for the heterozygous SNPs might be the meigynogenesis induction process. We used 0 °C cold-shock
treatment to inhibit the releasing of second polar body. Such cold-shock treatment might cause the mismatch of
bases (Non-complementary bases in a duplex DNA), and thus result in the heterozygous SNPs of clones. However,
more studies are needed to clarify the mechanism of heterozygous SNPs appeared in homozygous clones.

Compared to the wild-type control group, the 2" generation clones had lower CV in ratios of morphological
traits, and individuals possessed highly similar morphological characteristics. These ratios and CVs were not
different from those of their clonal 120-day-old female parents (1% generation clones) (unpublished data). The
data concerning the morphological traits of the 1* and 2™ generation clones indicate that they are different from
other Japanese flounder groups. Other groups have a high degree of consistency among ratios of morphological
traits during the process of growth and intergeneration. The results of this study are consistent with those of
similar studies. In mice, the homozygous strains and F, hybrids displayed reduced CV for mandible length as
compared to outbred or F, progeny?. In the amago salmon'*, ayu'®, and Nile tilapia®?, the same trend was found
in the phenotypic variation between the homozygous clones and the crosses of outbred fish. However, In the pres-
ent study, both 2" generation clone group and wild-type control group had increased CVs in body weight and
total length. And for each of these two character, CV of 2*¢ generation clone group was higher than the wild-type
control group. In common carp, the homozygous clones had increased variations in body weight and length
when compared to the crosses of homozygous clones and outbred males. The variation, however, was not signif-
icantly different from the outbred crosses when the homozygous clones were produced by crossing females with
sex-reversed clonal males. The authors believe that the variation in the homozygous clones was partially caused
by treatment effects?””. However, more studies are needed to discriminate the factors that influence the phenotype
variation in homozygous clones.

Clonal lines originating from androgenetic or mitogynogenetic DHs represent unique biological tools which
can be used to identify important aquaculture industry parameters, such as feed uptake, growth rate, deformities,
and disease resistance’. Several clonal lines of rainbow trout were established using gynogenesis or androgenesis,
and the development rate of differences among traits, such as cytotoxic cell activity, were genetically dissected®?.
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Table 5. The ratios of morphological traits of second generation clones and wild-type control. Note:
different superscript letters within columns indicate significant differences as determined by paired t-tests
(P<0.01).

Quillet et al. found variations in susceptibility to rhabdoviruses within rainbow trout clonal lines, thereby these
animals could be used to further investigate the genetic mechanism of resistance'. Crosses between different
clonal lines can be used to produce heterozygous clones. Heterozygous clones are free of lethal recessive genes
and often show heterosis, in terms of viability and growth related traits, relative to homozygotes®. In Japanese
flounder, we produced several heterozygous clonal lines, and one of them displays high heterosis in growth rate,
which is 77.66% faster than the controls (unpublished data). The induction of mitogynogenesis or androgenesis
in the heterozygous clones can produce recombined DHs, which are valuable tools for gene mapping and for QTL
detection®.

The homozygous clonal lines could also be used for the study of human diseases. Mizgirev and Revskoy pro-
duced homozygous clonal lines of zebrafish, and using these clonal lines, established the model of liver tumor cell
transplantation®. This provided reference material for the continued study of tumor growth, angiogenesis, metas-
tasis, and the therapeutic effect of anticancer drugs®'. In a comparative study of hematological indices between
homozygous clones and common Japanese flounder, aspartate aminotransferase (AST) was significantly higher
in clonal Japanese flounder than in common Japanese flounder (P < 0.01). This revealed that these homozygous
clones could be used as a liver disease model*.

As environmental issues have become increasingly prominent, the study of the impact of environmental pol-
lution has become more important. Fish are widely used in the study of the water pollution®’. The degree of
standardization among the animals used in the study has a direct impact on the accuracy and repeatability of the
results. In studies on marine pollution, the majority of experimental animals used were non-standard fish. The
genetic background of these fish was not clear, and the genetic similarities were low, which reduced the repeat-
ability of the results. The use of standardized experimental animals in future research, can effectively overcome
these problems, and improve the accuracy of the study. The 1* generation homozygous clonal line that were uti-
lized as female parents in this experiment were applied in the study of acute toxicity of Hg?". The tolerance and
consistency of death between clonal and common Japanese flounder were compared. The results indicated that
the clones were more sensitive to Hg>", and had a higher consistency of death®. Currently, there is no standard
marine experimental animal line available for use. However, the homozygous clonal Japanese flounder we pro-
duced could meet the criteria of an experimental animal, and could be used in studies of marine environmental
pollution.

In conclusion, by the artificial induction of meiogynogenesis using eggs of homozygous clonal Japanese
flounder, 2™ generation homozygous clones were successfully created, and this has laid the foundation for the
large-scale application of clonal Japanese flounder.

Materials and Methods

Ethics. This study was performed in accordance with the Guide for Care and Use of Laboratory Animals
provided by the Chinese Association for Laboratory Animal Sciences (No. 2011-2). All the experiment protocols
were approved by the animal care and use committee of Beidaihe Central Experiment Station.

Fish and gamete collection.  All the fishes we used in this study were 4 year old, and reared at the Beidaihe
Central Experiment Station, Chinese Academy of Fishery Sciences, Qinhuangdao, Hebei Province. The sperm of
red sea bream was collected using a 5-mL plastic syringe by gently pressing on the abdomen, thus avoiding water
and urine, and stored in the dark at 4 °C until used. The sperm of Japanese flounder was collected via the same
procedure. The eggs were collected by gently stripping the abdomen of female Japanese flounder into a 1000-mL
glass beaker, and stored in the dark at room temperature.

Induction of meiogynogenesis. The induction of meiogynogenesis was executed according to the proce-
dure of Yamamoto (1999)*. The sperm of red sea bream was UV-irradiated with a dosage of 73 mJ/cm?, and then
added to the eggs and mixed well. The eggs were activated by adding marine water (17 °C). Three minutes after
activation, the eggs were subjected to a 0 °C cold-shock treatment for 45 min. After the cold-shock treatment, the
eggs were transferred to marine water (17 °C) for hatching. Totally, we induced five batches of meiogynogenesis
using eggs from five 1% generation clones.

Preparation of control groups.  Control groups were produced simultaneously with the meiogynogenetic
groups. To evaluate cleavage, hatching, and abnormal rates, the eggs of clones were artificially fertilized with
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sperm of wild-type and DH males, and then reared at 17 °C. To measure morphological characteristics, eggs from
one wild-type female were fertilized by one wild-type male.

Cleavage, hatching and abnormal rates. The cleavage rate was calculated by finding the frequency of
gastrula stage eggs as compared to the total number of eggs used. The occurrence of hatched larvae compared to
the total number of eggs used provided the hatching rate. In addition, the frequency of abnormal larvae compared
to the hatched larvae revealed the abnormal rate. For each group, more than 1,000 eggs were used to determine
these calculations.

Microsatellite genotyping. Fin clips from five female clones and 25 2" generation juvenile clones (from
mixed population of 2" generation clones) were sampled, placed in 100% ethanol, and stored at —20°C. Genomic
DNA from each sample was isolated using phenol-chloroform extraction®.

In total, 24 microsatellite loci, that covered all 24 linkage groups of Japanese flounder, were randomly selected
for genotyping®®. PCR was performed in a 15-pl reaction cocktail containing 40-50 ng template DNA, 1X PCR
buffer (50 mM of KCl, 10 mM of Tris-HCI, 1.5 mM of MgCl,, pH 8.3), 200 uM of each dNTP, 1 U Tagq polymerase
(Takara), and 2 pmol of each primer under the following conditions: one cycle of initial denaturation for three
min at 94 °C, 25 cycles of denaturation for 30 sec at 93 °C, annealing for 30 sec at 62 °C, extension for 30 sec at
72°C, and one cycle of final extension for 10 min at 72 °C. The PCR products underwent electrophoresis and were
analyzed further with the method of Liao et al.*’.

RAD sequencing. Fin clips of one female clone, three 2" generation clones and one control were sampled,
placed in 100% ethanol, and stored at —20°C. Genomic DNA from each sample was isolated using
phenol-chloroform extraction®. The genomic DNA from each sample was digested by EcoRI and an adapter (P1)
was ligated to the fragment’s compatible ends. The adapter-ligated fragments were subsequently pooled, ran-
domly sheared, and size-selected. The fragments were then ligated to a second adapter (P2), a Y adapter that has
divergent ends®. Finally, the fragments from the 18 cycles of PCR amplification of 200 bp to 400 bp were collected
for the purpose of constructing a library. A Qubit2.0 kit was used to analyze the quality of the library. After the
library was diluted to 1 ng/ul, Agilent 2100 was used to check the insert size of the library. Q-PCR was performed
to determine the effective concentration of the library (the effective concentration of library >2nM) when the
insert size was appropriate. All of these steps were taken to ensure the quality of the library. The constructed
library was sequenced using the Illumina HiSeq2500 platform at Novogene in Beijing, and 125-bp paired-end
reads were generated.

Due to the unavailability of the presently existing genomic information of Japanese flounder, we specified 1%
generation clone to be sequenced with the greatest amount of data (approximately 5x whole-genome coverage for
this reference individual; 1x whole-genome coverage for others) for sequence used as a reference for downstream
analysis. The clean reads from the sequencing were obtained by removing reads containing adapter, poly-N, and
low quality reads (bases that more than 50% of the single end sequencing read length are under score 5) from the
raw data using FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). The reference sequence was assembled
by VelvetOptimiser assembler (settings: -s 23 -e 31 -x 4)*.

Sequence readings from all five samples were aligned with the reference sequence using BWA software (v0.7.8,
settings: aln -0 1 -m 100000 -t 4 -1 32 -i 15 -q 10)*. Repeats from the alignment results were removed using
SAMtools software (v0.1.19, settings: rmdup)*!. The SNP detection for each sample was performed using the mpi-
leup function in SAMtools (settings: mpileup -m 2 -F 0.002 -d 1000). The genetic similarity index was calculated
using the formula presented by Nei & Li (1979)*.

Measurement of morphological characteristics. The 2 generation clone group and control group
were reared under the same culture conditions. Briefly, for each group, newly hatched larvae were reared in an
aquarium (300 x 100 x 100 cm) with flow-through seawater. The fish were fed Brachionus plicatilis from day 0
to 25, Artemia salina from day 15 to 60 and standard commercial feed after day 60. Then, same number of indi-
viduals from each group were transferred to two 25-m? tanks (one tank for one group) at day 61. During the
experiment, the rearing density, feeding level, water temperature (fluctuated naturally from 17 to 22°C) and flow
velocity were maintained similar between 2" generation clone group and control group. At the age of 210 days,
each 30 individuals from the 2" generation clone group and the control group, were randomly selected and meas-
ured for the following traits: total length, body length, head length, caudal peduncle length, withers height, and
caudal peduncle height. After measurements had been collected, the following trait ratios were calculated: total
length/body length, total length/head length, total length/caudal peduncle length, total length/withers height,
caudal peduncle length/caudal peduncle height, and withers height/caudal peduncle height.

Statistical analysis. The data is given in the format of Mean + SD (standard deviation). The coefficient of
variation (CV) was calculated as the ratio of SD to Mean. Paired t-tests were performed using R software* to
compare the morphological characteristics between the 2™ generation clonal group and the wild-type control.

References

1. Carter, T. C. et al. Standardized nomenclature for inbred strains of mice. Cancer Res 12, 602-613 (1952).

2. Casellas, J. Inbred mouse strains and genetic stability: a review. Animal 5, 1-7 (2011).

3. Grimholt, U,, Johansen, R. & Smith, A. A review of the need and possible uses for genetically standardized Atlantic salmon (Salmo
salar) in research. Lab Anim 43, 121-126 (2009).

4. Shinya, M. & Sakai, N. Generation of highly homogeneous strains of zebrafish through full sib-pair mating. G3 (Bethesda) 1,
377-386 (2011).

5. Hou, J. L., Sun, Z. H,, Si, E. & Liu, H. J. Cytological studies on induced meiogynogenesis in Japanese flounder Paralichthys olivaceus
(Temminck et Schlegel). Aquac Res 40, 681-686 (2009).

SCIENTIFICREPORTS | 6:35776 | DOI: 10.1038/srep35776 6


http://hannonlab.cshl.edu/fastx_toolkit/

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.

17.
. Young, W. P, Wheeler, P. A. & Thorgaard, G. H. Asymmetry and variability of meristic characters and spotting in isogenic lines of

19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.
30.

31.
32.

33.
34.
35.
36.
37.

38.
39.

40.
41.
42,

43.

. Komen, H. & Thorgaard, G. H. Androgenesis, gynogenesis and the production of clones in fishes: A review. Aquaculture 269,

150-173 (2007).

. Streisinger, G., Walker, C., Dower, N., Knauber, D. & Singer, F. Production of clones of homozygous diploid zebrafish (Brachydanio

rerio). Nature 291, 293-296 (1981).

. Hou, J. L., Fujimoto, T., Saito, T., Yamaha, E. & Arai, K. Generation of clonal zebrafish line by androgenesis without egg irradiation.

Sci Rep 5, 13346-13360 (2015).

. Naruse, K., Jjiri, K., Shima, A. & Egami, N. The production of cloned fish in the medaka (Oryzias latipes). ] Exp Zool 236, 335-341

(1985).

Komen, J., Bongers, A. B. ], Richter, C. J. J., Van Muiswinkel, W. B. & Huisman, E. A. Gynogenesis in common carp (Cyprinus carpio
L.). Aquaculture 92, 127-142 (1991).

Bongers, A. B. ]. et al. Genetic analysis of testis development in all-male F1 hybrid strains of common carp, Cyprinus carpio.
Aquaculture 158, 33-41 (1997).

Hussain, M. G., Penman, D. J., McAndrew, B. ]. & Johnstone, R. Suppression of first cleavage in the Nile tilapia, Oreochromis niloticus
L. — a comparison of the relative effectiveness of pressure and heat shocks. Aquaculture 111, 263-270 (1993).

Miiller-Belecke, A. & Horstgen-Schwark, G. Sex determination in tilapia (Oreochromis niloticus) sex ratios in homozygous
gynogenetic progeny and their offspring. Aquaculture 137, 57-65 (1995).

Kobayashi, T., Ide, A., Hiasa, T., Fushiki, S. & Ueno, K. Production of Cloned Amago Salmon Oncorhynchus rhodurus. Fish Sci 60,
275-281 (1994).

Nagoya, H., Okamoto, H., Nakayama, I., Araki, K. & Onozato, H. Production of androgenetic diploids in amago salmon
Oncorhynchus masou ishikawae. Fish Sci 62, 380-383 (1996).

Del Valle, G. & Taniguchi, N. Genetic variation of some physiological traits of clonal ayu (Plecoglossus altivelis) under stressed and
non-stressed conditions. Aquaculture 137, 193-202 (1995).

Scheerer, P. D, Thorgaard, G. H. & Allendorf, E W. Genetic analysis of androgenetic rainbow trout. ] Exp Zool 260, 382-390 (1991).

rainbow trout. Aquaculture 137, 67-76 (1995).

Quillet, E., Dorson, M., Le Guillou, S., Benmansour, A. & Boudinot, P. Wide range of susceptibility to rhabdoviruses in homozygous
clones of rainbow trout. Fish Shellfish Immunol 22, 510-519 (2007).

Yamamoto, E. Studies on sex-manipulation and production of cloned populations in hirame, Paralichthys olivaceus (Temminck et
Schlegel). Aquaculture 173, 235-246 (1999).

Kato, K., Hayashi, R., Yuasa, D., Yamamoto, S. & Miyashita, S. Production of cloned red sea bream, Pagrus major, by chromosome
manipulation. Aquaculture 207, 19-27 (2002).

Miiller-Belecke, A. & Horstgen-Schwark, G. Performance testing of clonal Oreochromis niloticus lines. Aquaculture 184, 67-76
(2000).

National flatfish industry technology development center. Annual report 2012 of national technology system for flatfish culture
industry. Ch. 1, 47-69 (China ocean university press, 2013).

Du, Y. et al. Comprehensive evaluation of SNP identification with the Restriction Enzyme-based Reduced Representation Library
(RRL) method. BMC Genomics 13,77 (2012).

Laehnemann, D., Borkhardt, A. & McHardy, A. C. Denoising DNA deep sequencing data high-throughput sequencing errors and
their correction. Brief Bioinform 17, 154-179 (2016).

Festing, M. E. Phenotypic variability of inbred and outbred mice. Nature 263, 230-232 (1976).

Bongers, A. B. ]., Ben-Ayed, M. Z., Doulabi, B. Z., Komen, J. & Richter, C. J. J. Origin of variation in isogenic, gynogenetic, and
androgenetic strains of common carp, Cyprinus carpio. ] Exp Zool 277, 72-79 (1997).

Ristow, S. S., Grabowski, L. D., Wheeler, P. A., Prieur, D. J. & Thorgaard, G. H. Arlee line of rainbow trout (Oncorhynchus mykiss)
exhibits a low level of nonspecific cytotoxic cell activity. Dev Comp Immunol 19, 497-505 (1995).

Robison, B., Wheeler, P. & Thorgaard, G. H. Variation in development rate among clonal lines of rainbow trout (Oncorhynchus
mykiss). Aquaculture 173, 131-141 (1999).

Zimmerman, A. M., Evenhuis, ]. P, Thorgaard, G. H. & Ristow, S. S. A single major chromosomal region controls natural killer cell-
like activity in rainbow trout. Immunogenetics 55, 825-835 (2004).

Mizgirev, I. & Revskoy, S. Generation of clonal zebrafish lines and transplantable hepatic tumors. Nat Protoc 5, 383-394 (2010).
Jiang, H. B., Wang, G. X,, Liu, H. ], Tang, X. Y. & Bao, ]. Comparative hematological analysis of clonal and common Japanese
flounder (Paralichthys olivaceus). ] Fish Sci China 21, 260-265 (2014).

Spitsbergen, J. M. & Kent, M. L. The state of the art of the zebrafish model for toxicology and toxicologic pathology research-advantages
and current limitations. Toxicol Pathol 31 Suppl, 62-87 (2003).

Jiang, H. B. et al. Acute toxicity of Hg*" to clonal and common Japanese flounder Paralichthys olivaceus. Prog Fish Sci 35, 68-73
(2014)

Wang, G. X. et al. Analysis of homozygosity and genetic similarity between two successive generations in a meiogynogenetic
Japanese flounder family. J Fish Sci China 19, 381-389 (2012).

Castafio-Sanchez, C. et al. A second generation genetic linkage map of Japanese flounder (Paralichthys olivaceus). BMC Genomics
11, 554 (2010).

Liao, X. L., Shao, C. W,, Tian, Y. S. & Chen, S. L. Polymorphic dinucleotide microsatellites in tongue sole (Cynoglossus semilaevis).
Mol Ecol Notes 7, 1147-1149 (2007).

Baird, N. A. et al. Rapid SNP discovery and genetic mapping using sequenced RAD markers. PLoS ONE 3, €3376 (2008).

Zerbino, D. R. & Birney, E. Velvet: algorithms for de novo short read assembly using de Bruijn graphs. Genome Res 18, 821-829
(2008).

Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754-1760 (2009).
Li, H. et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078-2079 (2009).

Nei, M. & Li, W. H. Mathematical model for studying genetic variation in terms of restriction endonucleases. Proc Natl Acad Sci 76,
5269-5273 (1979).

R Core Team. R: A language and environment for statistical computing. R foundation for statistical computing, Vienna, Austria.
ISBN 3-900051-07-0, URL http://www.R-project.org/ e R Project for Statistical Computing. (Date of Access for download:
20/06/2014) (2012).

Acknowledgements
This study was supported by the Modern Agro-industry Technology Research System (CARS-50-G02, CARS-
50-Z03), China.

Author Contributions

J.H., G.W. and H.L. planned and arranged the project. J H., G.W,, X.Z., YW.,, Z.S., ES. and X.]. performed the
experiments. J.H., G.W. and X.Z. analyzed the data. ].H., G.W. and H.L. wrote the manuscript with support from
all authors.

SCIENTIFICREPORTS | 6:35776 | DOI: 10.1038/srep35776 7


http://www.R-project.org/

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Hou, J. et al. Production and verification of a 2"¢ generation clonal group of Japanese
flounder, Paralichthys olivaceus. Sci. Rep. 6, 35776; doi: 10.1038/srep35776 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:35776 | DOI: 10.1038/srep35776 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Production and verification of a 2nd generation clonal group of Japanese flounder, Paralichthys olivaceus

	Results

	Induction rate of 2nd generation clones. 
	Homozygosity analysis by microsatellite genotyping. 
	Homozygosity analysis by Restriction-site associated DNA sequencing. 
	Morphological characteristics. 

	Discussion

	Materials and Methods

	Ethics. 
	Fish and gamete collection. 
	Induction of meiogynogenesis. 
	Preparation of control groups. 
	Cleavage, hatching and abnormal rates. 
	Microsatellite genotyping. 
	RAD sequencing. 
	Measurement of morphological characteristics. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The schematic flow of the production procedure of 2nd generation clones of Japanese flounder (Paralichthys olivaceus).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Electrophorogram of PCR products for Poli130TUF and Poli2TUF microsatellite loci in 1st and 2nd generation clones of Japanese flounder (Paralichthys olivaceus).
	﻿Table 1﻿﻿. ﻿  Cleavage, hatching and abnormal rates of different treatment groups in Japanese founder (Paralichthys olivaceus).
	﻿Table 2﻿﻿. ﻿  Microsatellite genotyping results of clonal female parents and 2nd generation clones in Japanese founder (Paralichthys olivaceus).
	﻿Table 3﻿﻿. ﻿  Summary of SNP number and heterozygous rate of each sample in Japanese founder (Paralichthys olivaceus).
	﻿Table 4﻿﻿. ﻿  The genetic similarity index between samples in Japanese founder (Paralichthys olivaceus).
	﻿Table 5﻿﻿. ﻿  The ratios of morphological traits of second generation clones and wild-type control.



 
    
       
          application/pdf
          
             
                Production and verification of a 2nd generation clonal group of Japanese flounder, Paralichthys olivaceus
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35776
            
         
          
             
                Jilun Hou
                Guixing Wang
                Xiaoyan Zhang
                Yufen Wang
                Zhaohui Sun
                Fei Si
                Xiufeng Jiang
                Haijin Liu
            
         
          doi:10.1038/srep35776
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep35776
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep35776
            
         
      
       
          
          
          
             
                doi:10.1038/srep35776
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35776
            
         
          
          
      
       
       
          True
      
   




