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The early development of fish is regulated through dynamic and complex mechanisms involving the regulation of various genes. Many genes are subjected to post-transcriptional regulation by microRNAs (miRNAs). In the Chinese aquaculture industry, the native species bighead carp (Hypophthalmichthys nobilis) is important. However, the genetic regulation related to the early development of bighead carp is unknown. Here, we generated developmental profiles by miRNA sequencing to study the dynamic regulation of miRNAs during bighead carp early development. This study identified 1 046 miRNAs, comprising 312 known miRNAs and 734 uncharacterized miRNAs. Changes in miRNA expression were identified in the six early development stages. An obviously increased expression trend was detected during the development process, with the main burst of activity occurring after the earliest stage (early blastula, DS1). Investigations revealed that several miRNAs were dominantly expressed during the development process, especially in the later stages (e.g., miR-10b-5p, miR-21, miR-92a-3p, miR-206-3p, and miR-430a-3p), suggesting that these miRNAs exerted important functions during embryonic development. The differentially expressed miRNAs (DEMs) and time-serial analysis (profiles) of DEMs were analyzed. A total of 372 miRNAs were identified as DEMs (fold-change >2, and false discovery rate <0.05), and three expression profiles of the DEMs were detected to have co-expression patterns (r > 0.7, and p < 0.05). The broad negative regulation of target genes by miRNAs was speculated, and many development-related biological processes and pathways were enriched for the targets of the DEMs, which might be associated with maternal genome degradation and embryogenesis processes. In conclusion, we revealed the repertoire of miRNAs that are active during early development of bighead carp. These findings will increase our understanding of the regulatory mechanisms of early development of fish.
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INTRODUCTION
The early development of animal is a complex process, characterized by spatiotemporal changes in gene expression and morphology (Aanes et al., 2014). Advances in next-generation sequencing (NGS) technologies have led to progress in the field of gene expression and its regulation mechanisms in the early development of fish. The dynamic and stage-specific gene expression characteristics (or profiles) of the early stages of development have been demonstrated widely in studies of fish life-history (Sarropoulou et al., 2016; Rauwerda et al., 2017; Fu et al., 2019). Meanwhile, many new insights into gene-expression regulation during animal development have been obtained, including transcription factors and non-coding regulatory RNAs (Nepal et al., 2013; Gaitán-Espitia and Hofmann, 2017; Yan et al., 2020). MicroRNAs (miRNAs) comprise an evolutionarily conserved category of small regulatory RNAs (∼22 nt), which mainly inhibit mRNA translation to regulate gene expression at the post-transcriptional level (Gavery and Roberts, 2017). Whereas, many species- or group-specific miRNAs that act in the establishment of evolutionary novelties (Chen and Rajewsky, 2007; Wu et al., 2009; Lee et al., 2010). Several studies have characterized miRNAs’ functional importance in diverse biological processes, such as growth (Yi et al., 2014), tissue regeneration (Rajaram et al., 2014), environmental stress (Sun et al., 2020), and immune responses (Qiao et al., 2021). To date, several studies have focused on the miRNAs’ roles of gene regulation during animal development (Alberti and Cochella, 2017; Chen et al., 2020; Wu et al., 2020; Jing et al., 2021; Kusama et al., 2021). In teleosts, the dynamics of gene expression and its regulation in early development have been described in model fishes, such as zebrafish (Danio rerio) (Nepal et al., 2016; Kasper et al., 2017; Shi et al., 2020) and medaka (Oryzias latipes) (Tani et al., 2010), and important aquaculture species (Rasal et al., 2016; Herkenhoff et al., 2018), such as rainbow trout (Oncorhynchus mykiss) (Ramachandra et al., 2008), turbot (Scophthalmus maximus) (Robledo et al., 2017), Nile tilapia (Oreochromis niloticus) (Pinhal et al., 2018), European sea bass (Dicentrarchus labrax) (Sarropoulou et al., 2019), and the common carp (Cyprinus carpio) (Wang et al., 2017; Wang et al., 2021).
The eastern Asian native species, bighead carp (Hypophthalmichthys nobilis), has been introduced widely into nonnative waters, and has become a major aquaculture species in China. The production of bighead carp was 3.14 million tons in 2018, accounting for 5.8% of the worldwide freshwater finfish production (FAO, 2020). However, in past decades, because of overfishing, pollution, habitat destruction in natural waters, and inbreeding occurring in hatcheries with successive artificial breeding practices for more than 60 years, the fishery resources and seed quality of bighead carp have declined (Chen et al., 2012; Hu et al., 2015). Specifically, phenotypic abnormalities and high mortality in early development were detected in hatcheries. Meanwhile, a decline in growth performance is commonly found in commercial husbandry. In contrast, the bighead carp is considered an invasive species in some countries, such as the United States, where it has had a detrimental environmental impact because of its rapid reproduction in nonnative waters (Lamer et al., 2015; Farrington et al., 2017). Early development is often remarkably resilient but is also adaptable in response to environment changes, representing the most important developmental period leading to high performance and superior quality in subsequent developmental phases (Garfield et al., 2013; Pittman et al., 2013). For example, the early development of bighead carp is implement well within the optimal temperature (approximately ranged from 22 to 26°C), and present with diversity in hatching duration under different temperatures. However, hatching with lower or higher temperature generally cause higher mortality and abnormality of embryos and larvae, which leading to low quality of juveniles and loss in yield. Therefore, investigating the genetics of early development in the bighead carp will provide a basis for genetic knowledge of the species, and might contribute to a better understanding of early life processes and their fitness to the environment.
The phenotypic changes in embryogenesis and larval development of bighead carp have been well described (Yi et al., 1988) and analyzed under different conditions (Gerorge and Chapman, 2013). Recently, a study revealed the dynamics of gene expression, and many differentially expressed genes were identified that are related to early development events, e.g., maternal to zygotic transition (MZT) and hatching (Fu et al., 2019). However, gene expression regulation during early development of bighead carp has received little attention and genetic information is lacking. To better understand the regulation of bighead carp early development, a high-throughput sequencing strategy was used in the present study to determine expression levels of miRNAs during the six early development stages in bighead carp (i.e., early blastula, six-somite embryo, 26-somite embryo, hatching stage, 12 h post-hatching (hph) larva, and 24 hph larva). Pairwise differential expression between adjacent stages, and the expression profiles of miRNAs throughout the experimental period were analyzed. Putative targets of the miRNAs were predicted and their expression levels were verified, and the significantly negative regulated genes (or transcripts) were subjected to further analyses. Enrichment analyses were carried out for miRNAs’ functional evaluation, based on target annotations in the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. Ten differentially expressed miRNAs (DEMs) and all five targets of them were validated using qRT-PCR. The high coincidence was detected between the RNA-sequencing (RNA-seq) and qRT-PCR data. The results of this study, not only provided a valuable genetic basis to understand the dynamics and regulation of miRNAs during bighead carp early development, but also expanded the miRNA resources in teleost species.
MATERIALS AND METHODS
Experiment and Sampling
The mass spawning of parental fish and hatching of fertilized eggs were carried out at the Suzhou Wei-Lai Aquatic Breeding Farm (Provincial hatchery for Chinese carps, Jiangsu, China), the details were the same as those of a previous study (Fu et al., 2019).
The development stages of the embryos were observed under a microscope. The samples were collected at the following six developmental stages: Early blastula (developmental stage (DS) 1; approximately 3.5–5 h post-fertilization, hpf), the six-somite embryo (DS2, approximately 15–16 hpf), the 26-somite embryo (DS3, approximately 23–24 hpf), the hatching stage (DS4, approximately 29–30 hpf), 12 hph larva (DS5), and 24 hph larva (DS6). For the convenience of analysis, a total of eighteen samples were collected from the previous study (Fu et al., 2019), consisting of three replicates at each stage, whereas five replicates for each stage were used previously. In detail, fifteen embryos (DS1, DS2, and DS3) or ten larvae (DS4, DS5, DS6) were pooled together for each sample. All samples were washed rapidly using phosphate-buffered saline (PBS) and then stored in the RNA store Reagent (Tiangen, Beijing, China) at −80°C for further use.
Extraction of RNA, Construction of the Libraries, and Sequencing
A mirVana miRNA Isolation Kit (Ambion, Austin, TX, United States) was used to extract the total RNA from the samples according the supplier’s instructions. DNAse I (New England Biolabs, Ipswich, MA, United States) was used to remove genomic DNA contamination from the RNA samples. A NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States), 1.5% agarose gel electrophoresis, and the Agilent Bioanalyzer 2,100 system (Agilent Technologies, Santa Clara, CA, United States) were used to evaluate the RNA content and purity. The samples with A260/280 ranged from 1.8 to 2.1 and the RNA Integrity Number (RIN) ≥ 7 were retained for subsequent analysis.
All eighteen samples were prepared and used for library construction, following the instructions provided by the manufacturer. Briefly, ligated with 3′ and 5’ adapters (Illumina, San Diego, CA, United States) using T4 ligase (New England Biolabs, Ipswich, MA, United States), purified RNA was reverse-transcribed into the first strand cDNA and amplified by PCR using primers complementary to the adaptor sequences. The final small RNA library was prepared by purified the nucleotide fractions at 145–160 nt length. And then, the libraries were subjected to single-end sequencing using the Illumina Hiseq X Ten platform and 150 bp single-end sequencing technology (Illumina, San Diego, United States) at the OE biotech company (Shanghai, China). All sequencing reads were exported in the FASTQ format.
Sequence Reads Analysis and Identification of miRNAs
FastQC v0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to assess for quality control of the raw sequence data. The adapters were clipped using cutadapt (Martin, 2011). FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit) was used to trim low-quality reads (Q20 < 80%). NGSQCToolkit (Patel and Jain, 2012) was used to remove the reads with unknown bases (“N”). Finally, the reads ranged from 15 nt to 41 nt were reserved for further study. The SOAP program (http://soap.genomics.org.cn) was used to map the clean reads to the reference genome with a tolerance of one mismatch. The non-coding RNAs were annotated as small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs), tRNAs, and rRNAs, which were then aligned and subjected to BLAST searching against the GenBank (http://www.ncbi.nl.nih.gov/genbank/) and Rfam v.14.6 (http://rfam.xfam.org/) databases. Alignment at the miRBase v.22.1 database (http://www.mirbase.org/) identified the known miRNAs. The algorithm miRDeep 2 (Friedländer et al., 2012) was used to analyze those miRNAs that showed no similarity to conserved or existing miRNAs, thus identifying them as possible uncharacterized miRNAs. The corresponding miRNA star sequence was also identified using the pre-miRNA hairpin structure and the miRBase database. The length distribution of small RNAs was visualized using ggplot2 package (part of the R project (http://www.R-project.org)).
Differential miRNA and Expression Profiles Analyses
The read count frequency of the miRNAs was normalized using transcripts per million (TPM). Next, the R project packages Hmisc, reshape2, dplyr, ggplot2, and UpSetR were used to analyze the statistics for the TPM values of the miRNAs, for hierarchical clustering (Pearson’s correlation), for principal component analysis (PCA) for the eighteen samples, and to identify the intersecting sets of extremely highly expressed miRNAs (TPM ≥1,000), respectively.
Differentially expressed miRNAs (DEMs) between adjacent stages were identified based on the read counts of miRNAs using the DESeq2 package (Love et al., 2014) in the R project. The miRNAs were considered significant DEMs only if the adjust p-value (false discovery rate, FDR) below 0.05 and | log2 (fold change, FC) | >1 (or 2). An online resource (http://bioinformatics.psb.ugent.be/webtools/Venn/) was used to depict the Venn diagram of pairwise DEMs. The STEM software (Ernst and Bar-Joseph, 2006) was used for expression profile analysis according to the DEMs’ mean TPM values at each stage (mean TPM ≥1 at least in one stage), using default parameters, i.e., minimum correlation of 0.7 and a significance threshold of 0.05 (Bonferroni method).
Prediction of Targets of miRNAs and Their Functional Enrichment
To determine the DEMs’ functions, the target mRNAs of the DEMs were predicted using miRanda software (Enright et al., 2003), with the parameters: S ≥ 150, ΔG ≤ −30 kcal/mol, and with strict 5′ seed pairing. Pearson’s correlation test was carried out to identify miRNA-mRNA pairs that correlated negatively, based on miRNA normalized data (TPM) and mRNA normalized data [Fragments Per Kilobase of transcript per Million mapped reads (FPKM)] from a previously study (Fu et al., 2019), using the Hmisc package in the R project. Target mRNAs that presented significantly negative correlation values (p < 0.05) with the miRNAs were chosen for further analyses. Cytoscape v3.6.1 software (Shannon et al., 2003) was used to visualize the miRNA-mRNA regulatory networks.
Based on the corresponding targets of the DEMs, GO (http://www.geneontology.org) biological process categories, and KEGG (http://www.genome.jp/kegg/pathway.html) pathways were analyzed using the clusterProfiler package (Wu et al., 2021) for functional enrichments; terms with p < 0.05 were defined as significantly enriched. The enrichment results were visualized using the ggplot2 package in the R project.
Quantitative Real-Time Reverse Transcription PCR Assay
Total RNAs were reverse transcribed to cDNA using a PrimeScript RT Reagent Kit (Takara Bio, Dalian, China). The expression levels of 10 DEMs (DS2 vs DS1) were then assessed using qPCR on a CFX-96 Real-time PCR System (Bio-Rad, Hercules, CA, United States) in 20 μl reaction volume, comprising 10 μL of SYBR Premix kit 2× (Takara Bio), 0.5 μl of the miRNA-specific forward primer (10 μM) (Supplementary Data Sheet S1), 0.5 μl the miScript universal primer (10 μM), and 2 μl the cDNA prepared above. The reaction conditions comprised: initial denaturation at 95°C for 10 s; followed by 40 cycles of 95°C for 5 s, 60°C for 15 s, and a final cycle at 95°C–65°C. In addition, five target transcripts were assessed using the qPCR method according to the previous study (Fu et al., 2019), primer pairs provided in the Supplementary Data Sheet S1. Triplicate reactions were conducted, and the relative expression levels of the miRNAs and targets were normalized against the expression of the 5s rRNA and actb gene using the 2-∆∆Ct method (Livak and Schmittgen, 2001), respectively.
The F-Test and Shapiro-Wilk test were performed to test for homogeneity and normality, respectively, followed by a one-tailed Wilcoxon test and one-tailed T-Test for differential expression (DS2 vs DS1) analysis, which were carried out using Excel (Microsoft, Redmond, WA, United States) and the R project package stats. Pearson’s correlation analysis and heatmap construction of relative miRNA expression (qRT-PCR data) and the TPM values were carried out using the R project packages Hmisc and pheatmap, respectively.
RESULTS
Overview of the RNA-Sequencing
A total of 818, 358, 688 raw reads, with a mean of 45, 464, 372 raw reads from each library were obtained (Supplementary Data Sheet S2). After filtering out low-quality reads, and removing adaptor sequences, the clean reads were retrieved for further analyses. The sequencing data were deposited in the NCBI Sequence Read Archive (SRA) repository with the accession number: PRJNA781113.
The clean reads’ length distribution is shown in Supplementary Figure S1. The later five stages (DS2, DS3, DS4, DS5, and DS6) were basically the same, with a single peak at 22 nt, whereas the DS1 stage had two peaks at 22 nt and 28 nt. The concentrations of 21–23 nt sequences showed a gradually increasing trend during the development process, i.e. from 18.74% in DS1 to 65.47% in DS6. Whereas, the 26–28 nt fraction showed a gradually decreasing trend during the development process, i.e. from 6.08% in DS1 to 1.20% in DS6 (Supplementary Data Sheet S2).
Statistics of miRNA Identification and Predictions
An increasing trend of known miRNA counts was detected in the clean reads during the development process. Similar categories of known and uncharacterized miRNAs were detected in the later five development stages (734–850), whereas in the earliest stage (DS1), slightly fewer miRNA categories were detected (575–594) (Supplementary Data Sheet S3). The present study identified 312 known miRNAs and 734 uncharacterized miRNAs, which belong to 109 miRNA families. The read counts and TPM values were measured for each miRNA in each sample (Supplementary Data Sheet S4), and used for subsequent analyses. A broad range of read counts was detected both for known miRNAs (1–2,316,158) and uncharacterized miRNAs (1–13,440). A boxplot of miRNA abundance for the eighteen samples is shown in Figure 1, which shows an obviously increasing trend during the earlier development stages (DS1, DS2, and DS3). Highly consistency was detected among replicates from each development stage (r ≥ 0.82, p < 0.01) (Figure 2A), which corresponded to the scatter plot based on the PCA data (Figure 2B). Furthermore, the PCA data showed clear separation of the earlier stages from the later stages, especially for the first sampled stage (DS1).
[image: Figure 1]FIGURE 1 | A boxplot of miRNA expression for each sample.
[image: Figure 2]FIGURE 2 | A matrix showing the correlations among samples (A) and a scatter plot of samples based on principal component analysis (B).
At the global level, the known miRNAs had higher expression levels than the uncharacterized miRNAs during all the sampled stages (Supplementary Figure S2A). In detail, the intersections of 52 extremely highly expressed miRNAs (TPM ≥1,000) in the six stages were analyzed (e.g., miR-1, miR-9-4-3p, miR-9-5p, miR-20a-5p, miR-20b-5p, miR-21, etc., Supplementary Data Sheet S4), and an increasing trend of counts was detected during the development process, i.e., from 3 in DS1 to 49 in DS6 (Supplementary Figure S2B). Interestingly, all those items were known miRNAs, even in the secondary expression level (TPM <1,000, and ≥100), only one uncharacterized miRNA (novel276_star) were detected among 80 miRNAs (Supplementary Data Sheet S4).
To investigate the important miRNAs in early development, the ten most abundant miRNAs (according to the TPM) for each development stage were identified, and which comprised seventeen known miRNAs (Table 1), five of which (miR-21, miR-10b-5p, miR-92a-3p, miR-206-3p, and miR-430b-3p) were the top miRNAs at least in five stages. In addition, the ten miRNA families with highest mean TPM values were as follows: miR-1, miR-9, miR-10, miR-17, miR-21, miR-22, miR-26, miR-203, miR-363, and miR-430 (Supplementary Data Sheet S4).
TABLE 1 | The most abundant microRNAs (highlighted) for each stage and their target genes in bighead carp.
[image: Table 1]Differentially Expressed miRNAs, Expression Profiles
A total of 372 and 240 pairwise DEMs were detected using different FC levels (2 or 4), and similar decreasing trends were detected for the DEMs identified using both FC levels (Supplementary Data Sheet S5). More DEMs were detected between the earlier adjacent stages, especially between DS2 and DS1, than between later stages, and more up-regulated DEMs were detected commonly in the pairwise comparisons (Figure 3A). Meanwhile, a certain proportion of DEMs were shared among the pairwise comparisons (Figure 3B). Three significant co-expression profiles of DEMs (r > 0.7, p < 0.05) were detected during the early development process, which showed continuously decreased expression (profile 8, containing 16 DEMs), continuously increased expression (profile 39, containing 116 DEMs), and obviously increased during the two early stages (profile 49, containing 90 DEMs) (Supplementary Figure S3).
[image: Figure 3]FIGURE 3 | Pairwise comparisons to identify differentially expressed miRNAs (DEMs) between adjacent stages. (A) The bar plot statistic and (B) a Venn diagram.
Target Prediction and Enrichment Analyses
Using sequence alignment and expression correlation analyses, a total of 1731 putative target transcripts were predicted to be negatively regulated (r < ‒0.80, p < 0.05) by 185 DEMs. The miRNAs could target one or several transcripts (range = 1–157), and some target transcripts were predicted to be regulated by several miRNAs (Supplementary Data Sheet S5). The predicted target genes of the most abundant miRNAs were listed in Table 1. Intriguingly, some DEMs showed alterative regulation in different periods, e.g., miR-27e significantly down-regulated and targeted acaca, hkrp2, and nr3c1 genes during the period from DS1 to DS2, whereas the miR-27e significantly up-regulated and targeted other genes (abtb2 and ire-bp1) during the period from DS2 to DS3. (Supplementary Figure S4).
Enrichment analyses (GO and KEGG) were performed based on the functional annotation of the target transcripts, and several biology processes (e.g., ectoderm development, embryo development, and ventricular system development) and pathways (e.g., autophagy—animal, RNA degradation, and tight junction) were enriched significantly (Figure 4). A miRNA-target gene hub network was constructed based on the DEMs and their KEGG enriched target genes (Figure 5), which also showed the multiple target relationships. In view of the obvious differences between the two earlier stages, the targets of DEMs defined with a stricter threshold (FC > 4) were used for enrichment analyses. Many important biology processes and pathways were enriched corresponding to the DEMs from the DS2 vs DS1 comparison, including development, differentiation, growth, and signaling related terms (Supplementary Data Sheet S4, and Supplementary Figure S5). Notably, some KEGG pathways seem to be related to maternal genome expression (e.g., aldosterone synthesis and secretion, GnRH signaling pathway, and ovarian steroidogenesis).
[image: Figure 4]FIGURE 4 | GO and KEGG analysis of the targets of the total differentially expressed miRNAs (DEMs). (A) The top GO biology process terms; (B) the top KEGG pathways. GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
[image: Figure 5]FIGURE 5 | The hub network of differentially expressed miRNAs (DEMs) and their KEGG enriched target genes. KEGG, Kyoto Encyclopedia of Genes and Genomes.
Base on the correlation analyses conducted between the DEMs and the expression of their targets expressions, a broadly negative regulation was detected for three expression profiles of DEMs (Figure 6), and the corresponding enrichment revealed that many biology processes and pathways were enriched within certain expression profiles (Supplementary Data Sheet S5).
[image: Figure 6]FIGURE 6 | Heat maps for expression of miRNAs (A) of three co-expression profiles and their targets (B).
Quantitative Real-Time-PCR Validation for Differentially Expressed miRNAs and Their Targets
Among the combined the DEMs and expression profile results, ten up-regulated miRNAs and their targets (five transcripts) in the DS2 vs DS1 comparison were examined using qRT-PCR to validate the RNA-seq data and analyses. The generally expression trends between the RNA-seq and qRT-PCR data were consistent, which revealed by the Z-score normalization for each miRNA (Figure 7). In detail, the relative expression of all the DEMs showed an up-regulated trend from DS1 to DS2 (the FC ranged from 1.39 to 453.11). Among them, the relative expressions of nine miRNAs showed significant different between the pairwise comparison (p < 0.05, Wilcoxon test), and significantly positive correlation (r > 0.85, p < 0.05) was detected between the RNA-seq data and the qRT-PCR data for each miRNA of nine DEMs (Supplementary Data Sheet S1). Additionally, all five miRNA targets were detected with down-regulated trends from DS1 to DS2 (the FC ranged from 0.008 to 0.159), and showed with significant different between pairwise comparison (p < 0.05, T test or Wilcoxon test) (Supplementary Data Sheet S1).
[image: Figure 7]FIGURE 7 | Heat maps for transcripts per million (TPM) (A) and relative expression (B) of ten differentially expressed miRNAs (DEMs) between two early developmental stages.
DISCUSSION
In the present study, in the earliest stage of bighead carp development (DS1), a peak at around 22 nt representing miRNAs and another distinct peak around 26–28 nt representing longer piRNAs (Piwi-interacting RNAs) were detected. Studies have demonstrated that piRNAs are essential for gene silencing and transposon regulation during germ cell differentiation and gonadal development (Khurana and Theurkauf, 2010; Grentzinger et al., 2012). In teleost species, piRNAs are mainly expressed in ovaries and testes (Houwing et al., 2007; Wang et al., 2017). Moreover, most piRNAs are maternally deposited and are degraded gradually as development proceeds (Wei et al., 2012; Yao et al., 2014). However, evidence of the regulation of piRNAs during early development is limited. In contrast to piRNAs, many miRNAs show temporal expression patterns, such as those expressed during MZT and metamorphosis (Bizuayehu and Babiak, 2014; Herkenhoff et al., 2018). At the global level, the dynamically increasing trend of miRNA expression, and the obvious separation among samples from different stages revealed by PCA, as well as the homogeneity of miRNA expression among samples from each stage detected in this study, indicated the close involvement of miRNAs in the regulation of early developmental transitions of bighead carp.
In the present study, the sequencing data showed that miRNA expression increased during the early development process. However, a small proportion of miRNAs were highly abundant during the early development stages (52 miRNAs’ TPM ≥1,000), especially at the late organogenesis stages. The low expression of almost all miRNAs in the early stages, which became increasingly diverse and complex as development proceeded, was reported in zebrafish (Chen et al., 2005; Thatcher et al., 2007; Wei et al., 2012; Kaitetzidou et al., 2015). We observed that several miRNAs (e.g., miR-430a-3p, miR-430b-3p, and miR-430c-3p) that were increasingly expressed at the earlier stages and then decreased in the later stages belonged to the miR-430 family, which is involved in clearance of maternal transcripts and embryonic morphogenesis (Giraldez et al., 2006; Thatcher et al., 2007). Similarly, high miR-430 expression was observed in the early development of zebrafish (Wei et al., 2012), common carp (Wang et al., 2017; Wang et al., 2021) and Atlantic halibut (Hippoglossus hippoglossus) (Bizuayehu et al., 2012). In Atlantic halibut, miRNA-430 expression ceased after hatching (Bizuayehu et al., 2012), whereas it was expressed for a longer period according to the results of this study and in common carp (Wang et al., 2017; Wang et al., 2021). This pattern of delayed expression was also observed for many miRNAs associated with early development (Ason et al., 2006). In particular, miR-430 also has important functions in the metamorphosis of Paralichthys olivaceus early development (Li et al., 2020), and during ovary differentiation of common carp (Wang et al., 2017). Although, the miRNAs shared same seed sequence, the different expression patterns and special functions of the miR-430 family were detected in different species. Which indicated that conservation of miRNAs did not reflect conservation of their expression among species (Ason et al., 2006). miRNAs of several families, including miR-1, miR-21, miR-22, and miR-26, were also commonly detected in early development stages of other fishes (Chen et al., 2005; Wang et al., 2017; Sarropoulou et al., 2019; Wang et al., 2021). Among them, miR-21 expression in teleost species is involved in development (Chen et al., 2005), maternal transcript degradation (Ramachandra et al., 2008), and stress responses (Zhao et al., 2016). The high expression levels of miR-1 and miR-206, which are muscle-specific miRNAs, were observed in the early stages of medaka and zebrafish development (Ason et al., 2006), and during zebrafish gastrulation, miR-206 was identified as essential for the regulation of cell movement (Liu et al., 2012). Overall, the identified highly expressed miRNAs might function in various regulatory pathways in early development, which will require further investigation.
The large proportion of miRNAs showing low expression levels might not be critical for the early developmental processes in bighead carp, which was also found in other teleost species (Bizuayehu et al., 2012; Yao et al., 2014; Kaitetzidou et al., 2015; Sarropoulou et al., 2019). Although some miRNAs were expressed at a low level and/or showed high cellular specificity (Wienholds et al., 2005), we cannot rule out the possibility that some of them might be highly and widely expressed only at certain developmental stages (Alberti and Cochella, 2017). In this study, some miRNAs (let-7, miR-122, and miR-192) showed moderate expression and their levels increased gradually during the development process, reaching a high level in the later stages (Chi et al., 2011; Bizuayehu et al., 2012). Among them, the let-7 family is related to tissue proliferation, growth, and metamorphosis in teleosts (Kloosterman et al., 2004; Ason et al., 2006; Bizuayehu et al., 2012); however, let-7 is also present at moderate level in the early development stages of zebrafish (Wei et al., 2012). Actually, many miRNAs may play roles at the periphery of development, lower expressed miRNAs are likely to be expressed at later time points in development and in a cell type-restricted manner (Alberti and Cochella, 2017). For example, specific mRNAs (miR-24 or miR-139 families) are known to limit phenotypic variation in zebrafish embryos (Kasper et al., 2017), and these miRNAs showed lower expression levels in the present study.
Interestingly, the highly expressed miRNAs identified in this study were almost all known (or conserved) miRNAs. It is not surprising that many conserved animal miRNAs are abundantly involved in core developmental process (Chen and Rajewsky, 2007; Alberti and Cochella, 2017), which might involve the maintenance of basic cellular activities. By contrast, most of the novel miRNAs showed lower expression in this study, which is in accordance with other reports (Chi et al., 2011; Robledo et al., 2017; Wang et al., 2017). It was hypothesized that gene expression canalization involves miRNAs, which were linked to species-specific evolution processes (Chen and Rajewsky, 2007; Wu et al., 2009; Lee et al., 2010).
A dynamic decrease was revealed among the DEMs in the pairwise comparisons, with more DEMs being identified in the earlier developmental stages, which coincided with the dynamic changes in transcripts expression in the early development of bighead carp (Fu et al., 2019). MiRNAs implement their biology functions through targeting transcripts and suppressing gene expression at the posttranscriptional level. Therefore, we further investigated the possible association of miRNAs with genes by performing target prediction and expression correlation analysis. Complex interactions were detected in the miRNA-gene network, i.e., one miRNA can target more than one gene, and different miRNAs could also target the same gene. Meanwhile, the genes might play roles in different biology processes and pathways, or one gene might play multiple roles. Similar results were reported in other studies (Robledo et al., 2017; Wang et al., 2021), indicating that some miRNAs might be involved in a wide range of gene regulations in various biological processes. These observations support the concept of functional redundancy among miRNAs (Alberti and Cochella, 2017). The cooperation of miRNAs (miR-35 and miR-58) by targeting the same gene has been illustrated in animal embryonic development (Sherrard et al., 2017). In this study, we observed that some miRNAs were identified as members of families (let-7, miR-1, miR-430) in which multiple members share the same seed sequence; however, some homologs had different expression levels or patterns, and were also predicted to have different target genes in the development process. In the present study, the same or different target genes with the same or different expression trends (up- or down-regulated) were detected for single DEM at different periods of the development process, which has been less reported. The complex (or dynamic) gene regulation of miRNAs speculated in this study might be associated with the specific spatiotemporal patterns of miRNA expression (Alberti and Cochella, 2017), as well as influence of the variation of miRNAs and target binding sites (Nepal et al., 2013; Kasper et al., 2017; Shi et al., 2020). In addition, many miRNAs were co-expressed and exerted a broad negative regulation on target genes during early bighead carp development. Similar co-expression of miRNAs has been detected commonly in animal development (Wang et al., 2017; Do et al., 2019; Chen et al., 2020), further indicating the roles of miRNAs in providing developmental robustness.
The miRNAs play roles via suppression targets’ expression, a widely negatively correlation between expressions of miRNAs and their targets was revealed in this study. Overall, enrichment analyses were conducted based on the functional annotation of the DEMs’ target transcripts, leading to functional characterization of miRNAs’ regulation in early development. Many development-relative terms in GO biology process were enriched for DEMs’ target transcripts, including ectoderm development, embryo development, and ventricular system development. The KEGG analysis identified several enriched pathways might be associated with the development process, e.g., AMPK signaling, MAPK signaling, RNA degradation, and tight junction pathways. The MAPK signaling pathway has also been associated with miRNA-target regulation in animal development (Kaitetzidou et al., 2015; Wang et al., 2017; Jing et al., 2021). Moreover, several sex hormone-related pathways were enriched for DEMs’ target transcripts in the earliest pairwise comparison (DS2 vs DS1), including aldosterone synthesis and secretion, GnRH signaling, and ovarian steroidogenesis pathways. The results provided more evidence for the roles of miRNAs in the degradation of maternal transcripts. In view to the certain miRNA’s biological functions, the pairwise miRNA-target relationship might to be better used for evaluation. For example, the miR-430b-3p was predictively targeted to ddx6 gene, which encodes a member of the DEAD box protein family (aka. Rck/P54). It plays a role in mRNA decapping in the process of mRNA degradation (Fenger-Grøn et al., 2005), which may be required for miRNA-induced gene silencing.
In conclusion, the miRNA repertoire and expression characteristics were revealed in this study, which provided a first insight into the involvement of miRNAs during the early development of bighead carp. Additionally, the high consistency of the RNA-seq and qRT-PCR data, illustrated the reliability of the sequencing and analysis protocols. We observed that miRNAs effected dynamic and wide ranging regulation of genes during the development processes, which might contribute to a better understanding of the molecular dynamic changes and regulations during fish embryogenesis and development.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are publicly available. This data can be found here: National Center for Biotechnology Information (NCBI) BioProject database under accession number PRJNA781113.
ETHICS STATEMENT
The animal study was reviewed and approved by Bioethical Committee of the Freshwater Fisheries Research Center (FFRC) of the Chinese Academy of Fishery Sciences (CAFS). Written informed consent was obtained from the owners for the participation of their animals in this study.
AUTHOR CONTRIBUTIONS
JF and ZD designed and supervised this study, carried out the bioinformatics analyses, and drafted the manuscript. WZ and LW sampled the fish and helped with hatching management. ML and BJ performed the qRT-PCR and data analyses. The final version of the manuscript was read and approved by all authors.
FUNDING
This study was financially supported by the Central Public-Interest Scientific Institution Basal Research Fund, Freshwater Fisheries Research Center, CAFS (No. 2021JBFM01), and the Earmarked Fund for China Agriculture Research System of MOF and MARA (No. CARS-45–05).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We would like to thank all the employees of Wei-Lai Aquatic Breeding Farm (Jiangsu Province, China) for their assistance during the brooders culture and breeding practice.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2021.821403/full#supplementary-material
REFERENCES
 Aanes, H., Collas, P., and Alestrom, P. (2014). Transcriptome Dynamics and Diversity in the Early Zebrafish Embryo. Brief. Funct. Genomics 13 (2), 95–105. doi:10.1093/bfgp/elt049
 Alberti, C., and Cochella, L. (2017). A Framework for Understanding the Roles of miRNAs in Animal Development. Development 144, 2548–2559. doi:10.1242/dev.146613
 Ason, B., Darnell, D. K., Wittbrodt, B., Berezikov, E., Kloosterman, W. P., Wittbrodt, J., et al. (2006). Differences in Vertebrate microRNA Expression. Proc. Natl. Acad. Sci. 103 (39), 14385–14389. doi:10.1073/pnas.0603529103
 Bizuayehu, T. T., and Babiak, I. (2014). MicroRNA in Teleost Fish. Genome Biol. Evol. 6 (8), 1911–1937. doi:10.1093/gbe/evu151
 Bizuayehu, T. T., Lanes, C. F., Furmanek, T., Karlsen, B. O., Fernandes, J. M., Johansen, S. D., et al. (2012). Differential Expression Patterns of Conserved miRNAs and isomiRs during Atlantic Halibut Development. BMC Genomics 13, 11. doi:10.1186/1471-2164-13-11
 Chen, D., Li, S., and Wang, K. (2012). Enhancement and Conservation of Inland Fisheries Resources in China. Environ. Biol. Fish. 93, 531–545. doi:10.1007/s10641-011-9948-2
 Chen, K., and Rajewsky, N. (2007). The Evolution of Gene Regulation by Transcription Factors and microRNAs. Nat. Rev. Genet. 8, 93–103. doi:10.1038/nrg1990
 Chen, M., Zhang, S., Xu, Z., Gao, J., Mishra, S. K., Zhu, Q., et al. (2020). MiRNA Profiling in Pectoral Muscle throughout Pre- to post-natal Stages of Chicken Development. Front. Genet. 11, 570. doi:10.3389/fgene.2020.00570
 Chen, P. Y., Manninga, H., Slanchev, K., Chien, M., Russo, J. J., Ju, J., et al. (2005). The Developmental miRNA Profiles of Zebrafish as Determined by Small RNA Cloning. Genes Dev. 19 (11), 1288–1293. doi:10.1101/gad.1310605
 Chi, W., Tong, C., Gan, X., and He, S. (2011). Characterization and Comparative Profiling of miRNA Transcriptomes in Bighead Carp and Silver Carp. PLoS One 6 (8), e23549. doi:10.1371/journal.pone.0023549
 Do, D. N., Dudemaine, P.-L., Fomenky, B. E., and Ibeagha-Awemu, E. M. (2019). Integration of miRNA Weighted Gene Co-expression Network and miRNA-mRNA Co-expression Analyses Reveals Potential Regulatory Functions of miRNAs in Calf Rumen Development. Genomics 111, 849–859. doi:10.1016/j.ygeno.2018.05.009
 Enright, A. J., John, B., Gaul, U., Tuschl, T., Sander, C., and Marks, D. S. (2003). MicroRNA Targets in Drosophila. Genome Biol. 5 (1), R1. doi:10.1186/gb-2003-5-1-r1
 Ernst, J., and Bar-Joseph, Z. (2006). STEM: a Tool for the Analysis of Short Time Series Gene Expression Data. BMC Bioinformatics 7, 191. doi:10.1186/1471-2105-7-191
 FAO (2020). The State of World Fisheries and Aquaculture 2020: Sustainability in Action. Rome, Italy: Food and Agriculture Organization of the United Nations.
 Farrington, H. L., Edwards, C. E., Bartron, M., and Lance, R. F. (2017). Phylogeography and Population Genetics of Introduced Silver Carp (Hypophthalmichthys molitrix) and Bighead Carp (H. nobilis) in North America. Biol. Invasions 19, 2789–2811. doi:10.1007/s10530-017-1484-3
 Fenger-Grøn, M., Fillman, C., Norrild, B., and Lykke-Andersen, J. (2005). Multiple Processing Body Factors and the ARE Binding Protein TTP Activate mRNA Decapping. Mol. Cel 20 (6), 905–915. doi:10.1016/j.molcel.2005.10.031
 Friedländer, M. R., Mackowiak, S. D., Li, N., Chen, W., and Rajewsky, N. (2012). miRDeep2 Accurately Identifies Known and Hundreds of Novel microRNA Genes in Seven Animal Clades. Nucleic Acids Res. 40 (1), 37–52. doi:10.1093/nar/gkr688
 Fu, J., Zhu, W., Wang, L., Luo, M., Song, F., and Dong, Z. (2019). Dynamic Transcriptome Sequencing and Analysis during Early Development in the Bighead Carp (Hypophthalmichthys nobilis). BMC Genomics 20, 781. doi:10.1186/s12864-019-6181-4
 Gaitán-Espitia, J. D., and Hofmann, G. E. (2017). Gene Expression Profiling during the Embryo-To-Larva Transition in the Giant Red Sea urchinMesocentrotus Franciscanus. Ecol. Evol. 7 (8), 2798–2811. doi:10.1002/ece3.2850
 Garfield, D. A., Runcie, D. E., Babbitt, C. C., Haygood, R., Nielsen, W. J., and Wray, G. A. (2013). The Impact of Gene Expression Variation on the Robustness and Evolvability of a Developmental Gene Regulatory Network. Plos Biol. 11 (10), e1001696. doi:10.1371/journal.pbio.1001696
 Gavery, M. R., and Roberts, S. B. (2017). Epigenetic Considerations in Aquaculture. PeerJ 5, e4147. doi:10.7717/peerj.4147
 George, A. E., and Chapman, D. C. (2013). Aspects of Embryonic and Larval Development in Bighead Carp Hypophthalmichthys nobilis and Silver Carp Hypophthalmichthys molitrix. PLoS One 8 (8), e73829. doi:10.1371/journal.pone.0073829
 Giraldez, A. J., Mishima, Y., Rihel, J., Grocock, R. J., Van Dongen, S., Inoue, K., et al. (2006). Zebrafish miR-430 Promotes Deadenylation and Clearance of Maternal mRNAs. Science 312, 75–79. doi:10.1126/science.1122689
 Grentzinger, T., Armenise, C., Brun, C., Mugat, B., Serrano, V., Pelisson, A., et al. (2012). PiRNA-mediated Transgenerational Inheritance of an Acquired Trait. Genome Res. 22, 1877–1888. doi:10.1101/gr.136614.111
 Herkenhoff, M. E., Oliveira, A. C., Nachtigall, P. G., Costa, J. M., Campos, V. F., Hilsdorf, A. W. S., et al. (2018). Fishing into the microRNA Transcriptome. Front. Genet. 9, 88. doi:10.3389/fgene.2018.00088
 Houwing, S., Kamminga, L. M., Berezikov, E., Cronembold, D., Girard, A., van den Elst, H., et al. (2007). A Role for Piwi and piRNAs in Germ Cell Maintenance and Transposon Silencing in Zebrafish. Cell 129, 69–82. doi:10.1016/j.cell.2007.03.026
 Hu, M., Hua, Q., Zhou, H., Wu, Z., and Wu, X. (2015). The Effect of Dams on the Larval Abundance and Composition of Four Carp Species in Key River Systems in China. Environ. Biol. Fish. 98, 1201–1205. doi:10.1007/s10641-014-0342-8
 Jing, J., Jiang, X., Zhu, C., Zheng, Q., Ji, Q., Yin, H., et al. (2021). Dynamic Changes of miRNAs in Skeletal Muscle Development at New Zealand Rabbits. BMC Genomics 22, 577. doi:10.1186/s12864-021-07896-5
 Kaitetzidou, E., Xiang, J., Antonopoulou, E., Tsigenopoulos, C. S., and Sarropoulou, E. (2015). Dynamics of Gene Expression Patterns during Early Development of the European Seabass (Dicentrarchus labrax). Physiol. Genomics 47, 158–169. doi:10.1152/physiolgenomics.00001.2015
 Kasper, D. M., Moro, A., Ristori, E., Narayanan, A., Hill-Teran, G., Fleming, E., et al. (2017). MicroRNAs Establish Uniform Traits during the Architecture of Vertebrate Embryos. Dev. Cel 40, 552–565. doi:10.1016/j.devcel.2017.02.021
 Khurana, J. S., and Theurkauf, W. (2010). piRNAs, Transposon Silencing, and Drosophila Germline Development. J. Cel Biol. 191 (5), 905–913. doi:10.1083/jcb.201006034
 Kloosterman, W. P., Wienholds, E., Ketting, R. F., and Plasterk, R. H. A. (2004). Substrate Requirements for Let-7 Function in the Developing Zebrafish Embryo. Nucleic Acids Res. 32 (21), 6284–6291. doi:10.1093/nar/gkh968
 Kusama, K., Rashid, M. B., Kowsar, R., Marey, M. A., Talukder, A. K., Nagaoka, K., et al. (2021). Day 7 Embryos Change the Proteomics and Exosomal Micro-RNAs Content of Bovine Uterine Fluid: Involvement of Innate Immune Functions. Front. Genet. 12, 676791. doi:10.3389/fgene.2021.676791
 Lamer, J. T., Ruebush, B. C., Arbieva, Z. H., Mcclelland, M. A., Epifanio, J. M., and Sass, G. G. (2015). Diagnostic SNPs Reveal Widespread Introgressive Hybridization between Introduced Bighead and Silver Carp in the Mississippi River Basin. Mol. Ecol. 24, 3931–3943. doi:10.1111/mec.13285
 Lee, L. W., Zhang, S., Etheridge, A., Ma, L., Martin, D., Galas, D., et al. (2010). Complexity of the microRNA Repertoire Revealed by Next-Generation Sequencing. RNA 16, 2170–2180. doi:10.1261/rna.2225110
 Li, R., Wang, Z., Sun, M., Peng, M., Qi, J., and Wang, Z. (2020). MiR-430 Can Affect the Mesoderm Formation and Metamorphosis of Paralichthys olivaceus by Targeting Lefty Gene. J. Ocean Univ. China 19 (2), 409–416. doi:10.1007/s11802-020-4131-z
 Liu, X., Ning, G., Meng, A., and Wang, Q. (2012). MicroRNA-206 Regulates Cell Movements during Zebrafish Gastrulation by Targeting Prickle1a and Regulating C-Jun N-Terminal Kinase 2 Phosphorylation. Mol. Cel. Biol. 32 (14), 2934–2942. doi:10.1128/MCB.00134-12
 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 25 (4), 402–408. doi:10.1006/meth.2001.1262
 Love, M. I., Huber, W., and Anders, S. (2014). Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome Biol. 15 (12), 550. doi:10.1186/s13059-014-0550-8
 Martin, M. (2011). Cutadapt Removes Adapter Sequences from High-Throughput Sequencing Reads. EMBnet j. 17 (1), 10–12. doi:10.14806/ej.17.1.200
 Nepal, C., Coolen, M., Hadzhiev, Y., Cussigh, D., Mydel, P., Steen, V. M., et al. (2016). Transcriptional, post-transcriptional and Chromatin-Associated Regulation of Pri-miRNAs, Pre-miRNAs and moRNAs. Nucleic Acids Res. 44 (7), 3070–3081. doi:10.1093/nar/gkv1354
 Nepal, C., Hadzhiev, Y., Previti, C., Haberle, V., Li, N., Takahashi, H., et al. (2013). Dynamic Regulation of the Transcription Initiation Landscape at Single Nucleotide Resolution during Vertebrate Embryogenesis. Genome Res. 23, 1938–1950. doi:10.1101/gr.153692.112
 Patel, R. K., and Jain, M. (2012). NGS QC Toolkit: A Toolkit for Quality Control of Next Generation Sequencing Data. PLoS One 7 (2), e30619. doi:10.1371/journal.pone.0030619
 Pinhal, D., Bovolenta, L. A., Moxon, S., Oliveira, A. C., Nachtigall, P. G., Acencio, M. L., et al. (2018). Genome-wide microRNA Screening in Nile tilapia Reveals Pervasive isomiRs' Transcription, Sex-Biased Arm Switching and Increasing Complexity of Expression throughout Development. Sci. Rep. 8, 8248. doi:10.1038/s41598-018-26607-x
 Pittman, K., Yúfera, M., Pavlidis, M., Geffen, A. J., Koven, W., Ribeiro, L., et al. (2013). Fantastically Plastic: Fish Larvae Equipped for a New World. Rev. Aquacult. 5 (S1), S224–S267. doi:10.1111/raq.12034
 Qiao, Y., Ma, X., Zhong, S., and Zhang, M. (2021). Interaction Analysis of miRNA and mRNA in the Head Kidney of Black Seabass (Centropristis striata) after Vibrio harveyi Infection. Aquaculture 542, 736886. doi:10.1016/j.aquaculture.2021.736886
 Rajaram, K., Harding, R. L., Bailey, T., Patton, J. G., and Hyde, D. R. (2014). Dynamic miRNA Expression Patterns during Retinal Regeneration in Zebrafish: Reduced Dicer or miRNA Expression Suppresses Proliferation of Müller Glia‐derived Neuronal Progenitor Cells. Dev. Dyn. 243, 1591–1605. doi:10.1002/DVDY.24188
 Ramachandra, R. K., Salem, M., Gahr, S., Rexroad, C. E., and Yao, J. (2008). Cloning and Characterization of microRNAs from Rainbow trout (Oncorhynchus mykiss): Their Expression during Early Embryonic Development. BMC Dev. Biol. 8, 41. doi:10.1186/1471-213X-8-41
 Rasal, K. D., Nandanpawar, P. C., Swain, P., Badhe, M. R., Sundaray, J. K., and Jayasankar, P. (2016). MicroRNA in Aquaculture Fishes: a Way Forward with High-Throughput Sequencing and a Computational Approach. Rev. Fish. Biol. Fish. 26 (2), 199–212. doi:10.1007/s11160-016-9421-6
 Rauwerda, H., Pagano, J. F. B., de Leeuw, W. C., Ensink, W., Nehrdich, U., de Jong, M., et al. (2017). Transcriptome Dynamics in Early Zebrafish Embryogenesis Determined by High-Resolution Time Course Analysis of 180 Successive, Individual Zebrafish Embryos. BMC Genomics 18, 287. doi:10.1186/s12864-017-3672-z
 Robledo, D., Martin, A. P., Álvarez‐Dios, J. A., Bouza, C., Pardo, B. G., and Martínez, P. (2017). First Characterization and Validation of Turbot microRNAs. Aquaculture 472, 76–83. doi:10.1016/j.aquaculture.2016.05.002
 Sarropoulou, E., Kaitetzidou, E., Papandroulakis, N., Tsalafouta, A., and Pavlidis, M. (2019). Inventory of European Sea Bass (Dicentrarchus labrax) sncRNAs Vital during Early Teleost Development. Front. Genet. 10, 657. doi:10.3389/fgene.2019.00657
 Sarropoulou, E., Tsalafouta, A., Sundaram, A. Y. M., Gilfillan, G. D., Kotoulas, G., Papandroulakis, N., et al. (2016). Transcriptomic Changes in Relation to Early-Life Events in the Gilthead Sea Bream (Sparus aurata). BMC Genomics 17, 506. doi:10.1186/s12864-016-2874-0
 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 13 (11), 2498–2504. doi:10.1101/gr.1239303
 Sherrard, R., Luehr, S., Holzkamp, H., McJunkin, K., Memar, N., and Conradt, B. (2017). miRNAs Cooperate in Apoptosis Regulation during C. elegans Development. Genes Dev. 31 (2), 209–222. doi:10.1101/gad.288555.116
 Shi, B., Zhang, J., Heng, J., Gong, J., Zhang, T., Li, P., et al. (2020). RNA Structural Dynamics Regulate Early Embryogenesis through Controlling Transcriptome Fate and Function. Genome Biol. 21, 120. doi:10.1186/s13059-020-02022-2
 Sun, J. L., Zhao, L. L., He, K., Liu, Q., Luo, J., Zhang, D. M., et al. (2020). MiRNA-mRNA Integration Analysis Reveals the Regulatory Roles of miRNAs in the Metabolism of Largemouth Bass (Micropterus salmoides) Livers during Acute Hypoxic Stress. Aquaculture 526, 735362. doi:10.1016/j.aquaculture.2020.735362
 Tani, S., Kusakabe, R., Naruse, K., Sakamoto, H., and Inoue, K. (2010). Genomic Organization and Embryonic Expression of miR-430 in Medaka (Oryzias latipes): Insights into the post-transcriptional Gene Regulation in Early Development. Gene 449, 41–49. doi:10.1016/j.gene.2009.09.005
 Thatcher, E. J., Flynt, A. S., Li, N., Patton, J. R., and Patton, J. G. (2007). miRNA Expression Analysis during normal Zebrafish Development and Following Inhibition of the Hedgehog and Notch Signaling Pathways. Dev. Dyn. 236, 2172–2180. doi:10.1002/dvdy.21211
 Wang, F., Jia, Y., Wang, P., Yang, Q., Du, Q., and Chang, Z. (2017). Identification and Profiling of Cyprinus carpio microRNAs during Ovary Differentiation by Deep Sequencing. BMC Genomics 18, 333. doi:10.1186/s12864-017-3701-y
 Wang, L., Song, F., Yin, H., Zhu, W., Fu, J., Dong, Z., et al. (2021). Comparative microRNAs Expression Profiles Analysis during Embryonic Development of Common Carp, Cyprinus carpio. Comp. Biochem. Physiol. D: Genomics Proteomics 37, 100754. doi:10.1016/j.cbd.2020.100754
 Wei, C., Salichos, L., Wittgrove, C. M., Rokas, A., and Patton, J. G. (2012). Transcriptome-wide Analysis of Small RNA Expression in Early Zebrafish Development. RNA 18 (5), 915–929. doi:10.1261/rna.029090.111
 Wienholds, E., Kloosterman, W. P., Miska, E., Alvarez-Saavedra, E., Berezikov, E., de Bruijn, E., et al. (2005). MicroRNA Expression in Zebrafish Embryonic Development. Science 309, 310–311. doi:10.1126/science.1114519
 Wu, C.-I., Shen, Y., and Tang, T. (2009). Evolution under Canalization and the Dual Roles of microRNAs-A Hypothesis. Genome Res. 19 (5), 734–743. doi:10.1101/gr.084640.108
 Wu, C., Blondin, P., Vigneault, C., Labrecque, R., and Sirard, M.-A. (2020). Sperm miRNAs- Potential Mediators of Bull Age and Early Embryo Development. BMC genomics 21, 798. doi:10.1186/s12864-020-07206-5
 Wu, T., Hu, E., Xu, S., Chen, M., Guo, P., Dai, Z., et al. (2021). clusterProfiler 4.0: A Universal Enrichment Tool for Interpreting Omics Data. The Innovation 2 (3), 100141. doi:10.1016/j.xinn.2021.100141
 Yan, F., Jia, P., Yoshioka, H., Suzuki, A., Iwata, J., and Zhao, Z. (2020). A Developmental Stage Specific Network Approach for Studying Dynamic Transcription Factor-microRNA Co-regulation during Craniofacial Development. Development 147, dev192948. doi:10.1242/dev.192948
 Yao, Y., Ma, L., Jia, Q., Deng, W., Liu, Z., Zhang, Y., et al. (2014). Systematic Characterization of Small RNAome during Zebrafish Early Developmental Stages. BMC Genomics 15, 117. doi:10.1186/1471-2164-15-117
 Yi, B., Liang, Z., Yu, Z., Lin, R., and He, M. (1988). “A Comparative Study on the Early Development of Grass Carp, Black Carp, Silver Carp, and Bighead Carp of the Yangtze River,” in Gezhouba Water Control Project and Four Famous Fishes in the Yangtze River ed . Editors B. Yi, Z. Yu, and Z. Liang (Wuhan, China: Hubei Science and Technology Press), 69–135. (in Chinese). 
 Yi, S., Gao, Z.-X., Zhao, H., Zeng, C., Luo, W., Chen, B., et al. (2013). Identification and Characterization of microRNAs Involved in Growth of blunt Snout Bream (Megalobrama amblycephala) by Solexa Sequencing. BMC Genomics 14, 754. doi:10.1186/1471-2164-14-754
 Zhao, Y., Wu, J.-W., Wang, Y., and Zhao, J.-L. (2016). Role of miR-21 in Alkalinity Stress Tolerance in tilapia. Biochem. Biophysical Res. Commun. 471 (1), 26–33. doi:10.1016/j.bbrc.2016.02.007
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Fu, Zhu, Wang, Luo, Jiang and Dong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-12-821403-g005.gif





OPS/images/fgene-12-821403-g006.gif





OPS/images/fgene-12-821403-g003.gif





OPS/images/fgene-12-821403-g004.gif





OPS/images/fgene-12-821403-g007.gif
 wmm B






OPS/images/fgene-12-821403-t001.jpg
miRNA

miR-1
MiR-9-5p
miR-10a-5p
miR-10b-5p
miR-10d-5p
miR-21
miR-22a-3p
miR-92a-3p
MiR-100-5p
miR-199-5p

miR-203a-3p
miR-203-3p
MiR-206-3p

miR-430a-3p
MiR-4300-3p
MiR-430b-5p
MiR-430¢-3p

DS1

art
380
174
397
150
324
455
340
150
123

141
203
574
14,536
1,247
564
1413

334
615
3815
7,134
1,469
8,172
1,644
10,678
337
298

3,266
6,067
5,480
49,845
17,167
171
5,326

DS3

4,516
2,895
9,535
21,934
6,878
16,376
6,406
16,984
3,486
2,734

9,125
16,822
25,693
46,389
13,004

173

4,978

Ds4

15,860
8,703
8,446
22,557
7,199
13,967
10,161
11,574
7,185
6,199

10,684
13,313
33,058
23,480
6,534
84
2,503

Dss

29,629
32,290
9,372
26,853
10,705
13,822
14,212
10,886
12,226
10,439

10,950
11,540
36,970
12,926
3,060
56
1,279

Ds6

37,759
57,698
9,136
25,606
12,061
16,713
13,360
9,631
13,288
11,442

8,227
8,187
48,114
8717
2007
35
1,143

Target gene

cyb5r; ipo13; pikard
Pik3rd

ipod
1bp4

abccs; tmemd7; cntnap2
mrag; pool; gatad2b; alpk3
Kbtbat2; phka; da56; eps1511

dapk3; c2cd4c

dh6; cpl2

DS, developmental stage; abccs, ATP binding cassette subfamily c member 8; alpk3, alpha kinase 3; c2cdi4c, C2 calcium dependent domain containing 4c; cntnap2, contactin associated
protein 2; cpix2, complexin 2; cybSrd, cytochrome b5 reductase 4; dapk3, death associated protein kinase 3; da6, DEAD-box helicase 6; dcix56, DEAD-box heicase 56; eps15l1,
epidermal growth factor receptor pathway substrate 15 like 1; atad2b, GATA zinc finger domain containing 20 ipod, importin 4; (b0 13, importin 13; kbibd?, kelch repeat and BTB domain
containing 2; mxra8, matrix remodeling associated 8; phia, phosphorylase kinase regulatory subunit alpha; pik3rd, phosphoinasitide-3-kinase regulatory subunit 4; poai, podocalyxin
like: rbp4, retinol binding protein 4: tmemdy7, transmembrane protein 47.
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