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Abstract: The giant freshwater prawn, Macrobrachium rosenbergii, is a prawn that has economic
significance throughout the world. It exhibits sex-related growth dimorphism, whereby the males
grow significantly more rapidly than the females. Therefore, a study on the molecular regulatory
mechanism, which underlies the sexual differentiation of M. rosenbergii, is of both scientific and com-
mercial importance. However, a scarcity of genomic and transcriptomic resources severely limits our
knowledge of the sexual differentiation mechanisms in M. rosenbergii. Here, transcriptome sequencing
of several gonadic samples of males and females in M. rosenbergii was performed to investigate the
molecular basis underlying gonadal development. Our results showed that 2149 unigenes presented
as differentially expressed genes (DEGs) in the ovaries of females compared to the testes of males,
which contained 484 down-regulated and 1665 up-regulated genes. Enrichment analysis of DEGs
revealed many of these genes to be related to sexual differentiation and gonadal development. From
our transcriptome analyses, and as confirmed by quantitative real-time PCR, male-related genes
(Mrr, MRPINK, IR, IAGBP, TESK1, and dsx) in the testes were significantly up-regulated, and female-
related genes (ERR, Sxl3, cyclinB, Dmrt99B, PPP2A, and ADCY9) in the ovaries were also significantly
up-regulated. This indicates the potential role these genes play in the gonadal development of
M. rosenbergii. Furthermore, multiple signal transduction pathways relating to gonadal maturation
and spermatogenesis, including MAPK, were identified herein. Our data also supports previous
ideas that IAG and IAGBP-IR signaling schemes could help in the regulation of testis’ development
in M. rosenbergii and the ERR gene could regulate ovarian development by affecting the expression of
cyclinB, PPP2A, and ADCY9. The data from this study provides incredibly usefully genomic resources
for future research on the sexual differentiation and practical aquaculture of M. rosenbergii.

Keywords: Macrobrachium rosenbergii; transcriptome sequencing; gonadal development; qRT-PCR

1. Introduction

The giant freshwater prawn (Macrobrachium rosenbergii) is a crustacean of great eco-
nomic importance in the aquaculture of many countries and regions throughout the world
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due to its low disease rate, rapid growth, and high nutritional value [1]. It exhibits a
sex-related growth dimorphism, whereby the males grow significantly faster than the
females [2,3]. In order to facilitate the increased production of M. rosenbergii, artificial
breeding or selection is performed. Of the methods used for this, controlling the sex is
regarded as an important technique. Therefore, understanding the detailed mechanism
that is involved in sexual development is of great importance.

Related research on the sex determination of crustaceans has shown that many crus-
taceans have the ZZ/ZW sex determination system [4–6]. In M. rosenbergii, researchers
have discovered a few sex marker genes, including the two genes of zinc knuckle domain
(ZKD) and ANCDUO, which further confirms that M. rosenbergii contained the ZZ/ZW
sex-determination system [7], and that the males have ZZ-type sex chromosomes, while
the females have ZW-type sex chromosomes [8]. In addition, the discovery of some male-
related genes (male reproductive-related gene (Mrr), male reproduction-related peptidase
inhibitor kazal-type (MRPINK), insulin-like receptor (IR), and insulin-like androgenic gland
hormone binding protein gene (IAGBP)) [9–13] associated with the maintenance of male
development and female-related genes (estrogen-related receptor (ERR), cyclinB, protein
phosphatase 2A (PPP2A), and adenylate cyclase 9 (ADCY9)) [14,15] related to ovarian
tissues has further deepened our understanding of the mechanism of sex determination
in M. rosenbergii. Moreover, some cell signaling pathways related to sexual differentiation
have been reported, and one of the most important signaling pathways is the insulin
signaling pathway, as the insulin-like hormone gene, IAG, appears quite frequently in the
androgenic gland (AG) of M. rosenbergii [16–18]. Previously, we found that the IAG and
IAGBP-insulin-like receptor (IR) signaling schemes might play a vital role in the sexual
differentiation process of M. rosenbergii [10].

Although relatively few sex-related genes have been reported, the sexual regulatory
mechanisms of M. rosenbergii remain unclear. A scarcity of genomic and transcriptomic
resources hinders our understanding of M. rosenbergii’s sexual regulatory mechanisms. The
identification of more sex-related genes and the investigation of their expression profiles
are necessary for understanding these processes in this species of prawn. In this study,
high-throughput sequencing was used to sequence the mRNA of the testes and ovaries of
M. rosenbergii. The aim was to detect related differences in the gene transcription profiles
of the testes and ovaries of M. rosenbergii and investigate the genetic basis of gonadal
development. This data can be used as a resource for further studies for elucidating the
molecular basis of reproductive system development and reproduction in prawns.

2. Materials and Methods
2.1. Sample Preparation

Five males and five females of M. rosenbergii with a late stage of gonads maturation
were sourced from the Jin Yang Aquaculture Co., Ltd. in Guangzhou, China. Their
genders were identified by determining the external morphology of the reproductive
season, combined with the verification of dissected gonads. According to the previous
studies, the ovary development of M. rosenbergii was divided into early, middle, and late
maturation stages [19], and the testicular development of M. rosenbergii was divided into
early, middle, and late maturation stages [20]. Liquid nitrogen was used for the immediate
freezing of the gonads, and the gonads were stored at −80 ◦C until RNA extraction. All
the healthy experimental individuals used in this study were five months of age and were
maintained in aerated freshwater at 26 ± 2 ◦C on the previously mentioned farm. The
growth performance of the sample individuals is listed in Table S1.

2.2. RNA Extraction and Transcriptome Sequencing

Based on the producer’s guidelines, the total RNA from ten gonads samples was
separated using RNAiso plus (TaKaRa, Dalian, China). An Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) was used for the evaluation of RNA quality.
A similar quantity of the total RNA Integrity Number (RIN) ≥ 7.0 and the RNA with a
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28S/18S ratio ≥ 1.0 from the five with the same gender was pooled together in order to
construct a consensus cDNA library. As there are two genders, two different libraries were
made, which were sequenced on an Illumina HiSeq2500 platform (Illumina, San Diego, CA,
USA) at OE Biotech Shanghai (Shanghai, China). Then, 10 GB of clean data were formed
from each of the two pooled samples. The raw sequences were deposited into the NCBI
Sequence Read Archive (SRA) database (Accessions PRJNA728824).

2.3. De novo Assembly and Gene Function Annotation

Raw data, which were obtained from sequencing, were processed in order to obtain
high-quality sequencing data. At the same time, the GC content and the Q30 and Q20
sequence levels were calculated. High-quality data were spliced, filtrated, and assembled
using Trinity software to obtain a high-quality unigene [21]. The unigene sequence was
aligned with the following database using BLAST software in order to obtain functional
annotation information for the genes [22]. The databases contained the non-redundant
protein (Nr) [23], Swissprot [24], clusters of orthologous groups for eukaryotic complete
genomes (KOG) [25], Gene Ontology (GO) [26], and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) [27] databases. The cutoff E-value was fixed at 1e-5, and only the top
hit was used for annotating each unigene. By using the Blast2GO, the GO annotation was
completed [28] based on the Nr BLAST results. KOBAS was utilized for performing KEGG
pathway analysis [29].

2.4. Analysis of DEGs and Functional Enrichment

By using RSEM software (RNASeq by Expectation Maximization) (http://deweylab.
biostat.wisc.edu/rsem, accessed on 3 September 2019) [30], each unigene’s expression level
was calculated from the two libraries, based on the FPKM (Fragment Per Kilo bases per
Million Reads) value. Using the R package [31], the DEGs were shown through default
parameters, followed by multiple testing to correct the p-value. This study set the absolute
value of the p-value at < 0.05 and the Fold-Change to ≥2 as the threshold for important
differential expression. The two gene expression profiles were compared, and then all DEGs
performed KEGG pathway enrichment and GO functional analysis through the KEGG
and GO databases using Goseq [32] and KOBAS [29]. As demonstrated by the DEGs, only
KEGG and GO terms with an accurate p-value of < 0.01 were determined.

2.5. Quantitative Real-Time PCR Validation

For validation of the sequencing data, 12 DEGs were chosen for quantitative real-
time PCR (qRT-PCR) analysis. The total RNA of qRT-PCR was obtained from residual
gonad samples used in RNA sequencing (RNA-seq) experiments, and then cDNA was
synthesized from RNA (n = 5), which was used for qRT-PCR quantification, with the
support of GoScriptTM Reverse Transcription System (Promega, Madison, WI, USA).
Primer Premier 6.0 software was used for designing the gene-specific primers (Table S2).
In addition, endogenous control acted as a β-actin gene [10]. With the support of SYBR®

Premix Ex TaqTM II (TaKaRa) and LightCycler 480 real-time PCR instrument (Roche, Basel,
Switzerland), qRT-PCR was completed. The qRT-PCR was performed under the following
conditions: denaturation at 95 ◦C for 5 min, followed by 45 cycles of 95 ◦C for 10 s, 60 ◦C
for 25 s, 95 ◦C for 15 s, and finally 60 ◦C for 1 min. Further melting curve analysis was then
performed to confirm whether only one PCR product was amplified. All samples were
analyzed with three biological replicates, and the relative expression levels of target genes
were normalized to β-actin and calculated by the 2−∆∆CT method [33].

2.6. Screening of Genes Relating to Gonadal Development

Based on the functional annotation information of DEGs in male and female sam-
ples, in combination with the relevant literature reports, functional genes relating to the
development of the gonads of M. rosenbergii were screened and identified.

http://deweylab.biostat.wisc.edu/rsem
http://deweylab.biostat.wisc.edu/rsem
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2.7. Statistical Analysis

Through the means ± SE, all data were presented. SPSS 22.0 software (SPSS Inc.,
Chicago, IL, USA) was utilized to assess the statistics, and one-way ANOVA was used to
provide statistical importance before an independent t-test was performed. The significance
was set at p < 0.05.

3. Results
3.1. Transcriptome Sequencing and De Novo Assembly

At OE Biotech Shanghai, cDNA libraries for the two gonads (ovaries and testes) were
individually formed and subjected to transcriptome sequencing to make the transcriptome
profiling of the gonads available. Table 1 shows the RNA-seq outcomes. A total of 78,074,612
and 89,598,146 raw reads were created from the ovary and testis samples. Following the
removal of the low-quality reads, 20 Gb of clean data were retained for subsequent de
novo assembly. All of the transcriptome assemblies were combined into a single file,
which contained 75,887 unigenes with an N50 length of 2063 bp and an average length of
1132.93 bp (see Table 2). Figure S1 shows the length of the distribution of the assembled
unigenes. A significant proportion (29.28%) of the unigenes were in the range of 301–400 bp;
11,410 unigenes (15.04%) were longer than 2000 bp, and 11,242 unigenes (14.81%) were in
the range of 401–500 bp.

Table 1. Statistical assessment of transcriptome sequencing data.

Sample Raw Reads Raw Bases (bp) Clean Reads Clean Bases (bp) Valid Ratio (Base) Q30 (%) GC Content (%)

testis 89,598,146 11,199,768,250 84,214,494 10,522,214,704 93.95% 92.68% 43%
ovary 78,074,612 9,759,326,500 73,971,508 9,243,212,064 94.71% 93.58% 41%

Table 2. The sequencing results from the testes and the ovary of M. rosenbergii.

Length All ≥300 bp ≥500 bp ≥1000 bp N50 Total
Length

Max
Length

Min
Length

Average
Length

Unigene 75,887 42,533 22,622 2063 85,974,378 20,859 301 1132.93

3.2. Functional Annotation and Classification of the Transcriptome

Of the 75,887 unigenes, 18,654 (24.58%), 13,526 (17.82%), 11,825 (15.58%), 5342 (7.04%),
and 12,622 (16.63%) were annotated in the Nr, SwissProt, KOG, KEGG, and GO databases
(Figure S2). The greatest number of unigenes was annotated in the Nr database. A
species distribution analysis of 18,654 unigenes was conducted, and the results showed
the unigenes to have a high matching degree with Daphnia magna (965, 5.17%), Limulus
polyphemus (1025, 5.49%), and Zootermopsis nevadensis (1619, 8.68%) (Figure S3). In addition,
a smaller portion of the unigenes was similar to crustacean species, such as Daphnia
pulex (559, 3%). The main reason for the low proportion of unigenes being annotated as
crustaceans is the limited crustacean gene information in the databases.

A GO analysis divided the 12,622 unigenes into 64 subcategories within the three ma-
jor categories of “biological processes,” “cellular components,” and “molecular functions”
(Figure S4). The major subcategories were “cellular process,” “cell,“ and “cell part.“ The
unigenes were annotated according to the KEGG database, and 5342 unigenes were catego-
rized into 360 pathways, including the six main groups of organismal systems, metabolism,
human disease, genetic information processing, environmental information processing, and
cellular processes (Table S3). Of the 360 predicted pathways, “Huntington’s disease” was
the major group, which contained 234 unigenes. In addition, 222 and 225 unigenes were
grouped into “pathway in cancer” and “ribosome.” Using the KOG database for the anno-
tation of the unigenes, a total of 11,825 unigenes were annotated. These 11,825 unigenes
were divided into 25 KOG functional groups. The largest functional group was “general
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function prediction only” (3013, 25.48%), followed by “signal transduction mechanisms”
(1804, 15.26%) (Figure S5).

3.3. Analysis and Functional Enrichment of DEGs

The assembled transcriptome was utilized as a reference for gene expression analysis
in the testes and ovaries of M. rosenbergii, and many of the genes were searched to become
DEGs. Of these, 484 DEGs (down-regulated) were significantly highly expressed in the
testis of M. rosenbergii, while 1665 DEGs (up-regulated) were significantly highly expressed
in the ovary of M. rosenbergii. Figure 1A,B shows the distribution of these DEGs, among
which 699 DEGs were expressed only in the ovaries of M. rosenbergii, and 191 DEGs were
only expressed in the testes of M. rosenbergii. These DEGs could help to clarify the molecular
mechanism of sexual differentiation in M. rosenbergii. Table S4 shows the annotation details
of all the DEGs.

Figure 1. MA map and volcano map of DEGs. (A) is the MA map of the DEGs’ distribution in the
testis and in the ovary of M. rosenbergii; the horizontal x-axis is the normalized average, and the y-axis
is a log2 FoldChange. Each dot represents one gene. The red dots represent the DEGs. (B) is a volcano
plot of the DEGs’ distribution in the testis and the ovary of M. rosenbergii; the horizontal axis is a log2

FoldChange, and the vertical axis is a log10 p-value. Each dot represents one gene. The DEGs are
marked in red and green.

To better understand the biological functions of the DEGs, a GO functional enrich-
ment analysis was conducted on M. rosenbergii’s ovaries and testes. The GO functional
enrichment analysis of the DEGs showed many GO terms to be expressively enriched
with a corrected p-value cutoff of 0.01. The top 30 GO terms are shown in Figure 2.
Between the testis and the ovary, “APC-Cdc20 complex activity” (GO:0090302) and “en-
domitotic cell cycle” (GO:0007113) were the predominant subclasses in the molecular
function and biological process. Regarding the cellular component category, “multi-
vesicular body,” “internal vesicle” (GO:0097487), “extracellular region” (GO:0005576),
and “extracellular space” (GO:0005615) were the most predominant subclasses. In addi-
tion, some gonadal development and sexual differentiation-related GO terms, including
“post-embryonic root development” (GO:0048528), “uterus development” (GO:0060065),
“hatching behavior” (GO:0035187), “sperm-egg recognition” (GO:0035036), “embryonic
process involved in female pregnancy” (GO:0060136), “embryonic body morphogene-
sis” (GO:0010172), “embryonic camera-type eye morphogenesis” (GO:0048596), “post-
embryonic development” (GO:0009791), “blastoderm segmentation” (GO:0007350), “sperm
midpiece” (GO:0097225), “embryonic hemopoiesis” (GO:0035162), “male gonad develop-
ment” (GO:0008584), “male courtship behavior” (GO:0008049), “germ cell development”
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(GO:0007281), “spermatogenesis” (GO:0007283), and “oogenesis” (GO:0048477) were also
significantly enriched (Table S5).

Figure 2. GO category analysis of top30 entry map. The horizontal axis in the figure is the name of
the GO entry, and the vertical axis is a −log10 p-value.

In addition, the KEGG pathway analysis further determined the sets of the DEGs,
which were included in certain biological functions. The KEGG analysis of the female
and male M. rosenbergii transcriptome revealed the vast majority of the KEGG pathways
of female M. rosenbergii to be involved in the “longevity regulating pathway” (ko04212),
“lysosome” (ko04142), “progesterone-mediated oocyte maturation” (ko04914), “oocyte
meiosis” (ko04114), “meiosis-yeast” (ko04113), “autophagy-animal” (ko04140), and “HTLV-
I infection” (ko05166), which suggests that these metabolic pathways are actively expressed
in female M. rosenbergii (Figure 3A). The seven metabolic pathways had the highest en-
richment scores in the ovaries of M. rosenbergii. The KEGG analysis of the female and
male M. rosenbergii transcriptome revealed the vast majority of the KEGG pathways of
male M. rosenbergii to be involved in the “sphingolipid metabolism” (ko00600), “renin
secretion” (ko04924), “phototransduction-fly” (ko04745), “salivary secretion” (ko04970),
“ECM-receptor interaction” (ko04512), “fluid shear stress and atherosclerosis” (ko05418),
“leukocyte transendothelial migration” (ko04670), “vascular smooth muscle contraction”
(ko04270), “adherens junction” (ko04520), and “platelet activation” (ko04611), which sug-
gests that these metabolic pathways are actively expressed in male M. rosenbergii (Figure 3B).
These 10 metabolic pathways had the highest enrichment scores in the testis of male
M. rosenbergii.
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Figure 3. Bubble chart of KEGG enrichment of DEGs highly in the ovary (A) and testis (B). The
x-axis in the figure is the enrichment score. The larger the bubble, the more differential the genes, the
red-blue-green-yellow changes, and the enriched p-value increases.

The DEGs were further examined to search for evidence of any potential relationship
with sexual differentiation in M. rosenbergii. The previous studies found some genes
relating to the development of the testes [9,10,12,13,34,35], including Mrr, MRPINK, IR,
IAGBP, testis-specific protein kinase 1 (TESK1), and doublesex gene (dsx) to be up-regulated
in the testes, compared to ovary development. At the same time, the transcription of some
genes relating to the ovaries ((ERR, Sex-lethal 3 (Sxl3), cyclinB, Doublesex-mab3-related
transcription factor 99B (Dmrt99B), PPP2A, and ADCY9)) was found to be significantly
upregulated in the ovaries compared to the testes. These candidate genes’ expression levels
in the testes and ovaries of M. rosenbergii are significantly different (Figure 4, Table S6),
thereby indicating that they are related to the sexual determination and differentiation of
M. rosenbergii.

Figure 4. The hierarchical cluster analysis of the gene relationship with sexual differentiation. Male-
related genes (Mrr, MRPINK, IR, IAGBP, TESK1, and dsx) were highly transcribed in the testis, and
the transcription levels of female-related genes (ERR, Sxl3, cyclinB, Dmrt99B, PPP2A, and ADCY9)
were highly transcribed in the ovary. The upper color key represents the FPKM-normalized z-score
with the formula of log10 (FPKM + 1).
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3.4. qRT-PCR Validation of DEGs

In order to validate the reliability of the transcriptome data, 12 sex-related DEGs
significant to the regulation of gonadal development and sexual differentiation were chosen
for the qRT-PCR analysis. These DEGs were Mrr, MRPINK, IR, IAGBP, TESK1, dsx, ERR,
Sxl3, cyclinB, Dmrt99B, PPP2A, and ADCY9. RNA-seq expression profiles were compared
with the fold changes identified by qRT-PCR. All 12 DEGs showed uniformly consistent
results in the transcriptome sequencing data and qRT-PCR (Figure 5), thereby indicating the
reliability of the transcriptome sequencing data. These findings serve as a useful genomic
resource for validating candidate genes for gonadal development and sexual differentiation
in M. rosenbergii.

Figure 5. The qRT-PCR validation of DEGs was analyzed compared with RNA-seq data; the qRT-PCR
analysis of 12 selected DEGs: The x-axis is the 12 DEGs, and the y-axis shows the relative mRNA
expression levels are based on qRT-PCR, and the log2 FC is based on DGEs’ analysis. The values are
shown as the means ± SE.

4. Discussion

The gonads play a vital role in crustacean development and are involved in several
important physiological activities, including hormone secretion, fertilization, and gameto-
genesis [36]. So far, some genes related to the sex differentiation and gonadal development
of M. rosenbergii have been studied and reported, but their number is limited, and there
are no classification studies on the genes related to males and females [37–39]. In addi-
tion, there are few reports on signal transduction pathways related to gonad maturation,
spermatogenesis, and the oogenesis of M. rosenbergii. Due to the lack of knowledge of the
molecular mechanisms of sexual differentiation in M. rosenbergii, high throughput RNA
sequencing was performed in this study in order to expand the limited information.

The previous studies have suggested that certain genes are predominantly or ex-
clusively expressed in one sex and drive the phenotypic differences in males and fe-
males [40,41]. These sex-biased genes are potentially responsible for phenotypic sexual
dimorphism in some aquatic animals [42]. In our current work with M. rosenbergii, the
number of DEGs between the testis and ovary has been determined to be 2149. These DEGs
possibly contribute to gonadal development, gametogenesis, and even sex determination
and differentiation. A similar male-biased phenomenon has also been reported in other
crustaceans, including the swimming crab (Portunus trituberculatus) [43].
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Multiple candidate genes, which are potentially involved in testis determination
and differentiation of M. rosenbergii, were identified (Table S6), which contained Mrr,
MRPINK, IR, IAGBP, TESK1, and dsx, all of which are highly expressed in the testes of
male M. rosenbergii. These results are consistent with the findings of the previous stud-
ies, thereby revealing that the Mrr and MRPINK genes are only specifically and highly
expressed in M. rosenbergii testes and that the two genes may be involved in physiological
processes relating to male reproduction [9,13]. Furthermore, MRPINK has a regulatory
effect on M. rosenbergii fertilization [13,44,45].

The insulin receptor (IR) is a member of the tyrosine kinase receptor superfamily. As
an important protein in the signaling pathway of the insulin family, it plays a vital role in
the regulation of the homeostasis of the intracellular and intercellular environment [46].
The previous studies have shown that the insulin signaling pathway plays an important
role in the gender development process [47]. Sharabi et al. confirmed that Mr-IR silencing
significantly affects the androgenic gland (AG), which promotes the up-regulation of the
IAG gene expression and a substantial increase in the quantity of immature sperm cells in
the distal vas deferens [12]. They suggested that Mr-IR regulates the sexual differentiation
of crustaceans by acting on the AG. The previous findings also suggest that Mr-IAG com-
bined with Mr-IAGBP could help the regulation of AG development in M. rosenbergii [10].
In this study, IAGBP was found to exhibit a high expression in M. rosenbergii testes, which
indicates that the gene is associated with testis development. The data support the hypothe-
sis that IAG and IAGBP-IR signaling programs exist in M. rosenbergii and play vital roles in
gonadal development. TESK1 is a protein serine-threonine kinase with structural features
which consist of an N-terminal kinase domain and a C-terminal proline-rich domain. The
previous findings have shown the TESK1 gene to be mainly expressed in the testicular
germ cells of mice and the expression of the TESK1 gene to be modulated by the CREM
transcription activity, which indicates that this gene plays a role in mouse spermatogen-
esis [35]. Furthermore, a study showed that dsx is essential for the sexual determination
of Drosophila melanogaster [34]. The sxl gene controls the sex of Drosophila melanogaster
through the regulation of the alternative splicing of the mRNA precursors of the tra and
dsx gene [48]. The exact function the TESK1 and dsx genes play in M. rosenbergii remains
unknown but is worthy of investigation.

Some well-documented ovary markers (ERR, Sxl3, cyclinB, Dmrt99B, PPP2A, and
ADCY9) have been identified as female-biased genes herein, and they are involved in
ovarian development and differentiation [14,15]. ERR is regarded as the third subfamily
of the nuclear receptor superfamily, and it is involved in the estrogen receptor signaling
pathway [49]. As a eukaryotic transcription factor, ERR is essential for ovarian development
and the production of sperm [15]. Furthermore, due to the high expression levels in the
ovaries of female-biased genes ERR, cyclinB, PPP2A, and ADCY9, the idea is that the ERR
may regulate the ovarian development of M. rosenbergii by affecting the expression of
cyclinB, PPP2A, and ADCY9 is supported [14].

The Sxl gene is a key factor in the sexual determination of the drosophilid [50]. Yu et al.
obtained four Sxl (Sxl1-Sxl4) of M. rosenbergii by degenerating the PCR and cDNA library
construction [51]. Among them, Sxl1 is found in spermatogonia, which is suspected to be
involved in spermatogenesis; Sxl3 and Sxl4 are specifically and highly expressed in the
ovary, which suggests their involvement in ovarian development. These results indicate
that the Sxl gene family’s role in the sexual differentiation of M. rosenbergii is one that is
complicated. Dmrt (Doublesex and mab3 related transcription factor) is a gene family which
plays a vital role in the sexual determination and sexual differentiation [52,53]. The results
of this study are in agreement with those of a previous study that discovered the Dmrt99B
gene to be specifically and highly expressed in the ovaries. In addition, as M. rosenbergii
embryos developed, the expression of the Dmrt99B gene increased gradually [51].

Signal transduction pathways relating to gonadal maturation, spermatogenesis, and
oogenesis, including mitogen-activated protein kinase (MAPK), have been identified herein
(Table S7). It is believed that the extracellular signal-regulated kinase 2 (Erk2) plays an
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important role in the regulation of the ERK signal transduction pathway, a member of the
MAPK family, during Scylla paramamosain ovarian development [54]. Ubiquitin-related
genes exist in the ubiquitin-mediated proteolysis signal pathways, which are involved
in the process of crustacean gametogenesis [55]. In eukaryotes, ubiquitin can be fused
with ribosomal polypeptide L40 or S27, and it acts as a molecular chaperone in ribosomal
biogenesis, participating in cell division and growth [56,57]. The in situ hybridization of
ubiquitin-L40 and ubiquitin-S27 found in the ovaries and testes of Eriocheir sinensis reflects
their involvement in Eriocheir sinensis gametogenesis [58]. In addition to the signal transduc-
tion pathway, which was previously mentioned, we have also reported various genes which
play regulatory roles in the crustacean reproduction process, including myosin va and
phosphorylatin. The previous studies have indicated that myosin va plays an important
role in spermatogenesis in Eriocheir sinensis [59], while the phosphorylated protein plays a
vital role in the ovarian development of Penaeus monodon [60]. In addition, we also found
some reproductive hormone-related DEGs in the testis and ovary of M. rosenbergii, such
as the androgenic gland hormone-like protein (MAL) (NCBI accession number: FJ595507),
crustacean female sex hormones (CFSH), vitellogenin receptor (VgR), and neuroparsin (NP).
The previous studies have indicated that MAL distributed in the terminal ampulla and
sperm of M. rosenbergii participates in regulating sperm proteolytic activity and performs a
crucial role in sperm maturation and degradation of the vitelline coat during fertilization in
M. rosenbergii [61]. Recent studies have shown that CFSH is involved in the development
of a reproductive phenotype in crustaceans, such as the regulation of sex differentiation
of early juvenile in Scylla paramamosain [62], suggesting that CFSH may also play an im-
portant role in the sex differentiation of M. rosenbergii. Furthermore, the previous studies
have shown that the VgR expression is elevated in oocytes during the yolk formation in
M. rosenbergii [63]. This is consistent with our report that the expression of VgR in the ovary
of M. rosenbergii is much higher than that in the testis, which implies that VgR plays an
important role in the ovarian development of M. rosenbergii. In addition, some studies have
shown that NP3 is related to ovarian maturation in Macrobrachium japonicus and may be
involved in vitellogenesis [64], suggesting that it may be closely related to the development
of the ovary in M. rosenbergii.

5. Conclusions

In this study, the transcriptome of the testes and ovaries of M. rosenbergii were se-
quenced. A total of 75,887 unigenes were collected, and some of the genes were potentially
included in signal transduction, gametogenesis, and gonadal development. DEG analysis
showed that some genes play a significant part in signal transduction, gametogenesis,
and gonadal development. The results of this study suggest that male-related genes (Mrr,
MRPINK, IR, IAGBP, TESK1, and dsx) are highly transcribed in the testes of M. rosenbergii.
Furthermore, multiple female-related marker genes (ERR, Sxl3, cyclinB, PPP2A, ADCY9,
and Dmrt99B) in the ovaries were distinctly up-regulated, which may be related to ovarian
development. Our results are in agreement with the previous findings, which suggest
that IAG and IAGBP-IAG receptor signaling schemes play important roles in the testis’
development and that ERR is involved in ovarian development through the regulation of
the expressions of cyclinB, PPP2A, and ADCY9 in M. rosenbergii. Identifying the potential
candidate genes and regulatory pathways relating to gonadal development in M. rosenbergii
will provide a better understanding of the basic molecular mechanisms of this important
process. It is anticipated that the results will be important for a comparative study of the
genomics of other prawns and relevant crustacean species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse10060737/s1. Table S1, the growth performance of the
sample individuals is listed. Table S2, primers used in the present study. Table S3, the unigenes
were also annotated against the KEGG database. Table S4, the analysis and functional enrichment
of differentially expressed genes (DEGs). Table S5, the GO functional enrichment analysis of the
DEGs. Table S6, some important genes related to sexual differentiation. Table S7, some KEGG
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signaling pathway of the DEGs. Figure S1, length distribution of unigenes of testis and ovarian
transcriptome of M. rosenbergii. Figure S2, number of unigenes annotated to different databases.
Figure S3, distribution of the top 10 species with high sequence similarity to M. rosenbergii unigenes.
Figure S4, GO classification of the assembled unigenes of M. rosenbergii of testis and ovary. Figure
S5, KOG annotation analysis of the unigenes.
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