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Abstract
Background: Chromosomal ploidy manipulation is one of the means to create excellent germplasm. Triploid �sh could provide an ideal sterile model for the
mechanism research of abnormality in meiosis. The complete understanding of the coding and noncoding RNAs regulating sterility caused by meiosis
abnormality is still not well understood.

Results: By high-throughput sequencing, we compared the expression pro�les of gonadal mRNA, long non-coding RNA (lncRNA), and microRNA (miRNA) at
different developmental stages [65 days post fertilisation (dpf), 180 dpf, and 600 dpf] between the diploid (XX) and triploid (XXX) female rainbow trout. A
majority of differentially expressed (DE) RNAs were identi�ed, and 22 DE mRNAs related to oocyte meiosis and homologous recombination were
characterized. The predicted miRNA-mRNA/lncRNA networks of 3 developmental stages were constructed based on the target pairs of DE lncRNA-miRNA
and DE mRNA-miRNA. According to the networks, meiosis-related gene of ccne1 was targeted by dre-miR-15a-5p_R+1, and 6 targeted DE lncRNAs were
identi�ed. Also, RT-qPCR was performed to validate the credibility of the network.

Conclusions: This study explored the potential interplay between coding and noncoding RNAs during the gonadal development of polyploid �sh. It provides
full insights into polyploidy-associated effects on fertility of �sh. These differentially expressed coding and noncoding RNAs provide a novel resource for
studying genome diversity of polyploid induction. 

Background
The genome duplications in the natural environment provide favorable opportunity for new genes and traits formation of species, which is one of the main
driving forces for species evolution (Comai, 2005; Leitch and Leitch, 2008; Van de Peer et al., 2009; 2017). In practice, the arti�cial induction of polyploidy is
of great signi�cance to aquaculture production, which could also provide research models for studying the genome diversity and adaptation (Francesc et
al.,2009). The population of triploid �sh often shows signs of rapid growth and high resistance (Park et al.,2016; Nwachi et al., 2016; Gregory et al.,2014).
More strikingly, most triploid �sh has been reported to be sterile because of the imbalance of nuclear-cytoplasmic ratio, the disorders of homologous
chromosome pairing during meiosis or the epigenetic instability (Comai, 2005), which would lead to produce abnormal gametes and the cessation of gonad
development (Benfey, 1999; Tiwary et al., 2004). The sterility of triploid �sh plays important roles in population density control and resource
conservation (Taranger et al., 2015; Glover et al., 2018). In addition, triploid �sh could provide an ideal sterile model for the mechanism research of
abnormality in meiosis. As for triploid male trouts, the testes could normally develop, even if they do not produce fertile spermatozoa (Krisfalusi et al.,1999).
The sterile female monosex populations were more popular in production practice. All-female triploid rainbow trout were focused in this study. 

Multiple studies have shown that long non-coding RNAs (lncRNA) participate in many reproduction biological processes, such as sexual reproduction
(Zhang et al., 2014), gonadal development (Taylor et al., 2015), and gametogenesis (Herrera et al., 2004; Laiho et al., 2013). miRNA could speci�cally target
mRNA of the genes to regulate gene expression, and exerts important regulatory functions in various reproduction events (Chen et al,. 2016; Reza et al., 2019;
Shu et al.,2019). The global lncRNAs and repertoire of miRNA in rainbow trout genome had been identi�ed, and tissue-speci�c lncRNAs had been
characterized (Al-Tobasei et al., 2016; Juanchich et al., 2016) The potential coding and noncoding RNA interaction during muscle atrophy between diploid
and triploid rainbow trout had been investigated (Paneru et al., 2018). However, a complete understanding of the mechanism regulating sterility caused by
meiosis abnormality is still not well understood. So the regulatory mechanism of triploidization on female sterility at the transcriptional or post-
transcriptional level should be studied further.

The aim of this study was to better understand the polyploidy-associated effects on development of �sh gonad. The differentially expressed (DE) mRNAs,
miRNAs, and lncRNAs between diploid (XX) and triploid (XXX) rainbow trout gonads at different developmental stages were identi�ed, the DE mRNAs related
to oocyte meiosis and chromosome homologous recombination were characterized. The predicted miRNA-mRNA/lncRNA network regulating gonad
development was constructed based on miRNA-mRNA and miRNA-lncRNA pairs, and the lncRNAs which affect indirectly the expressions of meiosis-related
mRNAs were screened out. In general, our results provide full insights into polyploidy-associated effects on gonad development, and especially allow for a
profound understanding of the differences in the transcriptome between fertile diploid and sterile triploid rainbow trout.

Results
Identi�cation of DE mRNAs, DE lncRNAs, and DE miRNAs during gonadal development

According to a previous study, rainbow trout showed the presence of undifferentiated gonads before 67 dpf, the gonad was composed mainly of primordial
germ cells (PGCs) at this period (Feist & Schreck, 1996). The gonadal development of triploid rainbow begins to show abnormal characteristics after 154
dpf, and the gonadal morphology was very different between diploid and triploid after 574 dpf (Xu et al., 2016). The histological analysis of gonadal
morphology of 180 dpf and 600 dpf were shown in Fig. S1. The gonads of diploid were consisted mainly of oocyte at different phase, while the somatic
cells took up most of the gonads of triploid. For the above reasons, gonadal tissues of 65 dpf, 180 dpf, and 600 dpf were chosen for transcriptome
sequencing. The principal component analysis (PCA) plot of our samples was as shown in Supplementary Fig. S2. Transcripts from gonads of the same
developmental period but different biological replicates tended to cluster together. As compared to the diploid (XX), the results showed that 425 DE mRNAs
at 65 dpf (244 up and 181 down), 1, 022 DE mRNAs at 180 dpf (640 up and 382 down), and 2, 408 DE mRNAs at 600 dpf (1, 862 up and 546 down) were
identi�ed in the triploid (XXX) (Fig. 1A−C). The overlapped DE mRNAs between two developmental periods were 124, and among three periods were 3 (Fig.
1J). For lncRNAs, 102 DE lncRNAs at 65 dpf (53 up and 49 down), 226 DE lncRNAs at 180 dpf (129 up and 97 down), and 1, 329 DE lncRNAs at 600 dpf (1,
081 up and 248 down) were identi�ed (Fig. 1D−F). Two DE lncRNAs were overlapped among the three periods and 38 DE lncRNAs were overlapped between
two developmental periods (Fig. 1K). For miRNAs, 39 DE miRNAs at 65 dpf (23 up and 16 down), 79 DE miRNAs at 180 dpf (21 up and 58 down), and 42 DE
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miRNAs at 600 dpf (28 up and 14 down) were characterized (Fig. 1G−I). The overlapped DE miRNAs between 65 dpf and 180 dpf were 4, and 5 DE miRNAs
were overlapped between 180 dpf and 600 dpf (Fig. 1L). The sequences of the overlapped DE miRNAs are shown in Table 1. The full DE reports of ballgown
runs for each class of transcripts were provided in the supplementary information (Supplementary Table S1-S9). Both mRNA and lncRNA DEGs were
retrieved based on q-value < 0.05, whereas miRNA ones on p-value < 0.05.

Functional analysis of DE mRNAs, DE lncRNAs, and DE miRNAs during gonadal development

GO analysis indicated that the differentially expressed mRNAs at each time point were distributed in biological process (BP), cellular component (CC) and
molecular function (MF) classi�cations (Fig. 2). As for up-regulated DE mRNAs of 65 dpf, the most signi�cant enriched BP terms were transport, regulation
of transcription and oxygen transport. Pathway analysis demonstrated that the up-regulated mRNAs of 65 dpf were enriched in PPAR signaling pathway,
adipocytokine signaling pathway and Notch signaling pathway (Fig. 3A). The most enriched BP terms of down-regulated DE mRNAs of 65 dpf were lipid
transport, one-carbon metabolic process and response to type 1 interferon. KEGG pathway analysis revealed that down-regulated DE mRNAs of 65 dpf were
most enriched in NOD-like receptor signaling pathway, in�uenza A and nitrogen metabolism (Fig. 3B). GO analysis showed that the most enriched BP terms
of up-regulated DE mRNAs of 180 dpf were in regulation of transcription, signal transduction and multicellular organism development. As for the down-
regulated mRNAs of 180 dpf, the most BP terms were enriched in cell adhesion, cell-matrix adhesion, homophilic cell adhesion via plasma membrane
adhesion molecules, response to bacterium. Pathway analysis showed that the up-regulated mRNAs of 180 dpf were most enriched in focal adhesion,
vascular smooth muscle contraction and ECM-receptor interaction (Fig. 3C), while the down-regulated mRNAs of 180 dpf were most in calcium signaling
pathway, fat digestion and absorption, phenylalanine, tyrosine and tryptophan biosynthesis (Fig. 3D). As for DE mRNAs at 600 dpf, GO analysis
demonstrated that up-regulated and down-regulated mRNAs were all most enriched in regulation of transcription-DNA templated, transport and signal
transduction of BP terms. KEGG pathway analysis revealed that up-regulated mRNAs were enriched in neuroactive ligand-receptor interaction, cell adhesion
molecules (CAMs), calcium signaling pathway, ECM-receptor interaction and Hipoo signalling pathway (Fig. 3E), and down-regulated mRNAs were enriched
in lysosome, complement and coagulation cascades, PPAR signaling pathway and Ras signaling pathway (Fig. 3F). GO enrichment analysis showed that
the overlapped DE mRNAs were mostly enriched in regulation of transcription, DNA template, protein phosphorylation, regulation of Rho protein signal
transduction, cell adhesion and regulation of GTPase activity of BP terms. The most signi�cantly enriched CC terms were cytoplasm, integral component of
membrane and membrane. The most signi�cantly enriched MF terms were metal ion binding, zinc ion binding and ATP binding (Fig. 4). The KEGG analysis
showed that the most enriched pathways were synaptic vesicle cycle, arginine and proline metabolism and measles (Table 2). The 38 overlapped DE
lncRNAs had unknown functions. As for the overlapped DE miRNAs, miR-26a (Kang et al., 2017) and miR-1388 (Yang et al., 2018) have been proven to be
correlated with gonadal development in �sh. 

The DE mRNAs enriched in the pathways of oocyte meiosis and homologous recombination were analysed in different developmental periods of diploid and
triploid. Results showed that sycp3 (synaptonemal complex protein 3) were differentially expressed at 65 dpf, calml4 (calmodulin-like protein 4),
cpeb2 (cytoplasmic polyadenylation element-binding protein 2), adcy6 (adenylate cyclase type 6), dmc1 (meiotic recombination protein DMC1/LIM15
homolog), kank1 (KN motif and ankyrin repeat domain-containing protein 1), kank4 (KN motif and ankyrin repeat domain-containing protein 4), ppp1cb
(Serine/threonine-protein phosphatase PP1-beta catalytic subunit), pvalb1 (parvalbumin 1) were DE mRNAs at 180 dpf. At 600 dpf, sycp2 (synaptonemal
complex protein 2), sycp3, dmc1, adcy6, recql4 (ATP-dependent DNA helicase Q4), plk1 (serine/threonine-protein kinase PLK1), cpeb4 (cytoplasmic
polyadenylation element-binding protein 4), cdc25c (M-phase inducer phosphatase 3), f-box5 (F-box protein 5), ccnb1 (cyclin-B1), ccne1 (cyclin-E1), ccne2
(cyclin-E1), aurkc (aurora kinase C), pttg1 (securin), mos (MOS proto-oncogene) in oocyte meiosis or homologous recombination pathway were differentially
expressed (Table 3). A network of protein protein interaction (PPI) was constructed according to the functions of DE mRNAs (Fig. 5). In this network, sycp2,
sycp3 and dmc1 played main roles in the assembly of synaptonemal complexes and normal meiotic chromosome synapsis during oocyte
development (Kouznetsova et al., 2005; Anjali et al., 2020 Chen et al., 2016). Ccne1, ccne1 and ccnb1 belonged to the cyclin family, and were essential for
the control of the cell cycle (Sauer et al., 1995). The other genes, such as ppp1cb and pttg1, played vital roles in chromosome stability (Barker et al., 1994;
Manyes et al., 2018).

Construction of ceRNA network of miRNA-mRNA/lncRNA

Three predicted miRNA-mRNA/lncRNA interaction networks with up- and down-regulated nodes had been established for each developmental stage, which
was integrated from the relationship between DE lncRNA-miRNA and DE mRNA-miRNA using perl scripts. The information including all the above
interactions was imported into Cytoscape to construct predicted miRNA-mRNA/lncRNA interaction networks. The network of 65 dpf consisted of 10 miRNAs,
13 lncRNAs and 13 mRNAs (Fig. 6A). The network of 180 dpf was composed of 45 miRNAs, 50 lncRNAs and 100 mRNAs (Fig. 6B). The predicted network of
600 dpf was more complex, which consisted of 33 miRNAs, 102 lncRNAs and 135 mRNAs (Fig. 6C). According the functional enrichment analysis of DE
mRNAs in each developmental stage, the establishment of miRNA-mRNA/lncRNA interaction networks was helpful to predict the regulatory roles of some
non-coding RNAs in �sh fertility. The overlapped DE miRNAs of three developmental stages were used to construct a network of miRNA-mRNA/lncRNA,
which consisted of 43 DE transcripts (6 miRNAs, 12 lncRNAs, and 25 mRNAs) (Fig. 7).  

Ccne 1 screened from DE mRNAs related to oocyte meiosis, was targeted by dre-miR-15a-5p_R+1 of DE miRNAs, and 6 DE lncRNAs were analysed to be
targeted by this miRNAs (Table 4). These lncRNAs are regarded as competing endogenous RNAs (ceRNA) to bind miRNA competitively and affect ccne1
expression, indirectly.

 

Validation of DE miRNAs, DE lncRNAs, and DE mRNAs by qPCR
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To verify the credibility of sequencing, 7 miRNAs, 10 lncRNA, and 10 mRNAs were chosen randomly from the RNA-seq. The expression of different ploidy at
different developmental stages of these RNAs was detected by RT-PCR. The results show that the relative expression of 7 miRNAs, 10 lncRNA, and 10
mRNAs in triploid (XXX) was almost consistent with the sequencing results, which was compared to the diploid (XX) (Supplementary Table S10). It was also
demonstrated that the lncRNA-miRNA-mRNA network was credible. The expression of ccne1, the targeted miRNA dre-miR-15a-5p_R+1, and 6 targeted
lncRNAs were detected to verify interactions primarily (Fig. 8). Results showed that the expressions of ccne1 in triploid were signi�cantly lower than that in
diploid at 180 dpf and 600 dpf, while higher at 65 dpf (Fig. 8A). The expression levels of dre-miR-15a-5p_R+1 showed an opposite character (Fig. 8B). In
addition, the expressions of MSTRG.74687.3, MSTRG.76205.1 and MSTRG.30919.1 showed a negative correlation with dre-miR-15a-5p_R+1 (Fig. 8C). 

Discussion
The fourth round of whole-genome duplication (WGD), which is referring to the salmonid-speci�c autotetraploidization event (Ss4R), occurred in the
common ancestor of salmonids (Allendorf et al., 1984; Near et al., 2012; Jaillon et al., 2004). Salmonids thus appear to provide an unprecedented
opportunity for studying evolution and adaption of a duplicated vertebrate genome. In rainbow trout, half of the duplicated protein-coding genes were lost
mostly through pseudogenization, while almost all miRNA genes have been retained as duplicated copies (Berthelot et al., 2014). So the post-translational
regulation during genome duplication may play vital roles. The arti�cial induction of polyploidy had been widely applied in aquaculture production, which is
not only of great signi�cance to practice value but also provide models for studying genome diversity and adaptation. Compared to diploids, polyploids
must overcome genetic instability and meiosis abnormalities after genome duplication (Stenberg & Saura, 2013). For studying meiosis abnormality, triploid
�sh could provide a sterile model on account of the disorders of homologous chromosome pairing during meiosis (Cimino, 1972). In this study, we selected
gonad tissues of female diploid (XX) and triploid (XXX) Oncorhynchus mykiss at 65 dpf, 180 dpf, and 600 dpf developmental period. The differentially
expressed mRNAs, miRNAs and lncRNAs at these three-time points might be used to examine the effects of genome duplication on gonadal development. 

Based on previous studies, genome-wide lncRNAs had been identi�ed and characterized, and testis expressed the highest number of tissue-speci�c lncRNAs,
which provided a resource for our research (Al-Tobasei et al., 2016). The characterization of rainbow trout miRNA transcriptome from a wide variety of tissue
had also been carried out to provide a repertoire for reference (Juanchich et al., 2016). The coding and noncoding genes involved in gonadogenesis-
associated muscle atrophy had been characterized between the skeletal muscle of gravid females and sterile rainbow trout. A total of 852 mRNAs, 1,160
lncRNAs and 28 microRNAs were differentially expressed between the two groups (Paneru et al., 2018). However, in our study, the more coding and
noncoding genes involved in gonad development had been characterized because the effect of polyploidy induction on �sh fertility was more complex.   

Many studies have shown that triploid animals are almost sterile due to the unequal disjunction of homologous chromosomes during meiosis, which
generates aneuploid gametes or reduces gonadal development (Cimino, 1972). In our study, the 22 DE mRNAs enriched in oocyte meiosis and homologous
recombination pathways had been screened out. Among these mRNAs, sycp2 and sycp3 are key components of lateral elements (LE) of synaptonemal
complex (SC) in meiosis, and they are essential for SC assembly and synapsis (Offenberg et al., 1998; Schalk et al., 1999; Yang et al., 2006; Winkel et al.,
2009; Kouznetsova et al., 2005). Researches show that the LE could not form properly in sycp2 knockout mice, so the SC fails to assembly, leading to the
sterility (Yang et al.,2006). The knockout of sycp3 could lead the apoptosis of spermatogenic cells, accompanied by swelled testis in male mice (Yuan et al.,
2000). In zebra�sh, sycp2 is essential for homologous recombination and pairing during the initial stages of meiosis (Takemoto et al., 2020). Dmc1 is
related to homologous recombination, which is only expressed in meiosis (Anjali et al., 2020 Chen et al., 2016). Females and males in the homozygous
knockout of dmc1 are all sterile, gametogenesis is impeded to stagnate in prophase of the �rst meiotic division (Pittman et al.,1998). In ployploid cyprinid
�sh, dmc1 is directly related to gonad development. Ccne1 belongs to the gene family of cyclin, and is proved to affect homologous pairing and DNA repair
during the �rst meiotic division, especially to regulate the function of ends of chromosomes (Bonache et al., 2014; Laetitia et al., 2014). In this study, the
expression of ccne1 was proved to be signi�cantly lower in triploid at both 180 dpf and 600 dpf. The dre-miR-15a-5p_R+1 of DE miRNAs was screen out to
target with ccne1, and its levels in triploid were signi�cantly higher at 180 dpf and 600 dpf, which indicated the expression of ccne1 may be suppressed by
dre-miR-15a-5p_R+1. According to previous research, miR-15a could regulate gametogenesis and gonad development by directly targeting cyclin T2 (ccnt2)
(Teng et al., 2011). In our study, MSTRG.74687.3, MSTRG.76205.1 and MSTRG.30919.1 of DE lncRNAs were targeted by dre-miR-15a-5p_R+1, and their
expressions were negatively correlated with dre-miR-15a-5p_R+1. So these lncRNAs may interact indirectly with the expression of ccne1, which could play
important roles in meiosis and gonad development.  

Among the enriched pathways of DE mRNAs, the Hippo pathway plays an important role in regulating follicle development (Kawashima & Kawamura, 2017).
Peroxisome proliferator-activated receptors (PPARs) are important in the reproductive system and are expressed at different levels in the hypothalamic-
pituitary-gonadal (HPG) axis (Bogacka et al., 2015). Some studies have demonstrated that PPARs can regulate ovum proliferation, tissue remodelling, and
hormone synthesis (Barak et al., 2002). The WNT/CTNNB1 signalling pathway involves many important biological processes, including sex determination,
and reproductive system specialisation (Chassot et al., 2008; Mark et al., 2008). These pathways could be speculated to be associated with the gonadal
development of rainbow trout. 

There are still many unknown functions of lncRNAs and miRNAs in regulating gonadal development. According to ceRNA regulatory mechanisms, gene-
encoding mRNA transcripts contain many microRNA response elements (MREs). miRNAs can bind to the mRNAs through MREs to cause mRNA degradation
or inhibit its translation (Ye et al., 2008). When lncRNA and mRNA contain the same MREs, they compete for the same type of miRNAs. Hence, lncRNAs
indirectly regulate the expression of mRNAs through MREs, thereby regulating their biological functions (Guo et al., 2014). This study constructed effector
networks of the three RNA species based on the above reasons for a more in-depth understanding of the effects of ploidy on meiosis and gonadal
development.
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Many of the maternal RNAs were stored for post-oocyte growth through early embryonic development in the oocytes. The transcripts that overlapped in the
Venn diagrams for the three stages may be in part maternal transcripts destine for storage until spawning. Their functions may require a bit deeper delve.
The overlapped DE miRNAs in the predicted miRNA-mRNA/lncRNA interaction network constructed in this study indicated that these miRNAs play a role in
the normal development of gonads. Among the identi�ed miRNAs, many are worthy of further studies. According to previous studies, miR-26a can regulate
gonadal development in Paralichthys olivaceus through its target, the emx2 gene (Yin et al., 2015). miR-26a-5p overexpression can inhibit TNRC6A
expression and promote the proliferation of the theca cells (Kang et al., 2017). miR-1388 plays an indispensable role in regulating gonadal development in P.
olivaceus through its target, the nectin21 gene (Yang et al., 2018). The role of these lncRNAs, mRNAs, and miRNAs from this predicted ceRNA network in
gonadal development and meiosis may provide a resource for mechanism research. 

Conclusions
In summary, our study was the �rst to construct the predicted miRNA-mRNA/lncRNA interaction networks that were associated with gonadal development in
polyploid �shes. We identi�ed lots of DE mRNAs, DE lncRNAs, and DE miRNAs through screening of different developmental stages and constructed ceRNA
effector networks based on the effector relationships of mRNA-miRNA and lncRNA-miRNA. The up-regulated and down-regulated DE mRNAs at different
developmental stages were annotated and analysed. At the same time, DE mRNAs related to oocyte meiosis and homologous recombination were
characterized. The lncRNAs associated with meiosis in �shes were discovered and identi�ed. This study explored the potential interplay between coding and
noncoding RNAs during the gonadal development of polyploid �sh. It provides full insights into polyploidy-associated effects on fertility of �sh. These
differentially expressed coding and noncoding RNAs provide a novel resource for studying genome diversity of polyploid induction.

Methods
Ethics statement

All experiments were performed according to the European Communities Council Directive (86/609/EEC) norms and approved by the Animal Husbandry
Department of Heilongjiang Animal Care and Use Committee. All �shes involved in this research were bred following the guidelines of the Animal Husbandry
Department of Heilongjiang, P.R. China. All efforts were made to minimise the pain.

Gonadal sampling of rainbow trout

Triploid all-female (XXX) and diploid all-female (XX) rainbow trouts were obtained from Bohai experimental station of Heilongjiang River Fisheries Research
Institute (Harbin, China). First of all, diploid all-female trouts (XX) were produced by the blockage of the �rst cell mitosis (under hydrostatic pressure) of eggs
which were fertilised with semen (XY) dealt with ultraviolet. Then the diploid all-females (XX) were fed with the aromatase inhibitor to get pseudo-males (XX)
which could produce functional semen. Finally, the triploid all-female eggs were obtained from the normal female eggs (XX) fertilised with pseudo-male
semen (XX), and then the fertilised eggs were shocked by hydrostatic pressure to inhibit extrusion of the second polar. The ploidy of eggs was veri�ed by
Ploidy Analyser (Sysmex, Japan), the result of ploidy identi�cation of gonad samples were as shown in Supplementary Fig. S3, and the triploid rate could
reach up to 99%. The embryos were incubated at 12 °C from fertilisation until 24 days post-fertilisation (dpf) and transferred to a hatch pool at 12+0.2 °C.
The fries after hatching at 58 dpf were transferred to a cement pool when they were grown to achieve around 40 g in weight. This study was performed at
12+0.2 °C all the time. To minimize suffering of the �sh, before tissue collection, �sh were euthanized with an overdose of anaesthesia in MS-222 (Sigma,
St. Louis, MO, USA) as reported previously (Chang et al., 2017).  The gonadal part of the fry at 65 dpf was isolated under an anatomic microscope. The 3
RNA samples of each ploidy were prepared at each developmental stage, and each of the RNA samples was composed of gonadal tissues from 10 female
individuals at 65 dpf, 5 female individuals at 180 dpf and 1 female individual at 600 dpf. All gonads were sampled and stored at – 80 °C for further
experiments. 

Sequencing and differential expression analysis of mRNAs and lncRNAs

The Trizol reagent (Invitrogen, CA, USA) was used to extract the total RNA, and only RNA integrity number (RIN) >7.0, the RNA samples would be kept for the
next experiments. The Epicentre Ribo-Zero Gold Kit (Illumina, San Diego, USA) was used to deplete ribosomal RNA of the total RNA. Under high temperature,
RNA fractions were fragmented into small pieces. The mRNA-Seq sample preparation kit (Illumina, San Diego, USA) was used for RNA fragments to reverse-
transcription to construct the �nal cDNA library. The average size for the paired-end libraries was 300 bp (+), and then the paired-end sequencing was
performed on an Illumina Hiseq 4000 following the vendor’s recommended protocol. Firstly, transcripts that overlapped with the known mRNAs and
transcripts shorter than 200 bp were discarded. Cutadapt was used to fastq quality control as following steps: (1) reads with Adaptor were removed; (2)
reads containing N (N indicates that the base information cannot be determined) at a rate greater than 5% were removed; (3) low quality (the number of
bases with quality value Q≤10 accounts for more than 20% of the whole read) reads were removed. The clean and �ltered reads were aligned to the
reference genome of Oncorhynchus mykiss (https://www.ncbi.nlm.nih.gov/genome/?term=Oncorhynchus%20mykiss, Omyk_1.0) using HISAT (v2.0.4)
(min_intron_length=20 max_intron_length=500000). The valid reads and the percentage of mapped reads for each sample were shown as in Supplementary
Table. S11. Thereafter, we utilised CPC (Kong et al., 2007) and CNCI (Sun et al., 2013) to predict transcripts having coding potentials. All transcripts with a
CPC score of <−1 and CNCI score of <0 were removed. The remaining transcripts were considered as lncRNAs. StringTie (Frazee et al., 2015) was used to
estimate the expression level of mRNAs and lncRNAs by calculating FPKM (Punta et al., 2012), the parameter of StringTie was set as
stringtie_abundance=1. The differentially expressed mRNAs and lncRNAs were selected with log2 (fold change) >1 or log2 (fold change) <−1 and FDR< 0.05
as signi�cant cutoff values using R package Ballgown (Agarwal et al., 2015), the parameter was set as remove_low_copy=0. The RNA-Seq raw data were

https://www.ncbi.nlm.nih.gov/genome/?term=Oncorhynchus%20mykiss
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deposited into the repository of SRA-NCBI, the BioProject number of miRNA-suquencing was PRJNA606210, and the number of mRNA and lncRNA
sequencing was PRJNA671795. 

Sequencing and differential expression analysis of miRNAs 

The TruSeq Small RNA Sample Prep Kits (Illumina, San Diego, USA) was used to construct the cDNA libraries. The cDNA product was puri�ed by gel
electrophoresis. After recovery, the puri�ed library was concentrated by ethanol precipitation. The cDNA library was validated by DNA-1000 chip (Agilent
Technologies 2100 Bioanalyzer, Agilent, CA, USA). The sequencing of cDNA libraries was performed using Illumina Hiseq 2500 through single-read strategy
(1 × 50 bp). Raw reads were subjected to the ACGT101-miR tool (LC Sciences, Houston, Texas, USA) to remove adapter dimers, junk, low complexity,
common RNA families (rRNA, tRNA, snRNA, snoRNA) and repeats (Ambady et al., 2012). Two aligners (Bowtie and Megablast) were used by ACGT101-miR,
and their corresponding parameters were set as the following: Bowtie was used for reads to align against the mRNA sequence of Oncorhynchus
mykiss (ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/002/163/495/GCF_002163495.1_Omyk_1.0/GCF_002163495.1_Omyk_1.0_cds_from_genomic.fna.gz),
Rfam, Repbase and miRBase 22.0 database setting seed length = 16 and mismatch = 1. Megablast was used to align pre-miRNAs against the reference
genome applying a 90% identity threshold. The unique sequences mapping to miRNAs' annotated loci on the genome of O. mykiss were identi�ed as known
miRNAs. The unique sequences mapping to the other arm of O. mykiss known pre-miRNAs, opposite to the annotated mature miRNA-containing arm, were
considered to be novel 5p- or 3p- derived miRNA candidates. The remaining sequences were mapped to other selected species precursors (with the exclusion
of the genome of O. mykiss) in miRBase 22.0, and the mapped pre-miRNAs were further aligned against the genome of O. mykiss to determine their genomic
locations. The above two we de�ned as known miRNAs. The unmapped sequences were aligned against the genome of O. mykiss, and the hairpin RNA
structure-containing sequences were predicted from the �ank 80 nt sequences using RNAfold software (http://rna.tbi.univie.ac. at/cgi-bin/RNAfold.cgi). The
criteria for secondary structure prediction were: (1) number of nucleotides in one bulge in stem (≤12) (2) number of base pairs in the stem region of the
predicted hairpin (≥16) (3) cutoff of free energy (kCal/mol ≤-15) (4) length of hairpin (up and down stems + terminal loop ≥50) (5) length of hairpin loop
(≤20). (6) number of nucleotides in one bulge in mature region (≤8) (7) number of biased errors in one bulge in mature region (≤4) (8) number of biased
bulges in mature region (≤2) (9) number of errors in mature region (≤7) (10) number of base pairs in the mature region of the predicted hairpin (≥12) (11)
percent of mature in stem (≥80). Finally, the effective sequences of miRNAs were further analyzed. One-way ANOVA was used to assess the differences
between the different groups. The differential expression of the miRNAs based on normalised read counts were assessed through Student's t-test, setting a
signi�cance threshold of 0.05 in each performed test. 

Construction of ceRNA network of miRNA-mRNA/lncRNA

The DE lncRNAs and 3′ UTR sequences of DE mRNAs were predicted as candidate miRNA targets using TargetScan (Agarwal et al., 2015) and miRanda
(Betel et al.,  2010). The threshold value of TargetScan for seed length scanned against the lncRNAs and 3’ UTRs of mRNAs database was context score
percentile > 50, and the threshold free energy (kcal/mol) of miRanda was established as Max_Energy<-10. The miRNA-target selection was performed
according to the intersection between the two tools. The output of the ad-hoc perl scripts of DE miRNA-mRNA and miRNA-lncRNA of different developmental
period were as shown in Supplementary Table. S12 and Table. S13. The ceRNA regulatory cascades (miRNA-mRNA /lncRNA) were built by local perl scripts.
The information including all of the above interaction was imported into Cytoscape (3.7.1) to construct a predicted miRNA-mRNA/lncRNA interaction
network.  

Functional analysis of DE mRNA

Gene Ontology (GO) enrichment analysis and Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analyses were performed on the predicted
target DE mRNAs of DE miRNA and DE lncRNAs in the ceRNA network, and DE mRNAs of different developmental period. For the non-model species, the
speci�c steps of functional analysis were as follows: Firstly, the transcripts of the reference Oncorhynchus mykiss genome were used to align against the
GO (go_20160702) and KEGG (release_78.1) database by Diamond with the parameter of E-value=1*E-5 (Buch�nk et al., 2014). The comparison results of
all transcripts for each gene which were integrated and removed duplicate were as the functional annotations of GO and KEGG. The local scripts were used
for enrichment analysis. Then, the number of signi�cantly DE genes (S gene number), the number of background genes (B gene number), the number of total
signi�cantly DE genes (TS gene number) and the number of total background genes (TB gene number) for each GO term/KEGG pathway were counted by
GO and KEGG functional annotations. Pval was obtained by hypergeometric test. Both GO terms and KEGG pathways were considered to be signi�cantly
enriched with FDR < 0.05. 

Validation of RNAs in the network by real-time PCR

Real-time PCR was performed for validation of the RNAs involved in the RNA-Seq. The same RNA samples were used for deep sequencing. The qRT-PCR
primers are shown in the Supplementary Table S14. For lncRNAs and mRNAs, the PrimeScript RT Reagent Kit (Takara, Dalian, China) was used for reverse
transcription. Real-time PCR was performed using FastStart Universal SYBR® Green Master Mix (Roche, Switzerland) using CFX96 C1000 touch Thermal
Cycler (BIO-RAD, America). As for miRNAs, All-in-One™ miRNA qRT-PCR Detection Kit (GeneCopoeia, America) was used for RNA reverse transcription and
real-time PCR. According to the analysis of geNorm, the mean values of expression stablility of GAPDH and 18s rRNA at the three detected developmental
period were less than 1.5. So the expression was normalised by the expression of GAPDH and 18s rRNA. All experiments were strictly performed following
the instructions. The Ct values were measured, and the value of target sequence normalised to reference sequence was calculated as 2-ΔΔCt. Data were
analysed by one-way ANOVA to denote statistical differences among groups, which were followed by t-Student test was used to determine statistical
differences between different groups. Statistical analyses were conducted using SPSS 13.0 software. All data are presented as mean ± standard error of the
mean (SEM). Minimum level of signi�cance was �xed in 0.05.
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Tables
Table 1. Overlapped DE miRNAs during gonadal development between the diploid and triploid rainbow trout.

MicroRNA Sequence 
ssa-miR-730a-5p TCCTCATTGTGCATGCTGTGTG

dre-miR-26a-5p_R+2_1ss17TG TTCAAGTAATCCAGGAGAGGCTTT

ola-miR-199a-3p_L+1R+1 AACAGTAGTCTGCACATTGGTTAT

PC-5p-21854_317 TGGATACAATTGAGTTTTGGAT

oni-miR-1388_1ss1AT TGGACTGTCCAACCTGAGAATG

PC-5p-28329_238 CCCTGTTGTACTTCTCCTGC

 
 
Table 2. KEGG pathway enrichment of the overlapped DEGs
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Pathway ID Pathway Name Genes p value
ko04721 Synaptic vesicle cycle SYT1, Snap25a, Rab3c 0.00
ko00330 Arginine and proline metabolism Arg2, CNDP2, CKB 0.00
ko05162 Measles mx2, mx 0.00
ko00514 Other types of O-glycan biosynthesis B3gat1, Fut9 0.01
ko04911 Insulin secretion Snap25a, Rab3c 0.01
ko05164 Influenza A mx2, mx 0.02
ko04390 Hippo signaling pathway Sox19b, Sox21b 0.02
ko03320 PPAR signaling pathway MMP13, Hpx 0.04
ko00053 Ascorbate and aldarate metabolism PITPNM2 0.04

 
 
Table 3. The DE mRNAs enriched in oocyte meiosis/homologous recombination pathway

Days post fertilization DEmRNAs related to oocyte meiosis/homologous recombination
65 dpf sycp3
180 dpf ccne1, calml4, cpeb2, adcy6, dmc1, kank1, kank4, ppp1cb, pvalb1
600 dpf  sycp2, sycp3, dmc1, adcy6, recql4, plk1, cpeb4, cdc25c, fbox5, ccnb1, ccne1, ccne2, aurkc, pttg1, mos

 
 
Table 4. The predicted lncRNAs regulated indirectly ccne1 

DE mRNA Targeted DE miRNA DE lncRNA Strand chromosome Exons Length (bp)
ccne1 dre-miR-15a-5p_R+1 MSTRG.74687.3 - chrNW_018550071.1 2 1648
    MSTRG.76205.1 - chrNW_018557577.1 1 1568
    MSTRG.30919.1 - chr2 1 4938
    MSTRG.82739.1 + chrNW_018592375.1 1 1985
    MSTRG.9268.1 - chr12 1 8333
    MSTRG.63320.1 - chr8 1 2693

Figures
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Figure 1

Identi�cation of the overlapping DE mRNAs, DE lncRNAs, and DE miRNAs related to gonadal development. (A−C) Volcano plots of DE mRNAs in the triploid
(XXX) and diploid (XX) gonads at 65 dpf, 180 dpf, and 600 dpf. (D−F) Volcano plots for DE lncRNAs in the triploid (XXX) and diploid (XX) gonads at 65 dpf,
180 dpf, and 600 dpf. (G−I) Volcano plots for DE miRNAs in the triploid (XXX) and diploid (XX) gonads at 65 dpf, 180 dpf, and 600 dpf. (J) Venn diagram for
the overlapping DE mRNAs of 65 dpf, 180 dpf, and 600 dpf. (K) Venn diagram for the overlapping DE lncRNAs of 65 dpf, 180 dpf, and 600 dpf. (L) Venn
diagram for the overlapping DE miRNAs of 65 dpf, 180 dpf, and 600 dpf.
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Figure 2

GO analysis of the differentially expressed mRNAs at each developmental point according to the up- and down- regulated DE mRNAs. (A) GO analysis of up-
regulated DE mRNAs at 65 dpf. (B) GO analysis of down-regulated DE mRNAs at 65 dpf. (C) GO analysis of up-regulated DE mRNAs at 180 dpf. (D) GO
analysis of down-regulated DE mRNAs at 180 dpf. (E) GO analysis of up-regulated DE mRNAs at 600 dpf. (F) GO analysis of down-regulated DE mRNAs at
600 dpf.
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Figure 2

GO analysis of the differentially expressed mRNAs at each developmental point according to the up- and down- regulated DE mRNAs. (A) GO analysis of up-
regulated DE mRNAs at 65 dpf. (B) GO analysis of down-regulated DE mRNAs at 65 dpf. (C) GO analysis of up-regulated DE mRNAs at 180 dpf. (D) GO
analysis of down-regulated DE mRNAs at 180 dpf. (E) GO analysis of up-regulated DE mRNAs at 600 dpf. (F) GO analysis of down-regulated DE mRNAs at
600 dpf.
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Figure 3

KEGG pathway analysis of the differentially expressed mRNAs at each developmental point according to the up- and down- regulated DE mRNAs. (A) KEGG
analysis of up-regulated DE mRNAs at 65 dpf. (B) KEGG analysis of down-regulated DE mRNAs at 65 dpf. (C) KEGG analysis of up-regulated DE mRNAs at
180 dpf. (D) KEGG analysis of down-regulated DE mRNAs at 180 dpf. (E) KEGG analysis of up-regulated DE mRNAs at 600 dpf. (F) KEGG analysis of down-
regulated DE mRNAs at 600 dpf.
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Figure 3

KEGG pathway analysis of the differentially expressed mRNAs at each developmental point according to the up- and down- regulated DE mRNAs. (A) KEGG
analysis of up-regulated DE mRNAs at 65 dpf. (B) KEGG analysis of down-regulated DE mRNAs at 65 dpf. (C) KEGG analysis of up-regulated DE mRNAs at
180 dpf. (D) KEGG analysis of down-regulated DE mRNAs at 180 dpf. (E) KEGG analysis of up-regulated DE mRNAs at 600 dpf. (F) KEGG analysis of down-
regulated DE mRNAs at 600 dpf.
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Figure 4

GO analysis of the overlapping DE mRNAs of 65 dpf, 180 dpf, and 600 dpf.
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Figure 4

GO analysis of the overlapping DE mRNAs of 65 dpf, 180 dpf, and 600 dpf.
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Figure 5

The protein-protein interaction (PPI) network of DE mRNAs related to oocyte meiosis and homologous recombination.
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Figure 5

The protein-protein interaction (PPI) network of DE mRNAs related to oocyte meiosis and homologous recombination.
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Figure 6

The predicted miRNA-mRNA/lncRNA interaction network of 65 dpf (A), 180 dpf (B) and 600 dpf (C). The ellipse represents mRNAs, the rectangle represents
lncRNAs, and the triangle represents miRNAs. The colour of pink represents up-regulated nodes, and the colour of blue represents down-regulated nodes.
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Figure 6

The predicted miRNA-mRNA/lncRNA interaction network of 65 dpf (A), 180 dpf (B) and 600 dpf (C). The ellipse represents mRNAs, the rectangle represents
lncRNAs, and the triangle represents miRNAs. The colour of pink represents up-regulated nodes, and the colour of blue represents down-regulated nodes.
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Figure 7

The predicted miRNA-mRNA/lncRNA interaction network based on overlapped DE RNAs from the three previously built networks for each timepoint in Figure
5. The network consisted of 6 DE miRNAs, 12 DE lncRNAs, and 25 DE mRNAs. The ellipse represents mRNAs, the rectangle represents lncRNAs, and the
triangle represents miRNAs.
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Figure 7

The predicted miRNA-mRNA/lncRNA interaction network based on overlapped DE RNAs from the three previously built networks for each timepoint in Figure
5. The network consisted of 6 DE miRNAs, 12 DE lncRNAs, and 25 DE mRNAs. The ellipse represents mRNAs, the rectangle represents lncRNAs, and the
triangle represents miRNAs.

Figure 8

Validation of RNA expression by quantitative real-time PCR. (A) The expression of 7 ccne1 in gonad of triploid (XXX) rainbow trout as compared to that of
the diploid (XX) at 65 dpf, 180 dpf, and 600 dpf. (B) The expression of dre-miR-15a-5p_R+1 in gonad of triploid rainbow trout as compared to that of the
diploid at 65 dpf, 180 dpf, and 600 dpf. (C) The expression of 6 targeted lnRNAs in the gonad of triploid (XXX) rainbow trout as compared to that of the
diploid (XX) at 65 dpf, 180 dpf, and 600 dpf. The values are represented as the means±SEM for three individuals. The signi�cance was expressed “*” as a P-
value of <0.05, and “**” as a P-value of < 0.01.
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