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Abstract Artificial gynogenesis is of great research value in fish genetics and breeding technology. However, existing studies did
not explain the mechanism of some interesting phenomena. Severe developmental defects in gynogenetic haploids can lead to death
during hatching. After diploidization of chromosomes, gynogenetic diploids may dispense from the remarkable malformation and
restore the viability, although the development time is longer and the survival rate is lower compared with normal diploids. The aim
of this study was to reveal key mechanism in haploid syndrome of Japanese flounder, a commercially important marine teleost in
East Asia. We measured genome-scale gene expression of flounder haploid, gynogenetic diploid and normal diploid embryos using
RNA-Seq, constructed a module-centric co-expression network based on weighted correlation network analysis (WGCNA) and ana-
lyzed the biological functions of correlated modules. Module gene content analysis revealed that the formation of gynogenetic hap-
loids was closely related to the abnormality of plasma proteins, and the up-regulation of p53 signaling pathway might rescue gyno-
genetic embryos from haploid syndrome via regulating cell cycle arrest, apoptosis and DNA repair. Moreover, normal diploid has
more robust nervous system. This work provides novel insights into molecular mechanisms in haploid syndrome and the rescue
process by gynogenetic diploidization.
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chanisms, development of genetic maps, and even detec-
tion of alternative gene splicing (Yamamoto, 1999; Arai,

1 Introduction 2001; Fopp-Bayat, 2010; Wang et al., 2014).

Gynogenesis is a reproductive mode in which progeny
is formed exclusively from maternal genetic information
(Neaves and Baumann, 2011). In artificial gynogenesis,
the haploid egg is activated by genetically inactivated
spermatozoa and then develops into diploid offspring
after chromosome diploidization (Schoén et al., 2009; Bi
and Bogart, 2010). In 1932, Amazon molly was found as
the first gynogenetic fish species, and from then on stud-
ies on artificial gynogenesis in fish have been developed
rapidly (Hubbs and Hubbs, 1932; Makino and Ozima,
1943; Purdom, 1969; Chourrout and Quillet, 1982; Ihssen
et al., 1990). Gynogenesis is of great value in aquaculture,
including production of inbred lines, breeding of mono-
sex fish stocks, identification of sex-determination me-
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Artificial gynogenesis includes two main procedures: 1)
induction of gynogenetic haploid embryos by activation
of embryogenesis using genetically inactivated sperma-
tozoa; and 2) retrieval to diploid through suppressing the
second meiosis of oocyte (meiogynogenesis) or the first
cleavage of zygote (mitogynogenesis) (Felip et al., 2001;
Komen and Thorgaard, 2007; Nichols, 2009). Over the
decades, several methods, such as cold or heat shock,
hydrostatic shock and chemical shock, have been devel-
oped to restore diploids (Felip et al., 2001).

Gynogenetic haploids show characteristics of haploid
syndrome, such as bending short thick body, the expan-
sion and edema of cavum pericardial, distemperedness of
blood circulation, and disorders of head and tail. Thus,
haploid embryos are nonviable, and the vast majority of
them die during hatching stage (Arai, 2001; Li et al.,
2009). In contrast, gynogenetic diploids restore viability
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after chromosome diploidization, which has drawn the
attention of researchers to explore the mechanisms. In
Atlantic salmon, isozyme analysis for 24 biochemical loci
confirmed that genes were fully activated in haploids as
well as in diploids, and the defect of epiboly and involu-
tion during gastrulation might be caused by extensive cell
death and disorganization in blastoderm (Stanley, 1983;
Araki ef al., 2001). In goldfish, diploid-dependent regula-
tion caused abnormal development of eyes in haploids
(Luo and Li, 2003). A recent transcriptome analysis of
flounder embryos showed the down-regulation of notch

and Wnt signaling pathways in haploids (Fan ef al., 2016).

However, the regulation of gene co-expression network
during formation of haploids is poorly understood. Addi-
tionally, it remains unknown why the development of
gynogenetic diploids are retarded than normal diploids.

Japanese flounder (Paralichthys olivaceus) is a com-
mercially important marine teleost in East Asia. Recent
developments in transcriptome sequencing techniques
provide high-throughput approaches toward understand-
ing the genome-wide gene expression and co-expression
network in flounder. Based on the de novo transcriptome
sequencing of a double haploid flounder, thousands of
alternative splices and single nucleotide polymorphisms
were discovered (Wang et al., 2014). The comparative
transcriptome analysis of gonads revealed the molecular
regulatory mechanism of gonadal development and ga-
metogenesis (Fan et al., 2014; Zhang et al., 2016). Co-
expression network analysis of sterile doubled haploid
flounder provided insights into reproductive dysfunction
(Zhang et al., 2015). In this study we measured genome-
scale gene expression of haploid, gynogenetic diploid and
normal diploid embryos using RNA-Seq, constructed mo-
dule-centric co-expression network based on weighted
gene co-expression network analysis (WGCNA) and ana-
lyzed the biological functions of correlated modules. The
findings will help to understand the mechanism responsi-
ble for haploid syndrome and the rescue by gynogenetic
diploidization.

2 Materials and Methods

2.1 Induction of Gynogenetic Embryos and
Sample Collection

In May 2014, the induction of gynogenetic Japanese
flounder was performed at Haiyang Yellow Sea Aquatic
Product Co., Ltd. with a previously reported method
(Yamamoto, 1999). The eggs from a female and the se-
men from a male were divided equally into three groups.
One portion of the semen was diluted 100-fold with Ca**
and Mg®" free Ringer’s solution (NaCl, 13.5gL™"; KCI,
0.6gL™"; NaHCO;, 0.02gL™") and immediately irradiated
with a dose of 112mJcm  ultraviolet (UV) light. Then
the semen was inseminated to one portion of eggs. At 2
min after fertilization, eggs were used to induce meiogy-
nogenesis by hydrostatic pressure treatment of 60 MPa for

6 min and this group was named gynogenesis group (g2n).

The haploid group (n) was gained as g2n, but without

a) Springer

hydrostatic pressure treatment. The control group (c2n)
was produced by normal fertilization. The rearing tem-
perature was maintained at 16 +0.5°C. The embryonic
developments of haploids, gynogenetic diploids and nor-
mal diploids were confirmed according to a previous
study (Liu et al., 2008). Approximately 50 embryos from
each group at each developmental stage were collected in
triplicate and preserved in RNAwait (Solarbio, Beijing,
China) for RNA extraction. The developmental stages
include thirty-two cells, high blastula, early gastrula, mid
gastrula, late gastrula, neurula and hatching, namely, stages
1 to 7, respectively.

2.2 RNA Extraction, Library Construction
and RNA-Seq

Total RNA was extracted from embryos of the seven
stages of all three groups using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) for library construction and quanti-
tative real-time PCR (qRT-PCR) analysis. Genomic DNA
was removed using the DNase I Kit (TaKaRa, Dalian,
China) and RNA was purified using an RNA purification
Kit (Biomed, Beijing, China). RNA integrity and concen-
tration were detected using gel electrophoresis, Thermo
NanoDrop Spectrophotometer (Thermo Scientific, Carls-
bad, CA, USA) and Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA).

Library construction and RNA-Seq were completed by
Novogene Sequencing Company (Beijing, China). Total
RNA with the best quality in three replicates was used for
library construction and RNA-Seq sequencing. A cDNA
library was prepared using 3 pg of total RNA per sample,
according to the protocol for the NEBNext Ultra Direc-
tional RNA Library Prep Kit for Illumina (New England
Biolabs, Ipswich, MA, USA). Sequencing was performed
using the Illumina HiSeq 2000 platform with 125bp paired-
end reads. The raw reads were filtered to obtain clean
reads, including removal of the adapter sequences and
more than 10% sequences of unknown nucleotides and
low-quality reads with Q value<13 (Cox et al., 2010).
The RNA-Seq data has been uploaded to NCBI SRA (Se-
quence Read Archive) database and the accession number
is PRINA382751.

2.3 Read Alignment, Expression Quantification and
Differential Expression Analysis

The TopHat-Cuftlinks-Cuffmerge-Cuffdiff pipeline was
applied to process the clean data with default parameters.
Firstly, the reads were mapped to flounder genome which
was deposited at NCBI SRA (accession number PRIN-
A352095) with TopHat v2.0.13 (Trapnell et al., 2009).
The results were used to construct, identify and estimate
the abundance by Cufflinks v2.2.0 (Trapnell et al., 2012).
Fragments per kilobase of transcript per million frag-
ments mapped (FPKM) was adopted to quantify the
abundance of assembled transcripts. Then all the Cuff-
links results were merged to assemblies by Cuffmerge
v1.0.0 and the abundance of transcripts was re-estimated
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by Cuffdiff v2.2.0. Differential expression analysis was
also performed by Cuffdiff between every two groups at
each developmental stage. Genes with more than two fold
change (logoFC>1 or <—1) in expression level and false
discovery rate (FDR)<0.05 were considered as differ-
entially expressed genes (DEGS).

2.4 GO and KEGG Pathway Enrichment Analysis

The enrichment analysis of GO terms was performed
using Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID, v6.8, http://david-d.ncifcrf.
gov) (Huang et al., 2009). The enrichment analysis of
KEGG pathways was performed using the online Omic-
Share tools (http://www.omicshare.com/tools). All ex-
pressed genes were used as the background.

2.5 Gene Co-Expression Network Construction

Gene co-expression network was constructed using the
R package WGCNA 1.51 (Langfelder and Horvath, 2008;
Zhang and Horvath, 2005). A total of 19200 genes from
21 samples were used for module detection in one block
with default settings. In order to obtain an appropriate
scale-free topology, we chose a power of eight according
to the scale free topology model (model fit index R*=
0.75). The intramodular connectivity (K;;,) was calculated
to measure the connection strength of a given gene to

other genes in the particular module.

2.6 Identification of Gynogenesis-Responsive
Modules and Visualization

The eigengene is the first principal component of the
module and can represent the gene expression profile of
the module. To identify the gynogenesis-responsive mod-
ules, the eigengene value for each module was calculated
and the association with each sample was used to identify
responsive modules. Top 15% genes in Kj, ranking were
counted as hub genes in a given module. The networks were
visualized using Cytoscape v3.3.0 (Shannon et al., 2003).

2.7 qRT-PCR Validation

Twelve genes were chosen for qRT-PCR validation.
Total RNAs of the three replicates were reverse-tran-
scribed by M-MLV reverse transcriptase (TaKaRa). Pri-
mers were designed using Primer Premier 5.0 and the
sequence were listed in Table 1. qRT-PCR was performed
on a LightCycler 480 real-time PCR system (Roche Ap-
plied Science, Mannheim, Germany) with SYBR Green
PCR Master Mix (TaKaRa) following the procedures de-
scribed previously (Wang et al., 2015). All PCRs were
performed in triplicate. ubce was used as the reference
gene (Zhong et al., 2008). The relative expression level
was quantified by the 272" comparative Ct method.

Table 1 List of primers used in quantitative RT-PCR

Gene symbol

Forward primer sequence (5’-3°)

Reverse primer sequence (5°-3”)

dhps CTGCACCATCTTCCTCAGTTAC GTCACCAAGACATCCACCATAC
cdknla CAAACAGGTGTGCACTCAATC TCTGTGAGGTTGGTCTGTTTC
actr? TCCAACTTCCCTGAACACATC CCACCATCAGGTCCTTTATCTC
slc2a4 GGAGGAAAGCCATGCTCATAA ACGTCCGAGGATCAACATTTC
ddit4l GCTCATCACACCGACTTCATAC GGTAAACACCATCCTGGTTCTG
pnp GGTGGATGCTGTTGGTATGA CAGAGTCGTCATAGCTCTTCAC
lce GACGACTCTGAGAAGAGAGAGA  CAAGTATGCCCTCTGCCTAAT
pmel GTTTGGTGGTGAAGTAACCTTTG  GTCTGAGAGAGTCGTCTGATTTG
fos CTGACACTCTGCAAGCTGAA GGATGAACTCAAGCCTCTCTTT
socs3 GGGCAACTCATCAGAAATGAAAG AGGATGAGAGAGAGGTCGAAA
hsp70 CTCCACTGTCTCTGGGTATTG GGTTATCTGAGTAGGTGGTGAAG
ubce TTACTGTCCATTTCCCCACTGAC GACCACTGCGACCTCAAGATG

3 Results

3.1 Global Analysis of RNA-Seq Data

RNA-Seq data generated 596538812 clean reads from
21 samples at different developmental stages (Table 2).
Among them, 458972511 were successfully mapped to
Japanese flounder genome. The mapping rates ranged
from 68.6% to 81.0% with an average mapping rate of
76.9%. Among the 24313 genes predicted in the genome,
21818 were detected as expressed.

To evaluate the global expression pattern, principal
component analysis (PCA) and hierarchical cluster analy-
sis were conducted for all 21 samples. PCA results showed
that all the samples were roughly divided into seven clus-
ters according to the developmental stages (Fig.1). Sam-
ples from stages 1 and 2 were arranged closely while

those from stages 3 to 7 were more dispersed. Cluster
dendrogram showed the relatedness of all samples (Fig.2).
Three groups at each stage showed high correlation ex-
cept that St5 n was more similar to the groups at stage 4.
Stage 1 and stage 2 were clustered into one branch while
the others into another branch. Correlation between stages
1 and 2 was higher and these two stages were far different
from the other stages. This phenomenon might be resulted
from the employment of maternal mRNA to express zy-
gotic genes.

3.2 Differentially Expressed Genes (DEGs)

In the differential expression analysis, there was no
DEG in stage 1, while 297, 156 and 132 DEGs were de-
tected in c2n vs. g2n, c2n vs. n, and n vs. g2n of the rest
stages, respectively. In the result of GO enrichment
analysis of ¢2n vs. g2n, lipid transport and lipid localiza-
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tion were the most significant terms. GO enrichment
terms of DEGs in ¢2n vs. n included extracellular matrix
structural constituent, structural molecule activity, cellular
amino acid biosynthetic process and alpha-amino acid
biosynthetic process. Several GO terms about peptidase
inhibitor activity were enriched in n vs. g2n DEGs: ser-
ine-type endopeptidase inhibitor activity, enzyme inhibi-
tor activity, endopeptidase inhibitor activity, endopepti-
dase regulator activity, peptidase inhibitor activity and
peptidase regulator activity.

Table 2 Statistic summary of Japanese flounder embryo
RNA-Seq data’

Sample ID  Input reads ((20/30()) Mapped reads Map;();;: )g rate
Stl-c2n 29070741 91.70 21250712 73.1
Stl-g2n 26449168 91.64 18144129 68.6
Stl-n 31562703 91.77 23040773 73.0
St2-c2n 28243253 91.85 21408386 75.8
St2-g2n 31733638 91.92 23736761 74.8
St2-n 25381191 9212 18832844 74.2
St3-c2n 25980147 91.89 20186574 77.7
St3-g2n 29409920 91.90 22086 850 75.1
St3-n 27410277 91.94 21434837 78.2
St4-c2n 33525479 9220 27021536 80.6
St4-g2n 33159053 9223 26096175 78.7
St4-n 31647946 91.39 25318357 80.0
St5-c2n 29455640 92.19 22415742 76.1
St5-g2n 24921960 92.34 19289597 77.4
St5-n 27381956 9248 21741273 79.4
St6-c2n 28163789 9224 22812669 81.0
St6-g2n 25596478 9234 20093 235 78.5
St6-n 22693586 9241 17632916 77.7
St7-c2n 29550770 91.79 23286 007 78.8
St7-g2n 31195027 92.16 24706 461 79.2
St7-n 24006090 91.92 18436677 76.8

Notes: T, Stl to St7 indicate the seven stages of embryonic devel-
opment: thirty-two cells, high blastula, early gastrula, mid gastrula,
late gastrula, neurula and hatching. g2n, gynogenesis diploids; n,
haploids; ¢2n, control diploids.
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Fig.1 Principle component analysis (PCA) of the samples
used for RNA-Seq analysis. PC1, the variation among sam-
ples from the same stage. PC2, the variation among differ-
ent stages. Stl to St7 indicate the seven stages of embryonic
development: thirty-two cells, high blastula, early gastrula,
mid gastrula, late gastrula, neurula and hatching. g2n, gy-
nogenetic diploids. n, haploids. ¢2n, control diploids.
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Fig.2 Cluster dendrogram showing global relationship of
samples. The y axis shows the degree of variance. Gy-
nogenesis diploids (g2n), haploids (n) and control diploids
(c2n) were sampled from stages during Japanese flounder
embryonic development, including thirty-two cells (Stl),
high blastula (St2), early gastrula (St3), mid gastrula (St4),
late gastrula (St5), neurula (St6) and hatching (St7).

3.3 Gene Co-Expression Network

Gene co-expression network constructed by WGCNA
provided a systems biology approach to understand the
gene networks instead of individual genes. Thus WGCNA
was adopted in this study to identify modules represent-
ing functional categories. According to the scale-free to-
pology model fit and mean connectivity, soft threshold
power f was set to 8 in our study, which produced an ap-
proximate scale-free network with appropriate mean
connectivity. After screening, a total of 21 samples and
19200 genes were used for co-expression network con-
struction, and 16 modules with module size ranging from
31 to 5702 were acquired (Fig.3).

1.0r

0.6F

Height

0.4}

0.2t

Module
colors

Fig.3 Hierarchical cluster tree showing co-expression mo-
dules identified by weighted correlation network analysis
(WGCNA). Each leaf of the tree indicates a gene. Hori-
zontal color bars represent 16 modules labeled in different
colors.

Notably, 6 of the 16 modules were identified as signi-
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ficantly highly expressed in one particular sample (R>0.9,
P<0.01, Fig.4). Therefore, each of the 6 modules was
considered to represent a specific sample (Fig.5). Of these
six modules, genes were up-regulated in the correlated
samples. Modules 16, 10, 14, 12, 11 and 15 corresponded
to St5-c¢2n, St7-¢2n, St6-n, St7-n, St3-g2n and St7-g2n,
respectively. The networks of these modules (Fig.5)
showed that each group (c2n, n and g2n) was correlated
with two modules. According to the result of GO enrich-
ment analysis, no GO term was significantly enriched in
module 16. Among 31 genes of this module, only 15 genes
were annotated, including serine/threonine-protein kinase,
tetranectin and intestinal-type alkaline phosphatase. Mo-
dule 10 correlated with St7-c2n was significantly enrich-
ed in neuron part, somatodendritic compartment, neuron

projection, neurological system process, synapse and neu-
ronal cell body, which were all involved in neurological
system. Integral component of plasma membrane and in-
trinsic component of plasma membrane were enriched in
module 14. Module 12 corresponded to St7-n, which was
enriched in potassium ion transmembrane transport, cel-
lular potassium ion transport, G-protein coupled receptor
signaling pathway, potassium ion transport, potassium
channel activity, integral component of plasma membrane
and intrinsic component of plasma membrane. Module 11
was significantly enriched in cellular response to DNA
damage stimulus, protein kinase inhibitor activity and
kinase inhibitor activity. Besides, p53 signaling pathway
was enriched in this module. Module 15 was correlated
with St7-g2n and enriched in cardiac muscle contraction.

0048 0034 000054 036 037 038 -027 -024 -019 -019 -02 -018 -02 -016 -017 -0083 -008 -007 | 03 031 023
M7 ©8) ©9) (1) | {04) (04) (008) (02} (03) (04) (04) (04) (04) (04) (05) (05) (07) (07) (08) (02} (02) (03)
— |
03 031 033 030 038 038 -017 -016 -012 -015 -015 015 -016 -014 =015 -013 -014 013 -012 012 -0.12
MI ©2) (02) (01) (008) (009) (008) (O5) (05 (©6) (05 (05 (05) (05 (05) (05) (08) (06) (06) (06) (06) (06)
-012 -013 -018 | 049 051 048 | 0095 011 0076 -0.037 -0.0078 -0.013 -0.043 -0085 -0088 -0088 -014 -014 -023 -024 -021
M9 ©6) (08) (04) [(002) (002) (083) (©7) (06) (07} (8} (1) (1) (08 (@) ©OT) (O (5 (08 (03) (©3) (04)
026 -027 -033 037 041 036 -020 -034 -031 004 -00014 00033 003 0048 0061 014 012 014 -00035 0013 0073
M8 ©03) (02) (1) (04) (007 ©1) (02) (1) (©2) (O (1) (1) (09 (08) (08) (06 (08) (05 (1) (1)  (08)
015 015 -015 -0.074 -0.078 -0.072 | 045 0025 0025 0024 -0025 -0072 0071 -041 -043 -043 -013 014 -0.13
M6 ©5) (05 (05) (08 (07) (08) | (0.0%) 09 ©9 ©) ©9 ©0n 05 05 08 oo 0o oo ©o |8
-031 -031 -033 -022 -021 -022 038 034 025 019 023 02 02 011 013 0047 0019 001 -018 -019 -0.15
M4 ©02) (02) (01) {03) (04) (02) (008) (04) (03) (04) (03) (04) (04) (08) (08) (08) (09) (1) (04) (04) (05)
013 013 -013 -012 042 -011 -0.03 0.2 -0089 -0016 D008 -0047 -006 0026 -0079 -0056 -0027 -004 -0.042 -0.04
MII ©6) {(06) (06) (06) (06) (06) (09) (03) ©7) (©9) (©7) (08) (08) (09) (01) (08) (09) (09) (098) (09)
Sits 021 -023 -025 -017 -017 -014 025 | 045 048 -011 -0038 -006 -0092 -011 -012 -0095 -01 ~-011 | 034 025 024
©4) (03) (03) (05) (05 (06) (03) (004 (003) (©6) (09) (©8) (07) (08) (08) (07) (07) (06) | (@1) (03) (03)
M5 0066 -0063 -0.075 -0.052 -0.068 -0.062 -0.050 -0.052 -0.089 -0.047 -0.062 -0.019 -0018 -0057 -0.06 -0.054 -0.062 -0.045 0022 -0.026 do
©8) (08 (07) {08) (08) (08) (08) (08) (08) (08) (08) (©08) (08) (08) (08) (08) (08) (08) (08} (0.9)
M10 0076 -0.058 -0.074 -0.072 -0.07 -0.064 -0.067 -0.07 -0.063 -0.047 -0.084 -0.055 -0.043 -0.053 -0053 -0.021 -0.039 -0.043 00058 0.045
©7) (©8) (08 {08 (08) (08 (08 (08) (08 (08 (08) (08 (09) (08) (08 (09) 9 (09) ) 8
MI2 0094 -0003 -009 -0.085 -0.078 -0.086 -0.08 -0076 -0.055 -0.089 -0.088 -0.O73 -0.066 -0.088 -0057 -0020 0013 -0.022 0.12
©7) (©7) @7 {07) (07) (07) (07) (07) (08) (08) (08) (08) (08) (08) (08) (09) (1) (09) {06)
M2 042 042 -012 -0094 -0.085 -0082 -013 -0.12 -0.11 -01 -01 -0000 -0.001 -0082 -0.084 -0.036 -0021 -0.024 051
©6) (06 (08 {07) (07) (O7) (06 (08 (©6) (O (7 (©7) @7 {07 (07) (©9) (09) (09) | {0.02)
M3 1025 025 027 02 02 <02 02 022 -021 0014 -002 -00i6 0038 0076 01 021 026 025 Loss tosr oz IO
©03) (03) (02) (04) (04) (04) (04) (03) (04) (1) (09) (08) (09) (07 (07) (04) (03) (03) (041} (009 (0.09)
M16 -0077 -0003 -0.11 -0006 -01 -01 -0.03 -0068 0023 0.00028 00072 0.043 0057 -0.046 001 -0021 -0074 -0.05 -0.034 -0.004
©7) ©7) ©08) (07) (07) ©7) (09 (08) (08 (1) (1) {09) 08 {(08) (1) (09) (08) (08 (09) (07)
Mi4 0,085 -0.083 -0.083 -0.043 -0072 -0.081 -0081 -0037 -0049 -0.0084 -0.041 -005 -00082 -0.032 -005 ~0.037 -005 -0021 -005 -0.034
©7) (07) {O7) {09) (08) (©7) (OT) (09) (08) (1) (09) (08 {1) (08) (08) (089) ©8) (09) (08) (08)
M5 -020 -020 -028 -025 -025 -025 -013 -018 -021 018 015 013 021 022 025 029 031 033 00022 0027 0041
©2) (02) (02) {03) (03) (03) (06 (04) (04) (04) (05 (O8) (04) (03) (03) (02) (02) (04) (1) (09) (09)
-1
MO -001 -0061 -0083 -0023 -0.04 -0039 00058 -0.0069 0.042 -00044| 042 -0.028 -0.045 0031 -0049 -0081 -0.077 0083 -002 -0.011
1) ©8 ©7 (09 09 ©8 (1) (1) (08 (1) (008 ©3) (08 ©8) (08 ©T) (O (07) ©8) (1)
= e =] [=] a =] =] e [=] ] (=] = a o =] =] = = =] =
9@ 28 4 984 § 548424948 94929 48 g s
Jd 2 d g Jd g S sy E g E
w o v wl 175] w /7] wy 75] w w w [77] vl

Fig.4 Correlation heatmap of module-sample association. Each row corresponds to a module. Each column corresponds to
a sample. The color of row-column intersection indicates the correlation coefficient between the module and sample. The
dark red means high correlation between module and sample. Stl to St7 indicate the seven stages of embryonic develop-
ment: thirty-two cells, high blastula, early gastrula, mid gastrula, late gastrula, neurula and hatching. g2n, gynogenesis
diploids. n, haploids. ¢2n, control diploids.
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Module 10 - St7-c2n
R=0.99, Pvalue=8E-19
Module size= 123

Module 11 = S$t3-g2n
R=0.94, Pvalue=4E-10
Module size =92

Module 12 - St7-n
R=0.97, P value=8E-13
Module size=71

Module 14 = St6-n
R=0.99, Pvalue=3E-20
Module size=63

Module 15 - S$t7-g2n
R=1, Pvalue=2E-20
Module size =59

Module 16 - St5-¢2n
R=0.98, Pvalue=6E-15
Module size=31

Fig.5 Correlation networks of six modules. Samples correlate to specific modules, and their correlation coefficient R, P

value and module size are shown.

3.4 Validation of DEGs

The quantitative expressions of 15 DEGs from differ-
ential analyses were tested by qRT-PCR, which found that
12 genes were down-regulated and three were up-regu-
lated. Between c2n and g2n, four DEGs at stage 3, one at
stage 4 and one at stage 7 were validated. Between c2n
and n, two DEGs at stage 3, four at stage 4 and three at
stage 7 were validated. All the validated DEGs showed
the same changing patterns in RNA-Seq and qRT-PCR.
The correlation (R* = 0.9628, Fig.6) suggested that the
RNA-Seq data were reliable to evaluate the gene expres-
sion levels.

[
R*=0.9628

41
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A 2r
=
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=
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e 5
o
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log,FC from RNA-Seq

Fig.6 Consistency between quantitative real-time PCR
(qRT-PCR, y axis) and RNA-Seq data (x axis). FC, fold
change.
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4 Discussion

Gynogenetic haploids and diploids exhibit several dis-
tinctive characters during the process of embryonic de-
velopment. Haploid embryos suffer a series of severe
developmental disorders, which constitute haploid syn-
drome ultimately resulting in failure to survive. Dramati-
cally, after the chromosome doubling treatment, gynoge-
netic diploid embryos restore viability. Additionally,
compared with normal diploids, the development of gy-
nogenetic diploid embryos take longer time and gynoge-
netic diploid larvae show a remarkably low survival rate.
However, the mechanism of these phenomena was still
unclear. In this study, based on RNA-Seq data of Japanese
flounder, WGCNA was used to reveal several novel in-
sights into the expression characteristics of haploid, gy-
nogenetic diploid and normal diploid embryos.

4.1 Gene Expression Profile Implicated Dosage
Compensation in Haploids

In mammals, the changes of gene dosage often bring
great deleterious effects to the organisms (Antonarakis
et al., 2004). Gene dosage compensation was the war-
ranty to control the appropriate product. In lower verte-
brates, like fish, individuals with different ploidy were
able to grow normally, which implied that fish may pos-
sess an effective compensation control mechanism (Leg-
gatt and Iwama, 2003). A study in allotriploid of Squalius
alburnoides showed that one of the three alleles was si-
lenced and it was not a whole set of chromosomes that
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was inactivated (Pala et al., 2008). Researchers detected
24 biochemical loci in Atlantic salmon haploid and dip-
loid embryos and found all of them were fully activated
in both haploids and diploids (Stanley, 1983). The global
expression profiles in our study showed that the differ-
ences between haploid and diploid embryos were not as
significant as one set of active chromosomes. In other
words, haploids exhibited only limited alterations in the
expression level of most genes, which was in accordance
with the result in mouse embryos (Latham et al., 2002).
The transcription levels might be increased to the degree
as diploids through complex compensation mechanism.

4.2 Normal Diploids Might Own a More Robust
Nervous System

Modules 16 and 10 correspond to control diploids at
late gastrula and hatching stage respectively. Based on the
GO enrichment analysis, module 10 was enriched for
genes in neuron part such as astrotactin (astn), neurturin
(nrtn) and sodium- and chloride-dependent GABA trans-
porter 2 (gat2 or slc6al3). In vertebrates, central nervous
system (CNS) histogenesis counts on the neuronal lami-
nar formed by the glia-guided migration of postmitomic
neurons (Chen et al., 1996b). Astn provides a receptor
system and plays a role as a neuronal cell surface antigen
in CNS neuronal migration (Edmondson et al., 1988;
Fishell and Hatten, 1991). Low expression of astn mRNA
leads to slower neuronal migration, which might happen
in haploids and gynogenetic diploids, restricting the gen-
eration of laminar structure and the development of syn-
aptic partner system (Pearlman et al., 1998; Adams et al.,
2002). Nrtn is a neuronal survival factor, which can sup-
port the survival of embryonic dopaminergic neurons and
protect them from cell death induced by 6-OHDA (Horger
et al., 1998; Heuckeroth et al., 1999). Moreover, Gat-2 is
an important transporter of peripheral GABAergic me-
chanisms (Schlessinger et al., 2012; Zhou et al., 2012;
Paul et al., 2014). Therefore, we speculate that the devel-
opment of nervous system especially CNS of haploids
and gynogenetic diploids was defective or incomplete at
hatching stage, while control diploids owned a robust
nervous system, as reflected in module 10. Module 16
correspond to diploids specifically at late gastrula stage.
Due to its small size (31 genes), few GO terms were en-
riched. Among the annotated genes, several upstream
genes like serine/threonine-protein kinase and tetranectin
were found, which also implied that diploids might be
superior to haploids and gynogenetic diploids in signal
transduction in the nervous system (Scott and Soderling,
1992; Dahiya et al., 2017).

4.3 Haploid Syndrome Was Closely Related to
Abnormality of Plasma Protein

Gynogenetic haploid embryos were induced by acti-
vated egg division with UV-exposed spermatozoon, and
all of them showed haploid syndrome. Modules 14 and 12
were identified to specifically correspond to stage 6
(neurula stage) and stage 7 (hatching stage) in the haploid

group. Genes of module 14 were significantly enriched in
integral component of plasma membrane and intrinsic
component of plasma membrane. Most products of these
genes were protein complexes embedded in the mem-
brane, such as Claudin 1 (Cldnl), neuromedin K receptor
(Nk3), protein ATP1B4 (Atp1b4) and Glypican 5 (Gpc5).
Cldn1 protein has four transmembrane domains and con-
stitutes a tight junction with occluding (Evans et al., 2007;
Furuse et al., 1998). Nk3 has been reported as tachykinin
neuropeptide embedded tightly in the plasma membrane
(Masu et al., 1987). Atplb4 is a subunit of Na’, K'-AT-
Pase and is located in plasma membrane (Pestov et al.,
2011). Gpc5 plays a role in cell growth and differentiation,
controlling the cell surface heparin sulfate (Saunders et al.,
1997). Up-regulation of these genes might change the
structure and components of plasma membrane. These
findings might help to explain the irregularity of the cel-
lular contours in haploid embryos.

Module 12 was another haploid responsive module and
was enriched in potassium ion transmembrane transport,
cellular potassium ion transport, potassium ion transport,
potassium channel activity and G-protein coupled recep-
tor signaling pathway at the hatching stage. Furthermore,
GO terms enriched at stage 6 were included. Notably,
proteins encoded by these genes were also plasma mem-
brane embedded ones. Among them, four potassium
voltage-gated channel proteins (Keng4, Kcene2, Kcenh?7
and Kcna3) were found, all of which were from the same
family of membrane signaling proteins (Yellen, 2002).
Potassium channels were critically important in nervous
system for normal functions in tissues like muscle and
brain (Graves and Hanna, 2005). Specifically, mutations
in voltage-gated potassium channels lead to dysfunction
in central nervous system (Waters et al., 2006). Haploid
embryos with abnormal expression of potassium volt-
age-gate channels might suffer from severe neurodegen-
erative diseases. Therefore, haploid syndrome might be
closely related to abnormity of plasma proteins.

4.4 Up-Regulation of p53 Signaling Pathway
Might Rescue Gynogenetic Embryos
from Haploid Syndrome

Gynogenetic diploids undergo chromosome diploidiza-
tion through inhibiting the second polar body release
during the fertilized eggs. After chromosome diploidiza-
tion, there is no haploid syndrome left. In this study, mo-
dule 11 was detected to gynogenetic diploid responsive at
early gastrula stage. According to the results of GO en-
richment analysis, this module was involved significantly
in the cellular response to DNA damage stimulus, protein
kinase inhibitor activity and kinase inhibitor activity. The
cellular response to DNA damage stimulus was consid-
ered to be the reaction to the hydrostatic treatment.
Meanwhile, in gynogenetic diploid at early gastrula stage,
genes involved in the protein kinase inhibitor activity and
kinase inhibitor activity were upregulated, including cy-
clin-dependent kinase inhibitor 1 (cdknla) and cyclin-
dependent kinase 4 inhibitor B (cdkn2b). Cdks participate
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in extensive cellular processes, such as cell cycle regula-
tion, neuronal physiological process, apoptosis, differen-
tiation and transcription (Fischer et al., 2003). Their in-
hibitors could induce cell growth arrest or apoptosis when
the regulation of cell cycle was impaired (Malumbres and
Barbacid, 2001). Hence, the up-regulation of these genes
interfered in the normal cell cycle might result in delay of
embryo development in gynogenetic diploids.

Module 11 was also enriched in p53 signaling pathway
(Fig.7), which might indicate the characteristics of gyno-
genetic diploid embryos from the upstream of Cdkn re-
gulation. Transcription factor p53 is a critical node gath-
ering pathways from comprehensive biological processes,
such as cell cycle, apoptosis, DNA repair and damage
prevention, angiogenesis and metastasis, to adapt to di-
verse cellular insults (Harris and Levine, 2005). In mo-
dule 11, five genes of p53 signaling pathway were de-
tected. P21 is an inhibitor of G1 cyclin-dependent kinases
in the upstream of cell cycle arrest (Xiong et al., 1993;
Harper et al., 1993; Bunz et al., 1998). Pigs and Apaf-1
are essential components in Myc-induced apoptosis
(Soengas et al., 1999). Sestrins play a role in DNA repair
induction and damage prevention (Budanov et al., 2004).
Mdm?2 binds the transcriptional activation domain of p53
and the downstream genes are then suppressed, while p53
activates the expression of Mdm2 in an autoregulatory
feedback loop (Chen et al., 1994; Chen et al., 1996a;
Haupt et al., 1997). Based on the above information, we
hypothesize that cellular insult of gynogenetic diploids
might initiate cell cycle arrest and DNA repair, and sub-
sequently, severely damaged cells step into apoptosis. The
rescue mechanism of p53 signaling pathway is a defi-
ciency of haploids, which is in accordance with our GO
enrichment results.

Module 15 corresponded to gynogenetic diploids at
hatching stage. Genes in this module were enriched in
cardiac muscle contraction. This implies the impaired
heart development at hatching stage in gynogenetic dip-
loids, which might help to explain the low survival rate in
gynogenetic diploids.
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Fig.7 p53 signaling pathway enriched from module 11
correlated to gynogenetic diploids. Genes in module 11
are circled by red frame.
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