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Abstract: The Chinese soft-shelled (Pelodiscus sinensis) turtle exhibits obvious sex dimorphism,
which leads to the higher economic and nutritional value of male individuals. Exogenous hormones
can cause the transformation from male to female phenotype during gonadal differentiation. How-
ever, the molecular mechanism related to the sexual reversal process is unclear. In this study, we
compared the difference between the small RNAs of male, female, and pseudo-female turtles by
small RNA-seq to understand the sexual reversal process of Chinese soft-shelled turtles. A certain
dose of estrogen can cause the transformation of Chinese soft-shelled turtles from male to female,
which are called pseudo-female individuals. The result of small RNA-seq has revealed that the char-
acteristics of pseudo-females are very similar to females, but are strikingly different from males. The
number of the microRNAs (miRNAs) of male individuals was significantly less than the number of
female individuals or pseudo-female individuals, while the expression level of miRNAs of male
individuals were significantly higher than the other two types. Furthermore, we found 533 differ-
entially expressed miRNAs, including 173 up-regulated miRNAs and 360 down-regulated miR-
NAs, in the process of transformation from male to female phenotype. Cluster analysis of the total
602 differential miRNAs among females, males, and pseudo-females showed that miRNAs played
a crucial role during the sexual differentiation. Among these differential miRNAs, we found 12
miRNAs related to gonadal development and verified their expression by qPCR. The TR-qPCR re-
sults confirmed the differential expression of 6 of the 12 miRNAs: miR-26a-5p, miR-212-5p, miR-
202-5p, miR-301a, miR-181b-3p and miR-96-5p were involved in sexual reversal process, which was
consistent with the results of omics. Using these six miRNAs and some of their target genes, we
constructed a network diagram related to gonadal development. We suggest that these miRNAs
may play an important role in the process of effective sex reversal, which would contribute to the
breeding of all male strains of Chinese soft-shelled turtles.
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1. Introduction

The Chinese soft-shelled turtle, Pelodiscus sinensis, is an economically important
aquatic species. The turtles are highly exploited in traditional Chinese medicine (TCM),
but excessive wildlife exploitation may lead to biodiversity loss [1,2]. The development of
artificial culture Chinese soft-shelled turtles may contribute to the conservation of biodi-
versity, which is the most important resource for humankind. For this to happen, it is
necessary to prevent the escape/release of farm animals into the wild, thus preserving
both Pelodiscus species and their distinct genetic lineages [3]. The male individuals of Chi-
nese soft-shelled turtles have obvious advantages over female individuals in some growth
characteristics, such as a larger body size, faster growth, a thicker and wider calipash, and
less body fat [4], which is one of the most widespread phenomena in biology [5]. The tail
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of the male turtles exceeds the calipash, but the tail of the female does not, which is a
common way to identify male and female Chinese soft-shelled turtles in production. A
significant difference between male and female Chinese soft-shelled turtles is their exhib-
ited sexual dimorphism [6]. Therefore, the male individuals have a higher economic value
compared to the female individuals.

Sexual differentiation and differences in vertebrates have always attracted much at-
tention [7]. The process of sex differentiation is regulated by multiple genes and mediated
by related hormones, thereby inducing individual gonads to develop toward the testis or
ovaries [8,9]. Many animals, including many aquatic animals, show obvious sexual di-
morphism [10]. In some fish, such as Nile tilapia (Oreochromis niloticus), the males have a
significantly faster growth rate than females, while female flounders (Paralichthys oliva-
ceus) have a significantly larger size and growth than males. These obvious gender dimor-
phisms also provide new ideas for aquatic breeding.

The type of sex determination mechanism for the Chinese soft-shelled turtle is geno-
typic sex determination (GSD), not temperature-dependent sex determination (TSD), with
the micro-sex chromosomes of the female heterogametic (ZZ/ZW) system [11]. The gonad
differentiation of Chinese soft-shelled turtles begin at the 12th day and end at 22th day
with 30 °C incubation [12]. Some gender-specific genes in Chinese soft-shelled turtles
showed obvious effects in sex determination and gonadal differentiation, such as Dmrt1,
S0x9, Cyp19a, and other sex-related genes [13,14].

The exogenous hormone estradiol can lead to the sex reversion of the male individ-
uals of Chinese soft-shelled turtles into a pseudo-female individual (AZZ) with a female
phenotype and a male genotype [14,15]. After the pseudo-female is sexually mature, it can
be crossed with the male (ZZ) to obtain all male offspring. Therefore, the research of male
to female sex reversal is the basis of all male breeding of Chinese soft-shelled turtles, and
it is also important to understand the molecular mechanism of this process. However, the
molecular mechanism of the sexual transformation of the Chinese soft-shelled turtle is still
unclear.

Small RNAs play a significant role in various steps of fertilization, sex differentiation,
gametogenesis, and embryogenesis in mammalian, especially microRNAs (miRNAs) [16—
19]. MiRNAs are kind of small, highly conserved, non-coding RNAs, 18-26 nucleotides in
length, and involved in the post-transcriptional regulation of the related genes [20-22].
Studies have shown that miRNAs regulate one-third of human genes [23] and abnormal
miRNA profiles regulate tumor phenotypes through inhibiting their target genes [24].
Mechanisms for the miRNA-mediated downregulation of gene expression involve some
combination of translational repression, nRNA deadenylation, decapping, 5'-to-3' mRNA
degradation, and alteration of mRNA stability [25,26].

MiRNAs as novel and highly conserved small RNAs play a vital role in sex determi-
nation and gonadal differentiation [27,28]. In the present research, various miRNAs have
an effect during different developmental stages of gonads in teleosts [29]. With regard to
gametes, let-7a-1-5p, let-7c-5p and miR-92b-3p expression was higher in spermatozoa, and
miR-21-5p and miR-430b-3p expression was higher in oocytes [30]. MiR-141 and miR-429
have been implicated in testicular development and spermatogenesis [31]. However, the
molecular mechanism of miRNAs on gonadal differentiation in Chinese soft-shelled tur-
tles remains unclear.

The aim of the present study was to explore the relationship between small RNAs
and males, females, and pseudo-females, to provide a new insight for the sex differentia-
tion of Chinese soft-shelled turtles. In addition, investigating the role of miRNAs in Chi-
nese soft-shelled turtles contributes towards improvement in breeding techniques for the
holistic development of the aquaculture sector.
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2. Materials and Methods
2.1. Maintenance of Chinese Soft-Shelled Turtles

Chinese soft-shelled turtles were provided by Anhui Xijia Agricultural Development
Co. Ltd. The fertilized eggs of P. sinensis were incubated in an egg incubator at 30 °C *
0.5 °C, with the humidity maintained at 80-85%. The animal pole of eggs should point up
and keep the humidity during hatch period, which lasts about 45 days [3]. The newly
hatched turtles were kept in a 30 °C + 0.5 °C greenhouse with commercial feeds (Jinjia,
China) three times a day; the stocking density of juvenile turtles is about 100/m2.

2.2. Estradiol Treatment of Chinese Soft-Shelled Turtles

The fertilized eggs were incubated in the constant temperature humidity incubator
at 30 °C + 0.5 °C and 80-85% humidity for 15 days. We diluted estradiol (E2) with ethanol
into a reagent of 10 mg/mL, dipped a cotton swab into a small amount of hydrochloric
acid (HCl), and gently smeared it on the soft-shelled turtle fertilized eggs to make the
eggshell soft. A micro-syringe was used to inject 5 uL of 10 mg/mL E2 into the soft-shelled
turtle fertilized eggs. After 1 year of cultivation, the biological sex of the Chinese soft-
shelled turtle was detected by the phenotype, and the genetic sex was analyzed by PCR
with sex-specific primers (4085-f/r, col-f/r) (Table 1) [4].

Table 1. The primers used for amplification of sex specific markers and RT-qPCR of selected miRNAs.

1D Primer Sequence (5’-3")
miR-26a-5p Forward GCGCGCTTCAAGTAATCCAGGA
Reverse GCAGGGTCCGAGGTATTC
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCCTA
miR-212-5p Forward GCGCACCTTGGCTCTAGACTG
Reverse GCAGGGTCCGAGGTATTC
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGTAAG
miR-202-3p Forward GCGCGCAGAGGTGTAGAGCATG
Reverse GCAGGGTCCGAGGTATTC
RT' GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTTTTCC
miR-301a Forward GCGCGCCAGTGCAATAGTATTG
Reverse GCAGGGTCCGAGGTATTC
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTTTGA
miR-202-5p Forward GCGCGCTTCCTATGCATATACC
Reverse GCAGGGTCCGAGGTATTC
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAAAGA
miR-96-5p Forward GCGCGCTTTGGCACTAGCACATT
Reverse GCAGGGTCCGAGGTATTC
RT' GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCAAA
miR-181b Forward GCGCGCCTCACTGATCAATGAA
Reverse GCAGGGTCCGAGGTATTC
RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTTTGCA
U6 Forward CTCGCTTCGGCAGCACA
Reverse AACGCTTCACGAATTTGCGT
f GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACAC-
RT TGCTG
4085 Forward GTTTGAAGTGCTGCTGGGAAG
Reverse TTCCCCGTATAAAGCCAGGG
actin Forward GTGTATGCAACTCTTCCCTCTCCTATTC
Reverse AGCTTCCATTCGGTCTTGTCCTG

RT": reverse transcription.
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2.3. Sample Collection and RNA Extraction

According to different genders, the differentially treated animals were divided into
three groups (each group contained 6 animals): males, females, and pseudo-females. In
order to obtain more differential miRNAs to investigate the molecular basis of sex rever-
sal, the hypothalamus pituitary—gonad axis (HPGA) and brain pituitary-gonad axis were
considered. Then, 5 tissues (i.e., heart, liver, muscle, gonad, and brain) were collected for
RNA extraction. Total RNAs for subsequent analysis were extracted with the TRIzol rea-
gent (15,596,026, Invitrogen, shanghai, China). RNA degradation and contamination was
monitored on 1% agarose gels. RNA purity was checked using the NanoPhotometer®
spectrophotometer (IMPLEN, San Diego, USA). RQ1 RNase-Free DNase (M6101,
Promega, Wisconsin, USA) was used to remove the DNA of RNA samples and stopped
the reaction with stop solution at 65 °C for 10 min. rRNA accounts for about 82% of the
total RNA, but it provides very little biological information, therefore it needs to be re-
moved before sequencing. The rRNA is removed by non-denaturing PAGE gel, which can
separate nucleic acid sequences of different lengths. The length of rRNA is much larger
than small RNA. Therefore, IRNA can be separated by recovering 18-40 bp fragments.
The RNAs of 5 tissues for each sample were pooled together for small RNA sequencing
analysis.

2.4. Library Preparation for Small RNA

A total of 3 ug RNA per sample was used as input material. Small RNA library was
performed using NEBNext® Multiplex Small RNA Library Prep Set for Illumina® (NEB,
New York, NY, USA) following manufacturer’s recommendations, and index codes were
added to attribute sequences to each sample. Briefly, RNA adapters were ligated to 3" and
5" ends of RNA followed by cDNA synthesis and PCR amplification. The cDNA library
was size-separated using PAGE gel, and small RNA between 18 bp and 40 bp was excised
and purified.

2.5. Bioinformatic Analysis

Raw data in fasta format were processed through in-house perl scripts. In this step,
clean data were obtained by removing reads containing adapter, reads on containing
ploy-N, and low quality reads (reads having >50%, bases with quality score <5) from raw
data using PRINSEQ (version 0.19.3) [32]. At the same time, Q20, Q30, and GC content of
the clean data were calculated. In second-generation sequencing, each base measured
gave a corresponding quality value (Q), which is a measure of sequencing accuracy. The
higher the quality value (Q), the lower the probability (P) of the base being tested incor-
rectly. The calculation formula is Q = -10 IgP. Q20 and Q30 represent the percentage of a
certain base quality value to the total number of bases. When the value of Q30 is higher
than 85%, it indicates that the quality of sequencing is very good, and the next step of
analysis can be carried out. Meanwhile, GC content is also an indicator of data quality,
generally between 50 and 60%. All downstream analyses were based on the high-quality
cleaned data.

To identify known miRNAs, we mapped sequenced reads to the sequences collected
in mirBase using mirdeep2 [33]. We predicted candidate novel miRNA using mirEvo [34]
and miRdeep [35] and assessed the length distribution and nucleotide proportion. The
known miRNAs and novel miRNAs were combined as the final miRNA set.

The nucleic acid sequences of all genes identified by small RNA-seq in the database
of turtle genome (AGCUO00000000.1) [36] were used to blast against the Swiss-Prot and
TrEMBL (the Swiss Institute of Bioinformatics and the European Bioinformatics Institute)
protein database to get the UniProt-accession [37]. After obtaining the UniProt-accession
of the genes, their KEGG Orthology ID and GO Orthology ID were obtained with the
online tool bioDBnet (http://biodbnet.abcc.ncifcrf.gov accessed on 15 July 2021) for enrich-
ment analysis.
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2.6. Quantitative Real-Time PCR (qgPCR)

The qPCR assays were performed to validate the small RNA-seq data. MiRNAs 1st
Strand cDNA Synthesis Kit (by stem-loop) is a special kit suitable for one-strand synthesis
of miRNA cDNA by stem-loop method which contains genomic DNA removal steps.
Quickly remove the contamination of genomic DNA under the condition of 42 °C for 2
min to ensure that the follow-up results are more reliable (Vazyme, China). The subse-
quent quantification of cDNA products was performed as described previously [38]. U6
rRNA expression was used to normalize miRNA expression [39]. The primers are de-
signed for this experiment by miRNA design. The primers for target gene qRT-PCR were
provided in Table 1. Relative miRNA and mRNA expression levels were calculated by the
2-4Ac) method [40].

2.7. Analysis of Differentially Expressed microRNAs and Target Genes

MiRNAs with a fold change > 1.5 and a g-value < 0.05 were considered as differen-
tially expressed miRNAs. Differentially expressed microRNAs were classified with
Venn's diagrams by online tools (https://bioinfogp.cnb.csic.es/tools/venny/index.html ac-
cessed on 18 September 2021). Use MiRanda and qTar software to predict target genes for
known miRNAs and new miRNAs. In order to ensure the accuracy of the results, the final
result is the intersection of the two softwares [41]. Cytoscape tool was used to form a net-
work diagram of miRNAs and target genes [42].

2.8. Statistical Analysis

All the experimental data from at least three independent experiments were analyzed
using GraphPad Prism 7.0 software (San Diego, CA, USA) and were expressed as the
mean * SD. Student’s t-test were performed to compare the differences between two
groups.

3. Results
3.1. Pseudo-Female Chinese Soft-Shelled Turtles Were Obtained by E2 Treatment

Exactly 5 uL of 10 mg/mL estradiol (E2) was injected into the soft-shelled turtle eggs
using a micro-syringe, which were hatched at 30 °C + 0.5 °C for 15 days (Figure S1) to
induce the pseudo-female turtles. Whether the tail length exceeds the calipash is a com-
mon way to distinguish between male and female turtles in seed selection and breeding.
After 1 year of cultivation, the results showed that the tails of some turtles treated by E2
could not exceed the calipash (Figure 1A), while PCR revealed they were male turtles by
the sex-specific primers (Figure 1B, Table 1). Therefore, the Chinese soft-shelled turtles
which own the feature of the male genotype and female phenotype were named pseudo-
female turtles (Z).

Figure 1A showed that the tail length of pseudo-female turtles (Z) and female turtles
(F) were similar, but obviously shorter than the tail length of male turtles (M). We con-
ducted hormone induction on 219 soft-shelled turtles and tested their genotypes and phe-
notypes after 1 year. We found that the rate of sexually reversed soft-shelled turtles was
50.83% (Figure S2). These results showed that exogenous hormones E2 could cause sexual
reversal in male individuals and generate pseudo-female individuals.
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Female(F) Male(M) Pseudo Female(2) F M Z

Figure 1. Pseudo-female Chinese soft-shelled turtles were obtained by E2 treatment: (A) Pseudo-
female of Chinese soft-shelled turtles were obtained by E2 treatment. (B) Verification of three phe-
notypes by PCR. F: female, M: male, Z: pseudo-female.

3.2. The Distribution and Number of Small RNA among Males, Females and Pseudo-Females

The exported data of omics showed that the raw reads of sample F, M, and Z were
27,912,069, 24,060,307, and 31,682,467. The Q20 and Q30 of the three groups were all above
99%; meanwhile, the GC contents were 49% (F), 51% (M), and 50% (Z), respectively (Table
2). The number of total reads and bases revealed that the male turtles had far less than the
female turtles and pseudo-female turtles, which proved that small RNAs had a significant
impact during sexual dimorphism (Table 3).

Besides the differences in the number of small RNAs, greater diversity was found in
chromosome distribution. The distribution of group M was wider than the other two
groups in the P. sinensis reference genome, which showed that some small RNAs are si-
lenced during the transition from male to female by E2 treatment (Figure 2A). The se-
quence length distribution of three groups showed that the male group had more short
fragments. In the groups of the females and pseudo-females, the 22 nt length transcripts
were the most abundant, while the male group 18 nt, 19 nt, 20 nt, and 22 nt length tran-
scripts all occupying a large part (Figure 2B). About 62.12%, 63.54%, and 72.60% of high-
quality reads were mapped to the turtle genome (AGCU00000000.1).

The number of small RNAs in the three groups were 21,538,085, 13,550,606, and
20,669,068, respectively (Figure 2C). The distribution of small RNAs showed that the num-
ber of miRNAs in male turtles was strikingly less than the one of the pseudo-female tur-
tles, which suggested that the miRNAs played an important role in the process of gonadal
differentiation. Figure S3A-C showed the comparison and annotation situation of unique
small RNAs. The number of unique known miRNAs of males, females, and pseudo-fe-
males (F, M, Z) are 1653, 1090, 1517. The total amount of rRNA in the classification anno-
tation results can be used as a quality control standard for a sample, which ensured that
the three RNA samples met quality standards (Figure S3).
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Figure 2. The distribution and number of small RNA among males, females, and pseudo-females:
(A) Distribution of small RNAs of female, male, and pseudo-female individuals on the genome. (B)
The sequence length distribution of small RNAs of female, male, and pseudo-female individuals.
(C) The number of small RNAs of female, male, and pseudo-female individuals. (D) The small

RNAs distribution of female, male, and pseudo-female individuals.

Table 2. Data output statistics of three samples (F, M, Z).

Exported Data
Sample Reads Bases Error_rate Q20 Q30 GC_content
F 27,912,069 1.396 G 0% 100% 99% 49%
M 24,060,307 1.203 G 0% 100% 99% 51%
Z 31,682,467 1.584 G 0% 100% 99% 50%

Table 3. The small RNA data statistics of three samples (F, M, Z).

Sample Total_Reads Total_Bases  Uniq_Reads Uniq_Bases
F 22,867,409 511,199,551 374,086 9,254,425
M 14,375,684 311,711,063 428,327 10,622,778
Z 21,932,331 477,377,965 462,946 11,181,717

3.3. The Character of miRNAs Identified by Males, Females and Pseudo-Females.

MiRNAs as a pivotal component of small RN As showed significant difference among
the males, females, and pseudo-females. The correlation of miRNA expression levels
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between samples is a key indicator. The closer the correlation coefficient is to 1, the higher
the similarity of the expression patterns between samples. Compared with male individ-
uals, the correlation showed that the pseudo-female individuals are more similar to that
of female individuals (Figure 3A), and showed that the miRNAs have changed from males
to females in the process of sexual reversal.

The miRNAs of male individuals are significantly different from the female and
pseudo-female individuals according to the boxplot and distribution of miRNA TPM den-
sity in the different samples (Figures 3B and S3D). The process in which the miRNAs de-
velop from a precursor to a mature body is completed by Dicer digestion, the specificity
of the restriction site gives the first base of the mature miRNA sequences a strong bias.
Therefore, we compared the first base of small RNAs and the base distribution of each
position of mature miRNAs. Figure 3C showed that all of the first nucleotide of female
and pseudo-female individuals was U when the length reached up to 27 nucleotides.
However, the male individuals lacked the miRNAs which were more than 27 nucleotides
in length (Figure 3C). The difference in miRNAs among the three groups identified the
prominent role of miRNAs in the process of gonadal differentiation. In another aspect,
each nucleotide bias position of the miRNAs in males, females, and pseudo-females had
no obvious difference (Figure 54).
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Figure 3. The microRNAs identified by males, females, and pseudo-females: (A) Correlation of miR-
NAs expression levels between samples. (B) The TPM distribution of males, females, and pseudo-
females (F, M, Z). (C) The miRNAs first nucleotide bias of males, females, and pseudo-females (F,
M, Z).

3.4. Differential miRNAs Analysis of Males, Females and Pseudo-Females (F, M and Z)

According to the miRNA expression profiles, we analyzed and compared the differ-
ential miRNA for different groups. Figure 4A showed that there are 79 up-regulated miR-
NAs and 344 down-regulated miRNAs between female and male individuals. Figure 4B,C
showed that pseudo-female individuals have 145 up-regulated miRNAs and 59 down-
regulated miRNAs against female individuals, and 173 up-regulated miRNAs and 360
down-regulated miRNAs against male individuals (p < 0.5). Among the differential
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miRNAs, the number of differential miRNAs between males and pseudo-females signifi-
cantly increased.

Then, we performed GO and KEGG analysis of the target genes of the differential
miRNAs among the three comparison groups (Figures 4D,E and S6). In the process of
reversing from a male to female soft-shelled turtle, GO enrichment results showed that
the target genes were mainly enriched in biological processes including cellular process,
single-organism process, and biological regulation. Candidate target genes of differential
miRNAs between males and pseudo-females were overrepresented in molecular function
such as binding, catalytic activity, and signal transducer activity (Figure 4D). Meanwhile,
the KEGG analysis of differential target genes between male and pseudo-female individ-
uals showed that the main processes are transport and catabolism, signal transduction,
and the immune and endocrine system (Figure 4E).

GO and KEGG enrichment analysis were performed on the differential target genes
of the other two pairs. GO enrichment analysis showed that the target genes of differential
miRNAs had a big impact on various processes such as the cellular process, single-organ-
ism process, and biological regulation (Figure S5A,B). KEGG enrichment of the targets of
female-biased miRNAs displayed overrepresentation of many important signaling path-
ways such as signal transduction and lipid metabolism (Figure S5C,D).
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Figure 4. Differential miRNAs analysis of males, females, and pseudo-females (F, M and Z): (A) The
differential expressed miRNAs between female and male individuals. (B) The differential expressed
miRNAs between female and pseudo-female individuals. (C) The differential expressed miRNAs
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between male and pseudo-female individuals. (D) GO enrichment analysis of target genes of differ-
ential miRNAs between male and pseudo-female individuals. (E) KEGG enrichment analysis of tar-
get genes of differential miRNAs between male and pseudo-female individuals.

3.5. Cluster Analysis of Differential miRNAs and Validation of the Target Genes

As shown in Figure 5A, we performed Wayne analysis on unique miRNAs identified
in three groups. There are 278 male-specific miRNAs and 32 female-specific miRNAs. Dif-
ferent from male and female, pseudo-female individuals have 113 novel miRNAs (Figure
5A). A total of 737 miRNAs were significantly differentially expressed among the three
groups (p < 0.5). The cluster map of miRNA expression patterns reflects the level of gene
expression and expression patterns (Figure 5B). From the cluster map, we can clearly see
that there was a striking difference in the expression of miRNAs between males and the
other types. The expression levels of miRNAs for females and pseudo-females were sig-
nificantly lower than the expression level of males.

From the differential miRNAs, we found 12 miRNAs related to gonad development
and performed clustering heat map analysis (Figure 5C, Table 4). The number in Table 4
represents the expression level of some differential miRNAs related to gonadal develop-
ment. The miRNAs related to gonad development included miR-143, miR-26a-5p, miR-
22a-3p, miR-212-5p, miR-181b-3-3p, miR-212, miR-202-3p, miR-301a, miR-202-5p, miR-25-
3p, miR-96-5p, miR-181b-3p. To validate the sequencing data of miRNAs, we selected six
miRNAs to test their relative expression of three samples (Figure 6A-F). The expression
of six miRNAs in the samples was consistent with the results of RNA sequencing. Among
the miRNAs, miR-26a-5p, miR-212-5p, miR-301a, miR-202-5p, miR-181b-3p were up-reg-
ulated during the sexual reversal process, while miR-96-5p was down-regulated. These
results suggest that miRNAs may play an important role in the process of sexual reversal.
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Figure 5. Cluster analysis of differential miRNAs of males, females, and pseudo-females: (A) Wayne
analysis on unique miRNAs identified in three groups. (B) The cluster map of differential miRNAs
expression. F: female, M: male, Z: pseudo-female. (C) The cluster map of differential miRNAs ex-
pression related to gonadal development. F: female, M: male, Z: pseudo-female.
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Table 4. The expression level of differential miRNAs related to gonadal development.

miRNA F M Z
miR-143 66,453.90 69,180.60 96,007.02
miR-26a-5p 70,778.96 55,517.76 77,512.06
miR-22a-3p 2.20 111.12 0.16
miR-212-5p 13.97 62.99 8.98
miR-181b-3-3p 8.28 44.57 16.66
miR-212 10.22 25.55 4.08
miR-202-3p 3.23 24.36 1.96
miR-301a 1.04 18.42 2.61
miR-202-5p 0.13 8.91 0.65
miR-25-3p 0.00 8.32 0.00
miR-96-5p 68.58 7.72 25.81
miR-181b-3p 6.21 0.59 6.04
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Figure 6. The relative expression level of differential miRNAs among males, females, and pseudo-
females: (A) The relative expression level of miR-26a-5p among males, females, and pseudo-females.
(B) The relative expression level of miR-212-5p among males, females, and pseudo-females. (C) The
relative expression level of miR-202-5p among males, females, and pseudo-females. (D) The relative
expression level of miR-301a among males, females, and pseudo-females. (E) The relative expression
level of miR-181b-3p among males, females, and pseudo-females. (F) The relative expression level
of miR-96-5p among males, females, and pseudo-females. Data were expressed as mean + SD. Dif-
ferent letters show significant differences (p <0.5).
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3.6. Construction of the Gonadal Related miRNAs and Some Target Genes Network

The result of qRCR and transcriptome data revealed that miR-26a-5p, miR-212-5p,
miR-301a, miR-202-5p, miR-181b-3p, and miR-96-5p were gonadal-related miRNAs. To
construct the network of miRNAs and target genes, we screened some target genes which
showed a strong correlation with gonadal development (Figure 7). The network diagram
showed that the miR-26a-5p played a significant role in these processes, such as ovarian
development, osteoclast-stimulating, osteoclast-associated, and growth/differentiation.
MiR-212-5p and miR-202-5p were involved in the development of ovaries or testes. Dur-
ing the oocyte maturation process, the miR-301a played an important role. These miRNAs
and some target genes may participate in regulating sexual reversal processes, including
ovarian development and growth/differentiation.
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Figure 7. The network of some miRNAs and target genes related to gonadal development. Blue
ellipse represents miRNAs differential expressed among males, females, and pseudo-females. Red
rectangle represents target genes related to gonadal development differential expressed among
males, females, and pseudo-females. Orange rectangle represents target genes differential expressed
among males, females, and pseudo-females.

A

4. Discussion

Sexually dimorphic phenotypes exist in many animals and have complex genetic ar-
chitectures [10,43,44]. Chinese soft-shelled turtles have obvious sexual dimorphism. The
advantage of male individual Chinese soft-shelled turtles, which exhibit a larger body
size, faster growth, a thicker and wider calipash, and less body fat, gives male Chinese
soft-shelled turtle individuals a high economic value [45,46]. Therefore, cultivation of the
all-male phenotype of Chinese soft-shelled turtle is a hot issue in actual production.

In the previous research, Ma et al. and Liu et al. found that miRNAs and IncRNA
were involved in gonadal development [47,48]. The discovery of small RNAs such as miR-
NAs, snRNAs, and other types had unveiled a slew of powerful regulators of gene ex-
pression in recent years [49]. The defining features of small ncRNAs are their short length
(~20-30 nt), their association with members of the Ago (argonaute) family of proteins,
and typically their effect on the downregulation/silencing of target gene expression [50].
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Of these small RNA classes, microRNAs (miRNAs) have emerged as key regulators of
biological processes in animals [51]. MiRNAs played a crucial role in gonadal differentia-
tion. MiRNA-mediated steroidogenesis can regulate adrenal and gonadal steroidogenesis
[52]. Liu et al. found 665 differentially expressed miRNAs, with 519 being up-regulated in
testis and 146 being down-regulated in ovary, respectively [48]. A total of 633 miRNAs
showed differential expression in the ovaries and testes [47]. However, the molecular
mechanism of miRNA regulating gonadal differentiation is currently unclear. We identi-
fied 21,538,085, 13,550,606, and 20,669,068 small RNAs of males, females and pseudo-fe-
males, respectively, by small RNA-seq, and found 351 miRNAs related to sex, which
greatly enriched the miRNA database related to gonadal differentiation.

Figure 2C showed the number of small RN As of male individuals that was obviously
decrease compared to the female and pseudo-female individuals. Analyzing the distribu-
tion of small RNAs with males, females, and pseudo-females, it was found that most of
the small RNAs lacking are miRN As. MiRN As generally base-pair to mRNAs with nearly
perfect complementarity and trigger endonucleolytic nRNA cleavage by the RNA inter-
ference (RNAi) mechanism [25]. We concluded that the number of miRNAs of pseudo-
female individuals changed during the transition from male to female, the newly pro-
duced miRNAs may have a certain inhibitory effect on androgens. After comparison, it
was found that the small RNAs of pseudo-female individuals induced by E2 showed sim-
ilar characteristics to female individuals, while they were different from male individuals.
The results of small RNAs and miRNAs showed that the similar features had changed
although the genotype had not changed.

We found that the expression levels of miRNA in females and pseudo-females were
significantly lower than that of males after clustering analysis of different miRNAs. Bhat
et al. summarized the current advances made in teleost miRNA study regarding repro-
duction and gonadal development [29]. According to the previous study, 12 miRNAs,
such as miR-143, miR-26a-5p, miR-22a-3p, miR-212-5p, miR-181b-3-3p, miR-212, miR-202-
3p, miR-301a, miR-202-5p, miR-25-3p, miR-96-5p, and miR-181b-3p also exist in the gon-
adal development of Chinese soft-shelled turtles though small RNA-seq [30,53,54]. In this
study, miRNAs such as miR-26a-5p, miR-212-5p, miR-301a, miR-202-5p, and miR-181b-
3p were up-regulated during the sexual reversal process, while miR-96-5p was down-reg-
ulated. The network diagram showed the relationship of some miRNAs and target genes
related to gonadal differentiation. MiRNAs are a class of endogenous small noncoding
RNAs that participate in most biological processes via regulating target gene expression
[55]. Multiple miRNAs or genes were not merely a single gene involved in regulating the
biological processes. Wang et al. proved the inhibitory effect of miR-215-5p on recombi-
nant PCDH9 containing its own promoter and 3' UTR more effective than that containing
the promoter or 3’ UTR alone, which indicated the benefit of synergetic suppression by
miRNAs [56]. The high expression level of miR-26a-5p in male individuals may inhibit
the expression of target genes such as growth/differentiation, ovarian development, and
the oocyte division biological process. Meanwhile, the low expression level of miR-96-5p
in male individuals may contribute to the production of estrogen. Currently, little is
known about their functions in the gonad development of Chinese soft-shelled turtles.
Given further study, we would analyze their function of sex-biased miRNAs to identify
their role in depth. These sex-biased miRNAs including male-biased miRNAs and female-
biased miRNAs were predicted as negative regulators of multiple genes that significantly
upregulated or downregulated in turtle ovaries at maturation and spawning stage. Poten-
tial miRNA-mediated post-transcriptional regulation in gonads or testis is a clue to the
gonad differentiation mechanisms of turtles. Taken together, these data suggested that
miRNAs played a crucial role in the sexual reversal process from males to females. The
characteristics the pseudo-female displayed were obviously close to females but away
from males. During the sexual reversal process, small RNAs, especially miRNAs, affected
the expression of some target genes. The quantitative results also identified that miRNAs
played an important role in the sexual reversal process.
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5. Conclusions

In this study, the pseudo-females were obtained by injecting estradiol, in which the
sex was reversed with the male genotype and female phenotype. A total of 533 differen-
tially expressed miRNAs were found in the process of transformation from male to female
phenotypes, including 173 up-regulated miRNAs and 360 down-regulated miRNAs. Six
miRNAs, such as miR-26a-5p, miR-212-5p, miR-301a, miR-202-5p, miR-181b-3p and, miR-
96-5p, were identified as having a close relationship with sexual reversal process. Our
results suggest that they might serve as important candidates for further investigation
with regard to the biological functions of miRNAs in the sexual dimorphism of Chinese
soft-shelled turtles. At the same time, it also provides a direction for the study of the mo-
lecular mechanism of sexual reversal.
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Author Contributions: H.L. and T.Z. conceived the study. H.S. conducted Chinese soft-shelled tur-
tle cultivation and prepared the sample. T.Z. performed RNA-seq data analyses. M.C. and G.C. per-
formed the PCR and qPCR experiment. G.Z. provided the experimental consumables. H.L. and T.Z
prepared and revised the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by National Freshwater Aquatic Germplasm Resource Center
(FGRC18537) and Central Public-interest Scientific Institution Basal Research Fund, CAFS (NO.
2020TD33).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the appropriate Animal Experimental Ethical Inspection
of Laboratory Animal Centre of the Yangtze River Fisheries Research Institute, Chinese Academy
of Fishery Sciences (Wuhan, China) (ID Number: 20200118).

Data Availability Statement: Data available in a publicly accessible repository.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, T.H,; Chang, H.C.; Lue, K.Y. Unregulated Trade in Turtle Shells for Chinese Traditional Medicine in East and Southeast
Asia: The Case of Taiwan. Chelonian Conserv. Biol. 2009, 8, 11-18.

2. Shao, M.L; Newman, C.; Buesching, C.D.; Macdonald, D.W.; Zhou, Z.M. Understanding wildlife crime in China: Socio-
demographic profiling and motivation of offenders. PLoS ONE 2021, 16, €0246081.

3. Gong, S.; Vamberger, M.; Auer, M.; Praschag, P.; Fritz, U. Millennium-old farm breeding of Chinese softshell turtles (Pelodiscus
spp.) results in massive erosion of biodiversity. Sci. Nat. 2018, 105, 34.

4. Liang, H,; Wang, L.; Sha, H.; Zou, G. Development and Validation of Sex-Specific Markers in Pelodiscus Sinensis Using
Restriction Site-Associated DNA Sequencing. Genes (Basel) 2019, 10, 302, doi:10.3390/genes10040302.

5. Chen, S.; Zhang, G.; Shao, C.; Huang, Q.; Liu, G.; Zhang, P.; Song, W.; An, N.; Chalopin, D.; Volff, ].N.; et al. Whole-genome
sequence of a flatfish provides insights into ZW sex chromosome evolution and adaptation to a benthic lifestyle. Nat. Genet.
2014, 46, 253-260, doi:10.1038/ng.2890.

6. Bachtrog, D.; Mank, ].E.; Peichel, C.L.; Kirkpatrick, M.; Otto, S.P.; Ashman, T.L.; Hahn, M.W; Kitano, J.; Mayrose, I.; Ming, R.;
et al. Sex determination: Why so many ways of doing it? PLoS Biol. 2014, 12, e1001899, d0i:10.1371/journal.pbio.1001899.

7. Nagahama, Y.; Chakraborty, T.; Prasanth, B.P.; Ohta, K.; Nakamura, M. Sex Determination, Gonadal Sex Differentiation and
Plasticity. Physiol. Rev. 2021, 101, 1237-1308.

8.  Tanaka, K, Takehana, Y.; Naruse, K.; Hamaguchi, S.; Sakaizumi, M. Evidence for different origins of sex chromosomes in closely
related Oryzias fishes: Substitution of the master sex-determining gene. Genetics 2007, 177, 2075-2081,
doi:10.1534/genetics.107.075598.

9.  Matsuda, M.; Shinomiya, A.; Kinoshita, M.; Suzuki, A.; Kobayashi, T.; Paul-Prasanth, B.; Lau, E.; Hamaguchi, S.; Sakaizumi, M.;

Nagahama, Y. The DMY gene induces male development in genetically female (XX) medaka fish. PNAS 2007, 104, 3865-3870.



Genes 2021, 12, 1696 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

Dean, R.; Mank, J.E. The role of sex chromosomes in sexual dimorphism: Discordance between molecular and phenotypic data.
J. Evol. Biol. 2014, 27, 1443-1453, doi:10.1111/jeb.12345.

Mu, Y.; Zhao, B.; Tang, W.Q.; Sun, B.].; Zeng, Z.G.; Valenzuela, N.; Du, W.G. Temperature-dependent sex determination ruled
out in the Chinese soft-shelled turtle (Pelodiscus sinensis) via molecular cytogenetics and incubation experiments across
populations. Sex. Dev. 2015, 9, 111-117, doi:10.1159/000373903.

Zhu, D.Y. Morphplogical and histological observation of gonadal development in soft-shelled turtle. ACTA Hydrobiol. Sin. 2009,
33, 925-930, doi:10.3724/SP.J.0000.2009.50924.

Wang, L.; Sun, W.; Chu, J.; Liu, Y.; Shi, S.; Ge, C.; Qian, G. The Expression Pattern of Sox9 Gene During Embryonic Development
and Its Expression Changes in Sex Reversal in Pelodiscus Sinensis. J. Fish. China 2014, 38, 1286-1293.

Liang, HW.; Meng, Y.; Cao, L.H.; Li, X.; Zou, G.W. Expression and characterization of the cyp19a gene and its responses to
estradiol/letrozole exposure in Chinese soft-shelled turtle (Pelodiscus sinensis). Mol. Reprod Dev. 2019, 86, 480-490,
do0i:10.1002/mrd.23126.

Liang, H.; Meng, Y.; Cao, L.; Li, X.; Zou, G. Effect of exogenous hormones on R-spondin 1 (RSPO1) gene expression and embryo
development in Pelodiscus sinensis. Reprod Fertil Dev. 2019, 31, 1425-1433, d0i:10.1071/RD19045.

Liu, XM.; Cheng, S.Y.; Ye, ].B.; Chen, Z.X,; Liao, Y.L.; Zhang, W.W.; Kim, S.U.; Xu, F. Screening and identification of miRNAs
related to sexual differentiation of strobili in Ginkgo biloba by integration analysis of small RNA, RNA, and degradome
sequencing. BMC Plant. Biol. 2020, 20, 387, doi:10.1186/s12870-020-02598-8.

Tao, W.; Sun, L.; Shi, H.; Cheng, Y.; Jiang, D.; Fu, B.; Conte, M.A.; Gammerdinger, W.J.; Kocher, T.D.; Wang, D. Integrated
analysis of miRNA and mRNA expression profiles in tilapia gonads at an early stage of sex differentiation. BMC Genom. 2016,
17,328, doi:10.1186/s12864-016-2636-z.

Ikert, H.; Lynch, M.D.]J.; Doxey, A.C.; Giesy, ].P.; Servos, M.R.; Katzenback, B.A.; Craig, P.M. High Throughput Sequencing of
MicroRNA in Rainbow Trout Plasma, Mucus, and Surrounding Water Following Acute Stress. Front. Physiol 2020, 11, 588313,
doi:10.3389/fphys.2020.588313.

Saadeldin, .LM.; Oh, H.J.; Lee, B.C. Embryonic-maternal cross-talk via exosomes: Potential implications. Stem Cells Cloning 2015,
8,103-107, d0i:10.2147/SCCA A.S84991.

Bartel, D.P. microRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281-297.

Zhang, J; Li, S; Li, L.; Li, M.; Guo, C.; Yao, J.; Mi, S. Exosome and exosomal microRNA: Trafficking, sorting, and function.
Genom. Proteom. Bioinform. 2015, 13, 17-24, doi:10.1016/j.gpb.2015.02.001.

Wang, L.; Zhu, W.; Dong, Z.; Song, F.; Dong, J.; Fu, ]J. Comparative microRNA-seq Analysis Depicts Candidate miRNAs
Involved in Skin Color Differentiation in Red Tilapia. Int. |. Mol. Sci. 2018, 19, 1209, doi:10.3390/ijms19041209.

Lewis, B.P.; Burge, C.B.; Bartel, D.P. Conserved seed pairing, often flanked by adenosines, indicates that thousands of human
genes are microRNA targets. Cell 2005, 120, 15-20, doi:10.1016/j.cell.2004.12.035.

Noorolyai, S.; Mokhtarzadeh, A.; Baghbani, E.; Asadi, M.; Baghbanzadeh Kojabad, A.; Mogaddam, M.M.; Baradaran, B. The
role of microRNAs involved in PI3-kinase signaling pathway in colorectal cancer. J. Cell Physiol 2019, 234, 5664-5673,
doi:10.1002/jcp.27415.

Fabian, M.R.; Sonenberg, N.; Filipowicz, W. Regulation of mRNA translation and stability by microRNAs. Annu Rev. Biochem
2010, 79, 351-379, doi:10.1146/annurev-biochem-060308-103103.

Jonas, S.; Izaurralde, E. Towards a molecular understanding of microRNA-mediated gene silencing. Nat. Rev. Genet. 2015, 16,
421-433, doi:10.1038/nrg3965.

Kloosterman, W.P.; Plasterk, R.H. The diverse functions of microRNAs in animal development and disease. Dev. Cell 2006, 11,
441-450, doi:10.1016/j.devcel.2006.09.009.

Sun, K,; Lai, E.C. Adult-specific functions of animal microRNAs. Nat. Rev. Genet. 2013, 14, 535-548, doi:10.1038/nrg3471.

Bhat, R.A,; Priyam, M.; Foysal, M.].; Gupta, S.K; Sundaray, J.K. Role of sex-biased miRNAs in teleosts —a review. Rev. Aquac.
2020, 13, 269-281, doi:10.1111/raq.12474.

Presslauer, C.; Tilahun Bizuayehu, T.; Kopp, M.; Fernandes, ].M.; Babiak, I. Dynamics of miRNA transcriptome during gonadal
development of zebrafish. Sci. Rep. 2017, 7, 43850, d0i:10.1038/srep43850.

Jing, J.; Wu, J; Liu, W.; Xiong, S.; Ma, W.; Zhang, J.; Wang, W.; Gui, ].F.; Mei, J. Sex-biased miRNAs in gonad and their potential
roles for testis development in yellow catfish. PLoS ONE 2014, 9, 107946, d0i:10.1371/journal.pone.0107946.

Schmieder, R.; Edwards, R. Quality control and preprocessing of metagenomic datasets. Bioinformatics 2011, 27, 863-864,
doi:10.1093/bioinformatics/btr026.

Kozomara, A.; Griffiths-Jones, S. miRBase: Annotating high confidence microRNAs using deep sequencing data. Nucleic Acids
Res. 2014, 42, D68-D73, d0i:10.1093/nar/gkt1181.

Wen, M.; Shen, Y.; Shi, S.; Tang, T. miREvo: An integrative microRNA evolutionary analysis platform for next-generation
sequencing experiments. BMC Bioinform. 2012, 13, 140, doi:10.1186/1471-2105-13-140.

Kuang, Z.; Wang, Y.; Li, L.; Yang, X. miRDeep-P2: Accurate and fast analysis of the microRNA transcriptome in plants.
Bioinformatics 2019, 35, 2521-2522, doi:10.1093/bioinformatics/bty972.

Wang, Z.; Pascual-Anaya, J.; Zadissa, A.; Li, W.; Niimura, Y.; Huang, Z.; Li, C.; White, S.; Xiong, Z.; Fang, D.; et al. The draft
genomes of soft-shell turtle and green sea turtle yield insights into the development and evolution of the turtle-specific body
plan. Nat. Genet. 2013, 45, 701-706, doi:10.1038/ng.2615.



Genes 2021, 12, 1696 16 of 16

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

Ge, G; Long, Y.; Shi, L.; Ren, J.; Yan, J.; Li, C.; Li, Q.; Cui, Z. Transcriptomic profiling revealed key signaling pathways for cold
tolerance and acclimation of two carp species. BMC Genom. 2020, 21, 539, doi:10.1186/s12864-020-06946-8.

Yue, C; Li, Q.; Yu, H. Integrated analysis of miRNA and mRNA expression profiles identifies potential regulatory interactions
during sexual development of Pacific oyster Crassostrea gigas. Aquaculture 2022, 546, 737294,
doi:10.1016/j.aquaculture.2021.737294.

Wang, Q.; Li, X.; Sha, H.; Luo, X.; Zou, G.; Liang, H. Identification of microRNAs in Silver Carp (Hypophthalmichthys molitrix)
Response to Hypoxia Stress. Animals 2021, 11, 2917, doi:10.3390/ani11102917.

Schmittgen, T.D. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 2, 1101.

Witkos, T.M.; Koscianska, E.; Krzyzosiak, W.]. Practical Aspects of microRNA Target Prediction. Curr. Mol. Med. 2011, 11, 93—
109.

Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, ].T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498-2504,
doi:10.1101/gr.1239303.

Kikuchi, Y.; Hiraki-Kajiyama, T.; Nakajo, M.; Umatani, C.; Kanda, S.; Oka, Y.; Matsumoto, K.; Ozawa, H.; Okubo, K. Sexually
Dimorphic Neuropeptide B Neurons in Medaka Exhibit Activated Cellular Phenotypes Dependent on Estrogen. Endocrinology
2019, 160, 827-839, d0i:10.1210/en.2019-00030.

Campbell, ].H.; Dixon, B.; Whitehouse, L.M. The intersection of stress, sex and immunity in fishes. Immunogenetics 2021, 73, 111-
129, doi:10.1007/s00251-020-01194-2.

Zhang, Y.; Xiao, L.; Sun, W.; Li, P.; Zhou, Y.; Qian, G.; Ge, C. Knockdown of R-spondin1 leads to partial sex reversal in genetic
female Chinese soft-shelled turtle Pelodiscus sinensis. Gen. Contp. Endocrinol. 2021, 309, 113788, doi:10.1016/j.ygcen.2021.113788.
Toyota, K.; Masuda, S.; Sugita, S.; Miyaoku, K.; Yamagishi, G.; Akashi, H.; Miyagawa, S. Estrogen Receptor 1 (ESR1) Agonist
Induces Ovarian Differentiation and Aberrant Mullerian Duct Development in the Chinese Soft-shelled Turtle, Pelodiscus
sinensi. Zool Stud. 2020, 59, €54, d0i:10.6620/725.2020.59-54.

Ma, X,; Cen, S.; Wang, L.; Zhang, C.; Wu, L,; Tian, X.; Wu, Q.; Li, X.; Wang, X. Genome-wide identification and comparison of
differentially expressed profiles of miRNAs and IncRNAs with associated ceRNA networks in the gonads of Chinese soft-
shelled turtle, Pelodiscus sinensis. BMC Genom. 2020, 21, 443, doi:10.1186/s12864-020-06826-1.

Liu, X.; Zhu, Y.; Wang, Y.; Li, W.; Hong, X.; Zhu, X.; Xu, H. Comparative transcriptome analysis reveals the sexual dimorphic
expression profiles of mRNAs and non-coding RNAs in the Asian yellow pond turtle (Meauremys mutica). Gene 2020, 750,
144756, doi:10.1016/j.gene.2020.144756.

Choudhuri, S. Small noncoding RNAs biogenesis, function, and emerging significance in toxicology. J. Biochem. Mol. Toxicol.
2010, 24, 195-216.

Ghildiyal, M.; Zamore, P.D. Small silencing RNAs: An expanding universe. Nat. Rev. Genet. 2009, 10, 94-108, d0i:10.1038/nrg2504.
Gebert, L.F.R,; MacRae, I]J. Regulation of microRNA function in animals. Nat. Rev. Mol. Cell Biol. 2019, 20, 21-37,
doi:10.1038/s41580-018-0045-7.

Azhar, S.; Dong, D.; Shen, W.]J; Hu, Z.; Kraemer, F.B. The role of miRNAs in regulating adrenal and gonadal steroidogenesis. J.
Mol. Endocrinol. 2020, 64, R21-R43, doi:10.1530/JME-19-0105.

Lau, K.; Lai, K.P.; Bao, J.Y.; Zhang, N.; Tse, A.; Tong, A.; Li, J.W.; Lok, S.; Kong, R.Y.; Lui, W.Y.; et al. Identification and expression
profiling of microRNAs in the brain, liver and gonads of marine medaka (Oryzias melastigma) and in response to hypoxia.
PLoS ONE 2014, 9, 110698, doi:10.1371/journal.pone.0110698.

Qiu, W.; Zhu, Y.; Wu, Y,; Yuan, C.; Chen, K,; Li, M. Identification and expression analysis of microRNAs in medaka gonads.
Gene 2018, 646, 210-216, doi:10.1016/j.gene.2017.12.062.

Pu, M.; Chen, J.; Tao, Z.; Miao, L.; Qi, X.; Wang, Y.; Ren, J. Regulatory network of miRNA on its target: Coordination between
transcriptional and post-transcriptional regulation of gene expression. Cell Mol. Life Sci. 2019, 76, 441-451, d0i:10.1007/s00018-
018-2940-7.

Wang, C; Qi, C.; Shu, L.; Li, S;; Zhao, Z.J.O. Dual inhibition of PCDH9 expression by miR-215-5p up-regulation in gliomas.
Oncotarget 2017, 8, 10287.



