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The ridgetail white prawn, Exopalaemon carinicauda is an important cultured
seawater species in China. As female E.carinicauda grows faster than males, it is
significant to search for the differentially expressed genes (DEGs) between
males and females. However, there is no public available E.carinicauda genome
data, and genes related to E. carinicauda sex differences are unclear. In this
study, the transcriptome sequencing for ovary and testis tissues of E.
carinicauda were conducted, and 20,891 DEGs were identified including
11,709 up-regulated DEGs and 9,182 downregulated DEGs. The functional
categories related to meiosis and reproduction were enriched as well as the
steroidogenesis KEGG pathway was clustered. Furthermore, the genes related
to male reproduction and cell cycle were dug out which were verified by real-
time PCR. In addition, two-color fluorescent in situ hybridization result showed
that foxjlb might play roles during early stage of the ovary development.
Therefore, our result provides clues for the study of genes related to
reproduction and sex difference in E.carinicauda.

KEYWORDS

Exopalaemon carinicauda, reproduction, gonad, transcriptome, foxjlb

Abbreviations: DEGs, the differentially expressed genes; NR, Non-Redundant Protein Sequence Database;
COG, Database of Clusters of Orthologous Genes; Pfam, The Pfam protein families database; GO, Gene
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PCA, Principal component analysis; FDR,
False Discovery Rate; EcF, the ovary group of female Exopalaemon carinicauda; EcM, the testis group of

male Exopalaemon carinicauda.
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Introduction

The ridgetail white prawn, Exopalaemon carinicauda which
belongs to long arm shrimp family and white shrimp genus, mainly
distributed in the southeast coastal areas of China (Xu et al., 2010).
As a kind of small and important economic shrimp, E. carinicauda
processes delicious meat quality, with characteristics of high protein
content and low-fat level, which is popular with majority of
consumers (Wang et al, 2020). The high-resolution genetic
linkage map of E. carinicauda was constructed by our laboratory
and 52 sex-related QTL markers were identified, which is an
important work for explicating the sex determination mechanism
(Lv et al, 2020). However, genes related to E. carinicauda sex
differences including spermatogenesis and oogenesis are still
unknown. Therefore, it is necessary to excavate the DEGs
between male and female in E. carinicauda.

Previous studies have shown that there are sexual
dimorphisms in economic traits in many aquatic animals
(Wan et al,, 2021). As for growth characteristics, males grow
faster than females in tilapia and yellow catfish (Huang et al.,
2022), while females of half-smooth tongue sole showed a
growth advantage, with females growing about 30% faster than
males (Liao et al., 2014). Among crustaceans, male Eriocheir
sinensis has a growth advantage over females, but female E.
sinensis are favourite among consumers for their greater taste
(Du et al, 2019); Female Fenneropenaeus chinensis are more
popular than males with breeders since they are larger than
males at the same period (Wang Q. et al, 2019). While
Procambarus clarkii males are larger than female individuals
in the same sexual morphotype (Hamasaki et al., 2020; Shen
et al,, 2022). Similar to most aquatic animals, the growth trait of
E. carinicauda also shows dimorphism, female individuals are
larger than concurrent males (Lv et al., 2020). Therefore,
searching the differentially expressed genes related to valuable
characters between males and females is significant for
molecular breeding and superior seed cultivation.

Transcriptome sequencing is not only an important means
of studying gene structure and expression patterns (Wang Q.
et al, 2019), but a bridge to infer gene functions based on
phenotype. Due to the particularity of species, it is challenging to
conduct gene function research in economic aquatic animals
compared to model organisms. Thus, transcriptome sequencing
is essential in searching for genes related to some purpose for
non-vertebrate animals. For example, Wang et al. obtained the
differential expression factors of muscle and gonads of E. sinensis
between females and males by transcriptome sequencing, which
is important for the study of growth traits between the sexes
(Wang B. et al, 2019). And Zhang et al. found the sex-
determining gene in Portunus trituberculatus by transcriptome
sequencing, which provided an important basis for the
systematic study of sex determination mechanisms in P.
trituberculatus (Zhang et al.,2022).
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There was no high-quality genome data which had been
published since E. carinicauda processed a large complex
genome (Yuan et al, 2017; Li et al, 2019). In this study, we
conducted the transcriptome sequencing of ovary and testis to
identify the differentially expressed genes and significantly
enriched pathways between male and female. Furthermore, we
found some genes related to male reproduction, cell cycle and
ovary development, which was verified by real-time PCR and
two-color fluorescent in situ hybridization. Our study would be
helpful for further investigating genes related to E. carinicauda
reproduction and sex difference.

Materials and methods
Bioethics statement

The animal study was reviewed and approved by Ethics
Committee of Yellow Sea Fisheries Research Institute. Written
informed consent was obtained from the owners for the
participation of their animals in this study.

Experiment animals and
sample collection

The E. carinicauda used in this study was produced by
RiZhao Haichen Aquaculture Co., Ltd and the samples including
ovary and testis were taken from the live and healthy shrimp.
The total RNA was extracted from the samples by TRIzol
reagent according to the manufacturer’s instructions. The
genome DNA was removed by DNase I. The purity and
concentration of RNA was determined and quantified by 2100
Bioanalyzer (Agilent Technologies, Inc., Santa Clara CA, USA)
and ND-2000 (NanoDrop Thermo Scientific, Wilmington, DE,
USA). Quality-qualified RNA sample (ODjgp/280 = 1.8~2.2,
OD,60/23022.0, RIN28.0, 28S:185>1.0, Total>1pg) was used for
subsequent constructing sequencing libraries.

Library preparation and Illumina Hiseq
NovaSeq 6000 sequencing

RNA purification, reverse transcription, library construction
and sequencing were performed at Shanghai Majorbio Bio-
pharm Biotechnology Co., Ltd. (Shanghai, China). The
construction of the sequencing library used the Illumina
TruSeqTM RNA sample preparation Kit (Illumina, San Diego,
CA). The purification of mRNA was by oligo-dT-attached
magnetic beads and then fragmented by fragmentation buffer.
Taking these short fragments as templates, double-stranded
cDNA was synthesized using a SuperScript double-stranded
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cDNA synthesis kit (Invitrogen, CA) with random hexamer
primers (Illumina). Then the synthesized cDNA was subjected
to end-repair, phosphorylation and ‘A’ base addition according
to Illumina’s library construction protocol. Libraries were size
selected for cDNA target fragments of 200-300 bp on 2% Low
Range Ultra Agarose followed by PCR amplified using Phusion
DNA polymerase (New England Biolabs, Boston, MA) for 15
PCR cycles. After quantified by TBS380, two RNAseq libraries
were sequenced in single lane on an Illumina Hiseq xten/
NovaSeq 6000 sequencer (Illumina, San Diego, CA) for
2x150bp paired-end reads.

De novo assembly and annotation

The raw paired end reads were trimmed by SeqPrep (https://
github.com/jstjohn/SeqPrep) and quality was controlled by
Sickle (https://github.com/najoshi/sickle) with default
parameters. Then clean data from the gonads including ovary
and testis were assembled denovo with Trinity (http://
trinityrnaseq.sourceforge.net/). All the assembled transcripts
would be aligned by six databases including the NCBI protein
nonredundant (NR), COG, Swiss-Prot, Pfam, COG, GO and
KEGG according to the sequence similarity. The function of the
transcript was annotated by BLAST2GO (http://www.blast2go.
com/b2ghome) including biological processes, molecular
functions and cellular components. And the pathway analysis
was performed using the Kyoto Encyclopedia of Genes and
Genomes (KEGG, http://www.genome.jp/kegg/).

Differential expression analysis and
functional enrichment

The expression level of each transcript was calculated
according to the transcripts per million reads (TPM) method
in order to identify DEGs between ovary and testis. The
software RSEM (http://deweylab.biostat.wisc.edu/rsem/) was
used to quantify gene abundances for further analysis of
the gene expression level. Essentially, differential expression
analysis was performed using the DESeq2. Genes satisfied with
Q value < 0.05, DEGs with |log,FC|>1 and Q value<=0.05
DESeq2/Qvalue<=0.001(DEGseq) were considered to be
significantly different expressed genes. The software Goatools
(https://github.com/tanghaibao/Goatools) were used to
identify DEGs were significantly enriched in GO terms
including biological processes, molecular functions and
cellular components. And the software KOBAS (http://kobas.
cbi.pku.edu.cn/home.do) was used to do KEGG pathway
enrichment analysis with metabolic pathways at Bonferroni-
corrected P-value < 0.05 compared with the whole-
transcriptome background.
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Checking the expression level by real-
time PCR

In order to check the accuracy of the transcriptome data, the
DEGs were verified by real-time fluorescent quantitative PCR (real-
time PCR). Total RNA from ovary and testis of E.carinicauda was
extracted with TRIzol (Invitrogen, 15596026) according to the
manufacturer’s instructions. The quality and concentration of the
obtained RNA were analyzed by agarose gel electrophoresis and
spectrophotometer (Thermo, USA) respectively. Then, the genome
DNA was removed by DNase I and cDNA were obtained using the
ReverTra Ace reverse transcriptase kit (Toyobo, Japan) and random
primers. The fluorescence quantitative PCR assay was performed
using the SYBR green mix (Toyobo, Japan) according to the
manufacturer’s instructions: 2xSYBR Green real-time master mix,
10 pL; cDNA, 2uL; F, 04pL; R, 04pL; H,O, 7.2pL. The PCR
amplification conditions were 95°C for 3min; 45cycles x (95°C for
15s; 55°C for 20s; 72°C for 30s); 65°C for 0.06s; 95°C, 0.5s. The
primers used in this study was designed by Primer5 and the
sequences were listed in Figure SI.

Two-color fluorescent in situ
hybridization

We examined the expression of foxjIb in the gonads by two-
color fluorescent in situ hybridization. Gonads including testis and
ovary with different stages were fixed in 4%PFA overnight and
dehydrated by 30% sucrose. After being embedded with O.C.T.
compound (SAKURA, 4583), the gonad was sectioned by a freezing
microtome (Leica, CM1950). Probes were designed and synthesized
according to the cDNA sequence of the foxjIb and vasa, and labeled
with digoxin (Roche Diagnostics, 11277073910) and fluorescein
labeling (Roche Diagnostics, 11685619910) respectively. And they
were purified by the clean-up purification kit (Sigma, S5059-70EA).
Two-color fluorescent in situ hybridization experiments were then
carried out as described (Lauter et al.,, 2011), and the sections was
dealt with prehybridization, permeabilization, hybridization,
antibody incubation, staining reaction and stop reaction. The
nucleus was stained with DAPI. The section was photographed
by laser confocal microscope (Leica, Sp8). Primer sequences used
for synthetic probes were listed in Figure S1.

Results

De novo assembly of E. carinicauda
gonad transcriptome

We obtained 48.22Gb raw data from 6 samples transcriptome

sequencing including ovary and testis and the raw data were upload
into the NCBI SRA database with the accession number
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PRJNA856985. After RNA sequencing based on the Illumina
platform and sequence assembly, a total of 47.22 Gb clean data
were generated. And the average of each sample was over 6.71Gb
with the percentage of Q30 over 94.4% (Supplementary Table 1).
The clean data was done de novo assembly with Trinity and the
optimized evaluation of the assembly results showed that there were
105,440 unigenes and 191,647 transcripts with the average length of
N50 was 1,719bp. The clean reads were aligned to the reference
sequence obtained from the trinity assembly, and the alignment rate
for this analysis ranged from 75.25% to 76.62%.

Identification of DEGs in ovary and testis
as well as GO and KEGG analysis

Through the expression quantity matrix analysis, the
ovary samples were significantly clustered together, so were

HeatmapTree

venn

FIGURE 1

The profile of transcriptome sequence between ovary and testis in E carinicauda. (A) Heatmap Tree of the 3 ovary and 3 testis samples. The
right and lower sides are sample names while the left and upper sides are sample clusters. (B) Principal component analysis (PCA) of the 3
replicated ovary samples and 3 replicated testis samples. The distance of each sample point represents the similarity of the sample, the closer
distance indicates the higher similarity between the samples. (C) Venn diagram of DEGs in comparison between EcF and EcM group.

(D) Volcano plot of DEGs identified from ovary and testis. Red dots indicate the significantly upregulated transcript. Green dots mean the
significantly downregulated transcript. Black dots are the non-significant difference of transcript.
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the testis samples, which indicates a good reproducibility
between the parallel samples (Figure 1A). The PCA plot
showed clearly that the principal components were similar
between different replicates in the same sample (Figure 1B).
By analyzing the expression of the samples, we can see that
there were 33,495 transcripts expressed in the EcF groups and
48,719 transcripts expressed in the EcM groups as well as
17,532 transcripts were shared in both kinds of
groups (Figure 1C).

Analysis of DEGs in E. carinicauda ovary and testis by
transcriptome sequencing helped us to have a better
understanding of the gonad development. We screened the
DEGs by the principle of FDR<=0.05 and [log,FC|>1. There
were 20,891 differentially expressed genes including 11,709
upregulated genes and 9,182 down-regulated genes (EcM-vs-
EcF) (Figure 1D). The heatmap of the 25 genes with the top
expression level in testis was shown in Figure 2A, while the other

PCA Analysis
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Heatmap of the top 25 highly expressed genes in ovary and testis. (A) The top 25 highly expressed genes in the testis; (B) The top 25 highly
expressed genes in the ovary; Each column represents one sample and each row represents one transcript. The color in the figure represents
the expression level of the transcript in this sample. The red color represents the high expression level of the transcript in the sample; The green

color represents the lower expression level.

25 genes with the highest expression level in ovary were listed
in Figure 2B.

The top 20 GO terms enrichment analysis of the DEGs were
listed in Figure 3 which included metabolic process, cellular
metabolic process and organic cyclic compound metabolic
process. And the functional categories were mainly related to
meiosis and reproduction including DNA recombination and
cellular aromatic compound metabolic process. The KEGG
pathway analysis of the top 20 pathways was shown in
Figure 4 which was mainly involved in steroidogenesis
including ubiquinone and other terpenoid-quinone
biosynthesis, fatty acid elongation and fatty acid degradation.

Differentially expressed genes related to
male reproduction

Combined with the annotation of the NR database, we found
a number of genes specifically expressed in testis (Figure 5A).
Then, we checked the results by real-time PCR and the
expression level of these genes was in accord with the
transcriptome data (Figure 5B) which indicated the accuracy
of the transcriptome sequencing. These genes showed a
significantly higher expression level in males than in females
(*P<0.05, **P<0.01, **P<0.001, ***P<0.0001). The annotations
of these genes are mainly related to spermatogenesis and male
reproduction including some proteins which involved in
this process.

Frontiers in Marine Science

Differentially expressed genes related to
cell cycle

As is known to us, spermatogenesis and oogenesis show
different characteristics and they contain various events. We
identified some DEGs related to cell cycle and the functions
related to anaphase promoting factors, spindle assembly
checkpoints and cell division. Some of them are highly
expressed in testis while others show a high level in the ovaries
and they present their own characteristics (Figure 6A). And this
result was further examined by real-time PCR (Figure 6B). Just as
meiosis in other species, the complete of ovary meiosis need more
time since oogenesis need to accumulate much vitellogenin while
the spermatogenesis process doesn’t need (Tsukimura, 2001; Wei
et al., 2021). Consequently, the cell proliferation and
differentiation in testis and ovary of E. carinicauda showed a
sexual dimorphism.

Excavation and identification of the
transcription factor foxjlb associated
with ovarian differentiation

Transcription factors are proteins that can bind to specific DNA
sequences and generally process one or more functional domains
(Lambert et al, 2018). Usually, the transcription factors play
functions by two ways. Besides binding to promoter upstream
regions of the gene, the transcription factor could also form
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GO enrichment analysis(EcM_vs_EcF_G)
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FIGURE 3

Column diagrams of top 20 enriched biological processes of GO classifications. The ordinate represents the GO term and the upper abscissa
indicates the number of transcripts of the GO term on the alignment, corresponding to different points on the broken line; the lower abscissa
indicates the significance level of enrichment, the lower abscissa indicates the height of the column, where the smaller the FDR, the greater

the-log10 (FDR) value, the more significantly enriched the GO term is.
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complexes with other transcription factors to affect gene
transcription (Pope & Medzhitov, 2018). There are 23 families
including 567 transcription factor members (Figure 7A). And we
found foxjlb which comes from the fork head family might be
associated with ovary differentiation. We did a preliminary

KEGG enrichment analysis(EcM_vs_EcF_G)
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FIGURE 4

Scatter plots of KEGG pathway enrichment analysis about the top 20 significant pathways of DEGs in EcF-vs-EcM. The ordinate represents the
pathway and the abscissa indicates the rich factor, where the bigger the rich factor, the more significantly enriched the KEGG pathway is.
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validation by two-color fluorescent in situ hybridization using
ovary section samples in various stage (Figure 7B). The results
showed that foxj1b is mainly expressed in early development of the
ovary (Ovary I) and late ovulation stage (Ovary III). There were
little signals in testis and mature ovary (Ovary II).
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Differentially expressed genes (DEGs) related to male reproduction. (A) Heatmap of DEGs related to male reproduction. Each column in the
figure represents one sample and each row represents one transcript, the color in the figure indicates the high or low expression of transcript in
that sample, the red color represents the higher expression of the transcript in the sample, the green color indicates the lower expression. (B)
The real-time PCR validation of gene expression related to male reproduction (*P<0.05, ***P<0.001, ****P<0.0001). The data analysis was
conducted by 27T and 185 was chosen as reference gene.

Discussion the result of the genome survey, the structure of the E.
carinicauda genome was big and complicated (Yuan et al,

There are several characteristics in E. carinicauda including 2017; Li et al., 2019). And there were no published E.
small body size which is fit to feed under laboratory conditions carinicauda genome data at present. Therefore, it is essential
and whole transparent body as well as high fecundity which are to enrich and re-annotate the E. carinicauda genome by diverse
suitable to genetic operation (Yuan et al, 2017). Therefore, E. omics data, especially for important tissues with significant
carinicauda is a popular species in genetic study. So far, E. differences between males and females. As for the study of
carinicauda is the only reported decapoda crustacean species gene function, the accurate annotation of the genome is
which is suitable for gene editing (Gui et al., 2016). According to essential and significant. However, there is still a long way to
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FIGURE 6

Differentially expressed genes (DEGs) related to cell cycle. (A) Heatmap of DEGs related to cell cycle. Each column in the figure represents one
sample and each row represents one transcript, the color in the figure indicates the high or low expression of transcript in that sample, the red
color represents the higher expression of the transcript in the sample, the green color indicates the lower expression level transcripts

(B) Validation of gene expression related to cell cycle by real-time PCR (*P<0.05, ***P<0.001). The data analysis was conducted by 272" and
18S was chosen as reference gene.
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FIGURE 7

checking the expression profile of the transcription factor foxjlb by two-color fluorescent in situ hybridization. (A) Statistics of transcription
factors in E.carinicauda. The abscissa stands for different families of transcription factors; the ordinate means the number of transcripts falling to
the family. (B) Mapping the expression of foxjlb and vasa by two-color fluorescent in situ hybridization in gonads. The blue signal: DAPI; the red

signal: vasa; the green signal: foxj1b

go on the study of E. carinicauda functional genomics research.
In this study, we obtained DEGs between ovary and testis by
transcriptome sequencing, including 11,709 up-regulated genes
and 9,182 down-regulated genes, which could provide clue for
the study of E. carinicauda reproduction development.
Spermiogenesis is an important process in male
reproduction (Staub & Johnson, 2018). The first stage of
spermiogenesis is the spermatogonia division and
proliferation, which could produce spermatocytes. And the
second stage is the spermatocyte meiosis that could form a
haploid sperm cell. The third stage is that the sperm cell
metamorphoses into sperm. We identified several genes related
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to spermiogenesis (Figure S2) although their functions need to
be further confirmed. Compared with spermiogenesis, the
distinctive events in oogenesis are the synthesis of VTG and
the process of oocyte maturation (Subramoniam, 2010). There
are several transcripts which might be related to the synthesis of
VTG in our transcriptome result (Figure S3). These findings
offered clues for the study of E. carinicauda spermiogenesis
and oogenesis.

Transcription factors regulate the target gene expression by
their specific functional domains. Currently, they play
increasingly important roles in sex determination and

differentiation, embryo development, and organ formation.
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Sry is the first transcription factor identified in humans for sex
determination, which could regulate the expression of Sox9
(Sinclair et al., 1990; Vining et al.,, 2021). Then transcription
factors such as amh, dmy and foxI2 were successively found to
play roles in sex differentiation and ovary development
respectively (Matsuda et al., 2002; Georges et al., 2014; Song
et al., 2021). For instance, amh is a sex-determining gene in a
chicken and dmy could determine the sex medaka (Matsuda
et al., 2002; Smith & Sinclair, 2004). While foxI2 belongs to the
fork head family which could play roles in ovary differentiation
in mammals and zebrafish (Yang et al.,, 2017; Tucker, 2021).
However, there were no genes which were reported related to
ovary differentiation in E. carinicauda. We found 567
transcription factors by transcriptome sequencing
(Figure 7A). After a comparison of the expression level
between males and females, we focused on the transcription
factor foxjlb. The two-color fluorescent in situ hybridization
results showed that the foxjlb was mainly expressed in early
development and late ovulation stage of the ovary but the
expression level was very low in mature ovary and no signal
could be detected in testis (Figure 7B). Our results suggested
that foxjIb might play roles in ovary early development in E.
carinicauda by two-color fluorescent in situ hybridization for
the first time. However, the specific function of foxjIb in E.
carinicauda still needs to be further studied by gene editing
or overexpression.

In conclusion, we discovered 105,440 differentially
expressed genes in testis and ovary by transcriptome
sequencing, including genes related to reproduction and cell
cycle as well as GO terms enrichment and KEGG pathway
analysis. Furthermore, the results were verified by real-time
PCR and two-color fluorescent in situ hybridization. Our
results would lay the foundation for subsequent studies of
gene functions related to male reproduction and ovary
development in E. carinicauda.
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