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Abstract
Background: We previously discovered a potential sex-speci�c single nucleotide polymorphism (SNP)
locus named SNP1888 in mud crab (Scylla paramamosain).

Methods: In this study, we �rst veri�ed SNP1888 to be truly a female-speci�c locus and then we identi�ed
a novel imprinted gene (designated as Sp-Pol) at the upstream of SNP1888 (SNP1888 is located at the 3’-
UTR of Sp-Pol). Moreover, SNP1888 together with Sp-Pol were mapped on LG32 of a high-density genetic
map.

Results: Phylogenetic analysis showed that Sp-Pol may need to be classi�ed as a new gene family due to
the very low sequence identity with other known genes. Sp-Pol was expressed at a higher level in gonads
compared to other tissues and its expression level in the testis was much higher than in the ovary.
Coincidentally, mono-allelic expression was observed in the ovary. Moreover, Sp-Pol exhibited sex-biased
expression with approximately 3- to 4-fold higher in males than in females at �fth (C5) and sixth (C6)
crablet stages. During the zoeae development, Sp-Pol had the highest expression at the zoea I stage. After
unilateral eyestalk ablation, the expression level of Sp-Pol signi�cantly increased in testis and
hepatopancreas in males, while it was downregulated in the hepatopancreas of females. Fluorescence in
situ hybridization (FISH) assay revealed that Sp-Pol transcripts were strongly localized in the epithelia of
seminiferous tubules of the testis and in the ovary it was detected in the oogonium cells.

Conclusion: These results demonstrated that Sp-Pol may play important roles in the sexual development
of S. paramamosain.

Background
Mud crab (Scylla paramamosain) is widely distributed in the south-eastern coastal area of China [1, 2].
This species is an economically and ecologically important species, and its cultivation is increasing to
meet the demands of the market [3]. In China, S. paramamosain culture industry has been developing
rapidly and its aquaculture production reached 138 thousand tons [4]. Male and female S. paramamosain
exhibit different growth performances at different growth stages, which is important in arti�cial selective
breeding and farming [3]. In hatcheries, females are considered more valuable than males for increasing
the size of the population since males can copulate with more females with no negative effect on the
percentage of berried females [5]. Meanwhile, the price of females with mature ovary is much higher than
males. In addition, male and female S. paramamosain have different biochemical compositions,
nutritional value, and �esh quality [2]. Mono-sex culture and controlling the sexual differentiation can
open a new avenue of S. paramamosain culture industry. However, the mechanisms underlying sexual
development of S. paramamosain remain unclear. Therefore, understanding the genetic mechanism of
sexual development is necessary for effective production of larvae either for restoring wild populations or
for aquaculture purposes.
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Sexual development includes sex determination, sexual differentiation, and sexual maturation processes.
Sexual development begins with a sex-speci�c genetic cascade mediated through a chromosomal
mechanism of sex determination [6]. The sex-determination system in true crabs (Brachyura) is
controversial, with early karyotyping studies suggest an XY-XX sex-determination system [7], but recently
genetic linkage map and sex-speci�c markers revealed the existence of both ZZ/ZW and XY/XX
mechanisms [8–11]. Recently, various genetic techniques have been successfully applied to identify the
sex-speci�c DNA sequences and markers in crabs. Restriction-site associated DNA sequencing (RAD-seq)
has been successfully applied to develop sex-speci�c markers in several crab species [9, 10].

After sex has been determined a complex process of sexual differentiation ensues, resulting in sex-
speci�c phenotypic development [6]. Crustacean female sex hormone (CFSH) and insulin-like androgenic
gland hormone (IAG) are the two major hormones that regulate the sexual differentiation of female and
male crustaceans [12, 13]. Androgenic gland (AG) ablation and IAG silencing resulted in full sex reversal
from male to female (feminization) in Macrobrachium rosenbergii [12, 14]. The “eyestalk-AG-testis”
endocrine axis plays a very important role in the regulatory mechanism of sex in male decapods.
However, the mechanisms underlying the regulation of sexual differentiation and most of the key factors
upstream and downstream the IAG in the “eyestalk-AG-testis” endocrine axis [15] are still poorly
understood. For several years, scientists believed that the AG is the only key regulator of primary and
secondary sexual characters in male decapods. Recently, several sex-related genes have been identi�ed
via transcriptomic analysis in decapods [16, 17], suggesting that sexual differentiation in decapods is
more complicated than previously expected. These sex-related genes include different types, namely
CFSH, Sxl, Fru, Fem-1, Tra, Tra-2, Dsx, Mab-3, Sry, Sox9, Foxl2, Wnt4, and Dmrt1 [18–20]. For example, it
has been documented that CFSH, Sox, Dsx, Slx, Dmrt, GEM, and Fem-1 regulate the expression of IAG. IAG
expression is negatively regulated by GEM, Fem-1, and CFSH [21–24]. In contrast, Slx, Dsx, and Dmrt
silencing signi�cantly decrease the expression of IAG indicating the existence of positive regulation [25,
26]. Although most of these sex-related genes have been detected in both sexes, different expression
patterns have been observed between the two sexes. IAG, Sox, Dmrt, Dsx, Vasa, and Slx exhibit male-
biased expression patterns and play crucial roles in testis development and spermatogenesis. CFSH, Fem-
1, FAMeT, Slo, Tra-2, BMPs, UCHLs, Erk2, Cdc2, EGFR, Vg, VgR, and VIH have higher expression levels in
females and play important roles during ovarian development [21–23, 25, 27–29].

Therefore, identi�cation of sex-related genes and characterization of their functions are crucial steps for
understanding the sexual development mechanism. In the present study, we veri�ed a female-speci�c
locus named SNP1888 and a novel sex-related gene (Sp-Pol). The we mapped both SNP1888 and the
gene on LG32 of a previously constructed high-density genetic map. In addition, the expression pattern of
Sp-Pol in different tissues and different early development stages was analyzed. Finally, unilateral
eyestalk ablation and �uorescence in situ hybridization (FISH) were carried out to �nd out the regulation
mechanism of Sp-Pol. The present study provides novel insights into the sexual development mechanism
of S. paramamosain.
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Methods

Animals and sampling
Samples including embryos, zoeae, megalopa, and crablets were obtained from a crab farm and aquatic
product market in Chaozhou City, Guangdong Province of China. After transported to the laboratory, they
were kept for adaption at room temperature. Then tissues including testis, ovary, heart, hepatopancreas,
muscle, gill, thoracic ganglion, gut, and stomach were quickly dissected and stored in RNA keeper
solution (Vazyme Biotech Co., Ltd, Nanjing, China) at -80°C for RNA and DNA extraction. The total RNA
was extracted using Trizol Reagent (Invitrogen, CA, USA) following the manufacturer’s protocol. First-
strand cDNA was synthesized using ReverTra Ace® qPCR RT Master Mix with gDNA Remover (TOYOBO,
Japan). Genomic DNA was extracted using TIANamp Marine Animals DNA kit (Tiangen Biotech Co. Ltd.,
Beijing, China) and treated with RNase A to remove residual RNA.

Veri�cation of sex-speci�c SNP1888 and discovery of Sp-
Pol gene
A potential female-speci�c SNP locus named SNP1888 was identi�ed from Cluster_39896 by RAD-seq in
our previous study [10]. In order to verify SNP1888 is a real sex-speci�c locus, we �rst designed a pair of
primers for PCR ampli�cation, and then the PCR products of a total of 195 crabs (106 females and 89
males) were sequenced by bidirectional sequencing. The genotypes of SNP1888 were de�ned by the
peak types according to the sequencing chromatograms: double peaks indicate heterozygous and single
peak indicates homozygous. Based on gene clone technology and bioinformatics analysis, we identi�ed
a novel gene (designated as Sp-Pol) at the upstream of SNP1888 (SNP1888 is located at the 3’-UTR of
Sp-Pol).

Cloning and sequence analysis of Sp-Pol
Full-length Sp-Pol cDNA was achieved by the method of rapid ampli�cation of cDNA 3′ and 5′ ends (3′
and 5′ RACE) using a SMARTer RACE cDNA Ampli�cation Kit (Clontech, USA) following the
manufacturer’s instructions. Nested PCR ampli�cations were performed using a universal primer mix
(UPM outer primer) and a nested universal primer (NUP inner primer), in conjunction with two gene-
speci�c primers (GSPs) designed based on the cDNA sequence. All primers used are listed in Table 1.
PCR was performed on an Eppendorf Mastercycler® ep realplex (Eppendorf, Germany) using the
following conditions: denaturation at 94°C for 5 min; 35 cycles of ampli�cation at 94°C for 30 s, 58°C for
30 s, 72°C for 30 s and �nal elongation at 72°C for 5 min. The ampli�ed products were puri�ed and
ligated into the Simple T1 vector (Transgen, Beijing). The recombinant plasmid was transformed into
competent cell E. coli, and positive clones were sequenced. Later, the gene sequence was blasted with the
NCBI database to �nd its homologs.
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Table 1
Primers used for fragment veri�cation, 3' - / 5' – RACE, qRT-PCR, FISH, and RNAi of Sp-Pol.
Primer name Sequence (5' − 3') Description

Sp-Pol-F1 CTACAGCACCCGCACCATCCCT cDNA fragment veri�cation

Sp-Pol-R1 TCCATGTCGGCGCAAACTTGCT cDNA fragment veri�cation

Sp-Pol-F2 GTCATTACCCGTTTTATCAACTCAC DNA fragment veri�cation

Sp-Pol-R2 GCCTTATGTCCTTATTCATTCCGT DNA fragment veri�cation

3' RACE-outer ACAGCACCCGCACCATCCCTATCC For 3' - RACE

3' RACE-inner CCCACCGCCAACACACGGAAATCT For 3' - RACE

5' RACE-outer TGATGAGTGGACAGGCTGCTGATGG For 5' - RACE

5' RACE-inner AACAAGCAATCCATAATGACTCTG For 5' - RACE

RT-Sp-Pol-F ATGTACTGGAAGCCATCCCTGAGAC For qRT-PCR

RT-Sp-Pol-R CTCCCAGAGGTGTTAGACGAAGATTTAG For qRT-PCR

18S-F GGGGTTTGCAATTGTCTCCC For qRT-PCR

18S-R GGTGTGTACAAAGGGCAGGG For qRT-PCR

EF-1α-F CTACAAGTGTGGTGGCATCG For qRT-PCR

EF-1α-R CGTCGATGATGGTCACGTAG For qRT-PCR

Sp-Pol- FISH GCTAGAGCTTGCATCTCATTCCATGCTGCA For FISH

Localization of SNP1888 and Sp-Pol
The sex-speci�c SNP1888 and Sp-Pol were localized in the high-density genetic linkage map of S.
paramamosain. The obtained genotypes of SNP1888 in the mapping family with a total of 129
individuals by PCR ampli�cation and Sanger sequencing [10] were integrated with all SNP genotypes
obtained in our previous study [11] to reconstruct the genetic map by Joinmap 5.0 software.

Bioinformatic analysis
The nucleotide sequence of Sp-Pol was compared with the sequences in GenBank using BLASTN and
BLASTX (available at www.ncbi.nlm.nih.gov/blast), and the ORF was determined using Editseq
(Lasergene, USA). The isoelectric point and molecular weight of the protein were predicted using the
Compute pI/Mw tool (http://www expasy.org/tools/pi_tool.html). The potential N-glycosylation sites, O-
glycosylation sites, and phosphorylation sites were predicted using NetNGlyc 1.0 Server
(http://www.cbs.dtu.dk/services/NetNGlyc/), NetOGlyc 4.0 Server
(http://www.cbs.dtu.dk/services/NetOGlyc/), and NetPhos 3.1 Server

http://www.ncbi.nlm.nih.gov/blast
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(http://www.cbs.dtu.dk/services/NetPhos/), respectively. Simple Modular Architecture Research Tool
(SMART; http://smart.embl-heide lberg.de/) and SWISS-MODE (https://www.swissmodel.expasy.org/)
were used to predict the three-dimensional (3D) protein structure and protein signal peptides and
functional domains. The self-optimized prediction method with alignment (SOPMA) was employed to
predict the secondary structure of a protein. Multiple sequence alignment of protein was performed using
Bioedit software version 7.2 (http://bioedit.software.informer.com/7.2). The phylogenetic tree was
constructed using Mega X software [30] (bootstrap analysis of 1,000 replicates) by the neighbour-joining
method.

Quantitative real-time PCR (qRT-PCR)
The expression patterns of Sp-Pol in different tissues (testis, ovary, heart, hepatopancreas, muscle, gill,
thoracic ganglion, gut, and stomach) and different development stages were detected by qRT-PCR using
SYBR Green method (Talent qPCR PreMix, TIANGEN Biotech (Beijing, China). The developmental stages
of the ovary [31] and testis [32] were determined according to the size, colour, and morphology of gonads.
qRT-PCR was performed using a LightCycler® 480 Instrument II (Roche, Switzerland) with the following
program: denaturation at 95°C for 3 min; 40 cycles of 95°C for 5 s, 60°C for 10 s, and 72°C for 15 s. The
target gene Sp-Pol and the housekeeping genes (EF1α and 18S rRNA) were ampli�ed using gene-speci�c
primers (Table 1). Gene expression data were analyzed using the 2−ΔΔCT method [33].

Unilateral eyestalk ablation
Twenty males (mean weight 221.2 ± 23.3 g; testis stage III) and thirty females (mean weight 211.4 ± 19.8
g; ovary stage II) of S. paramamosain at the inter-moult stage were randomly distributed into the control
group and experimental group. Before unilateral eyestalk ablation, crabs were held in captivity in 50 L
aquariums with air-pumped circulating seawater for 7 days. The eyestalk of crabs was ablated using hot
tweezers. No eyestalk was ablated in the individuals from the control group. After 7 days, gill, muscle,
hepatopancreas, and gonads were dissected to investigate the expression level of Sp-Pol. After total
RNAs extraction and cDNA synthesis, the SYBR Green method was performed using designed primers RT-
Sp-Pol-F/R and 18S-F/R (Table 1). The procedure for qRT-PCR and data analyses were performed as
described in section “Quantitative real-time PCR (qRT-PCR)”.

Fluorescence in situ Hybridization (FISH)

After dissection, gonads samples (mean weight of male crabs: 107.4 ± 23.1 g; mean weight of female
crabs: 124.8 ± 21.9 g) were used for the preparation of frozen sections. The OCT-embedding tissue was
cut into 3 µm sections by a frozen section machine (Thermo). The �uorescein-labelled DNA probe (5 -
FAM-GCTAGAGCTTGCATCTCATTCCATGCTGCA-3 ) was synthesized based on the cDNA sequence of Sp-
Pol by the Sangon Biotech Company (Shanghai, China) (Table 1). Before hybridization, slides were
digested using proteinase K for 5 min. Then, sections were immersed in 75%, 85%, and 100% ethanol for
1 min, respectively. Hybridization was carried out at 65°C overnight with FAM-labelled Sp-Pol probe (10 µl
for each slide). The sections were subjected to nuclear staining by DAPI and observed using Axio
Observer 5 �uorescence microscopy (ZEISS, Germany).
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Statistical analysis
SPSS version 21.0 (Chicago, Ill., USA) was used for statistical analysis of the experimental data. The
normality and homoscedasticity of the data were assessed using Kolmogorov-Smirnov and Levene‘s test,
respectively. The proportional data were normalized using squareroot arcsin transformation. One-way
ANOVA was utilized to determine the differences in the expression pro�le of Sp-Pol in different tissues
and different developmental stages. Signi�cant differences between groups were determined using the
Tukey’s HSD post hoc test in each case. The expression of Sp-Pol between unilateral eyestalk ablation
and the control group was analyzed using an independent samples t-test. The level of signi�cance for all
analyses was set at P < 0.05. All data are presented as mean ± SE.

Results

Veri�cation of sex-speci�c SNP1888
The position of SNP1888 in Cluster_39896 is shown in Fig. 1A. With a pair of primers (F:
CTACGGCACCCGCACCATCCTT, R: AGCAAGTTTGCGCCGACATGGA), a speci�c product was obtained by
PCR. According to the sequencing chromatograms, SNP1888 showed heterozygous (T/C) in all 106
females and homozygous (C/C) in all 89 males (Fig. 1B, C). 

Characterization of Sp-Pol
The full-length cDNA of Sp-Pol was 1,703 bp and contains a 5 -UTR of 344 bp, a 3 -UTR of 744 bp, and
an ORF of 615 bp encoding a total of 204 amino acid residues (aa) (Fig. 2). Sp-Pol protein has a
molecular mass of 22.74 kDa, with an estimated isoelectric point (PI) being 8.50. Analysis by SignalP 5.0
software revealed that the deduced peptide does not contain a putative signal peptide. Twenty-eight
potential phosphorylation sites were identi�ed at 14 serine residues (aa 6, 14, 25, 26, 29, 30, 31, 33, 40, 79,
100, 101, 131, and 173) and 14 threonine residues (aa 19, 20, 22, 27, 28, 54, 59, 73, 80, 81, 127, 136, 164,
and 195). A potential N-glycosylation site (162NQTC165) and six potential O-glycosylation sites (Ser6,
Ser14, Thr19, Ser26, Thr-27, Thr148) were also identi�ed. Using the SOPMA program reveal that the Sp-
Pol protein contained 33.82% α helix, 3.43% β turn, 55.39% random coil, and 7.35% extended chain
(Fig. 3). 

Mapping of sex-speci�c SNP1888 and Sp-Pol
The mapping results showed that the sex-speci�c SNP1888 with the Sp-Pol gene were mapped on LG32
of the sex-averaged high-density genetic linkage map (Fig. 4). Hence, LG32 is suggested as a sex-related
linkage group due to it already has 13 sex-speci�c SNPs (SNP1888, SNP1, SNP2, SNP3, SNP4, SNP5,
SNP6, SNP7, SNP8, SNP9, SNP10, SNP11, SNP12) and exclusive sex QTLs of S. paramamosain [11]. 
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Phylogenetic analysis of Sp-Pol protein
Bioinformatics analysis of the deduced amino acid sequence of Sp-Pol protein indicated its structural
similarity to Gag-Pol polyprotein family of peptides. Sequence comparison demonstrated that the Sp-Pol
protein shared the highest identity with the Retrovirus-related Pol polyprotein from transposon opus
(Penaeus vannamei) (ROT64510.1, 60.47% identity, bit score: 209, expectation value: 3.73e− 61) (Fig. 5). A
phylogenetic tree was constructed by the neighbor-joining method using multiple alignments of 26
homologous proteins from Decapoda, Insecta, Echinodermata, Cichliformes, and Octopoda (Fig. 6). In
this tree, the homologous proteins are divided into four separate clades: Decapoda, Insecta, marine
invertebrates (i.e., sea urchin, sea cucumber, coral, and octopus), and a �sh species. 

Expression pro�le of Sp-Pol in different tissues and
different developments
Among all examined tissues, Sp-Pol was expressed at a higher level in gonads compared to other tissues
(P < 0.05). The highest expression of Sp-Pol was detected in testis with approximately 4-fold higher than
in the ovary (P < 0.05) (Fig. 7A). Meanwhile, we found that Sp-Pol had mono-allelic expression in the
ovary, whereas in the testis both alleles were expressed. In the ovary, mono-allele which owing nucleotide
acid C at the SNP1888 locus was expressed, and the other allele which owing T was not expressed
(Fig. 1B, C). Furthermore, the expression level of Sp-Pol in different development stages of testis and
ovary was investigated (Fig. 7B). The highest expression level of Sp-Pol was observed at the �rst stage of
testis development (T-1), and then the expression level decreased signi�cantly from T-1 to T-2 and T-3 (P < 
0.05). However, in the ovary, the expression of Sp-Pol was low during all �ve stages of ovary development
(O-1 to O-5), even with the highest expression at O-2. In addition, the expression pro�le of Sp-Pol during
embryo (E), zoeae (Z-1 to Z-5), megalopa (M), and crablets (C-1 to C-6) was assessed (Fig. 7C, D). An
upward trend was observed for males but a downward trend was observed for females at C-5 and C-6
stages (P < 0.05) (Fig. 7C). Sp-Pol was expressed in the embryo and all zoeae stages, with the highest
expression at zoea I and embryo stage (Fig. 7D). 

The effects of eyestalk ablation on the expression level of
Sp-Pol
In males, eyestalk ablation signi�cantly increased the expression level of Sp-Pol by 4.7-fold and 2.1-fold
in testis and hepatopancreas, respectively (P < 0.05) (Fig. 8A). In females, Sp-Pol expression level was
down-regulated in hepatopancreas by 2.2-fold (P < 0.05) (Fig. 8B). Besides, eyestalk ablation slightly
elevated the expression level of Sp-Pol in the ovary by 1.5-fold, however, no signi�cant difference was
found (P = 0.23). According to the result, Sp-Pol might be negative-regulated by eyestalk in testis, ovary,
and male hepatopancreas, but not in female hepatopancreas. 
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The localization of Sp-Pol
The FISH assay showed that Sp-Pol transcripts were detected in both ovary and testis (Fig. 9). In the
ovary, Sp-Pol was mainly expressed in oogonia cells (Fig. 9A). In testis, Sp-Pol transcripts were strongly
localized in epithelial cells of seminiferous tubules (Fig. 9B).

 

Discussion
Limited information is available on the sex-determination system of brachyuran crabs. For decades,
scientists believed that the XY/XX sex-determination system is the only sex-determination system for
crabs [34]. Recently, besides the XY/XX [9], the WZ/ZZ sex-determination system has been found in some
crab species such as Eriocheir sinensis [8], S. paramamosain, S. tranquebarica, and S.serrata [10]. Sex-
speci�c SNP marker is considered a powerful tool for understanding the sex-determination system [35].
Detection of female-speci�c SNP markers provides insights into a WZ/ZZ sex determination system in S.
paramamosain [10]. In the present study, SNP1888 was mapped on the LG32 of the genetic map, which is
a sex-related linkage group, and was located very close to the positions of other sex-speci�c SNPs (SNP1,
SNP2, SNP3, SNP4, SNP5, SNP6, SNP7, SNP8, SNP9, SNP10, SNP11, SNP12) [10, 11]. The presence of
female-speci�c SNP markers and their locations on the female linkage map supports the existence of a
WZ/ZZ sex determination system in S. paramamosain.

Phosphorylation plays critical roles in several aspects of cell life, including metabolism, proliferation,
apoptosis, differentiation, cell division, and DNA replication. Protein phosphorylation is catalyzed by a
group of enzymes called kinases, which add a phosphate group to serine, threonine, tyrosine, or, to a
lesser degree, histidine residues [36]. Twenty-eight putative phosphorylation sites (14 sites on serine and
14 sites on threonine residues) in Sp-Pol protein in the present study suggest that Sp-Pol protein may be
activated by some kinases enzymes. The prediction of six potential O-glycosylation and one N-
glycosylation site indicates that glycosylation may also affect the function of Sp-Pol protein.
Glycosylation, like phosphorylation, is important due to the various roles in protein folding, protein
tra�cking and localization, cell-cell interactions, and epitope recognition [37]. Glycosylation can be
classi�ed into four types: N-linked, O-linked, Glypiation, and C-linked. In N-linked glycosylation, the
oligosaccharide chain is attached to the amide nitrogen of asparagine. In O-linked glycosylation, the
glycan is attached to the hydroxyl oxygen of serine or threonine [38].

Sequence homology and phylogenetic analysis showed that Sp-Pol protein had the highest similarity to a
Retrovirus-related Pol polyprotein gene from P. vannamei (60.47% identity) and was also slightly
homologous (20–35% identity, bit score: 50–55, expectation value: 10− 3-10− 6) to a group of
uncharacterized and hypothetical proteins from crustaceans, insects and echinoderms species. Although
Sp-Pol protein was closely related to a Retrovirus-related Pol polyprotein from P. vannamei and a
hypothetical protein from swimming crab (Portunustri tuberculatus), it was distinct from other identi�ed
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proteins. The very low similarity of Sp-Pol protein to other known homologous proteins and failure to
predict functional domains indicates that this gene may not belong to the Gag-Pol polyprotein family and
can be reclassi�ed as a new family. Notably, the protein encoded by the Sp-Pol gene (204 aa) was quite
smaller than Retrovirus-related Pol polyprotein from P. vannamei (541 aa) and other homologous
proteins.

Spatio-temporal expression analysis showed that Sp-Pol was expressed in all the examined tissues and
during all life stages, suggesting that it has a wide range of functions in different tissues and
developmental stages. Expression of Sp-Pol in gonads was higher than other tissues including heart,
hepatopancreas, muscle, gill, thoracic ganglion, gut, and stomach. Comparing the expression of Sp-Pol
between females and males, male crabs displayed a higher level of Sp-Pol expression in the testis
compared to the ovary. The higher expression of Sp-Pol in testis revealed that it is likely to play more
important roles in the sexual development of male compared to female S. paramamosain. The lower
expression of Sp-Pol in the ovary compared to testis may due to the mono-allelically expression pattern of
this gene in the ovary. In the ovary, mono-allele which owing nucleotide acid C at the SNP1888 locus was
expressed, and the other allele which owing T was not expressed. The mono-allele expression could result
in several different outcomes at the transcriptional level. There is a general trend for monoallelically
expressing cells to have fewer transcript levels than biallelically expressing cells [39].

Recently, several sexual genes have been identi�ed to be involved in the “eyestalk-AG-testis” endocrine
axis [15]. It has been revealed that some of these genes are regulated by the eyestalk neurohormones and
are located at the upstream of IAG and the sexual differentiation cascade [22, 23, 40–42]. For example, it
has been reported that CFSH, Sox, Dsx, Slx, Dmrt, GEM, and Fem-1 are negatively regulated by the eyestalk
(X-Organ).

Considering the important involvement of eyestalk (X-Organ) in the regulation of sex-related genes in
male crustaceans, we hypothesized that eyestalk may participate in the regulation of Sp-Pol, either
directly or indirectly upstream of Sp-Pol. Therefore, to evaluate the regulatory role of eyestalk in the
regulation of Sp-Pol, we investigated the expression level of Sp-Pol after unilateral eyestalk ablation. After
unilateral eyestalk ablation, the expression level of Sp-Pol was signi�cantly up-regulated in the testis and
male hepatopancreas and downregulated in female hepatopancreas. A similar expression pattern has
been reported for IAG in the male blue crab, Callinectes sapidus. The expression of IAG was found to be
up-regulated after eyestalk ablation in testis and hepatopancreas [43]. The signi�cant changes of Sp-Pol
mRNA in the hepatopancreas suggest Sp-Pol may be related to nutrient metabolism in the
hepatopancreas. In decapods, the hepatopancreas is the major source for providing energy to gonad
development [44]. The increase of hepatopancreas weight during the reproductive season has been
documented in several studies (i.e., material and energy storage for oogenesis) [45]. Vitellin (Vn)
produced in the hepatopancreas is the main component of yolk proteins, which is stored in oocytes and is
a nutritional source for animal embryo growth [46]. Vn is processed from its precursor, vitellogenin (Vg).
In S. paramamosain, both the hepatopancreas and ovary are sites of Vg synthesis, but the
hepatopancreas is the primary synthesis site [47]. Therefore, further studies are required to evaluate the
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role of Sp-Pol in vitellogenesis and hepatic metabolism. Eyestalk ablation revealed that Sp-Pol expression
may be regulated by inhibitory factors present in the eyestalk ganglia.

To investigate the potential role of Sp-Pol in gametogenesis, we performed FISH to locate Sp-Pol mRNA in
the ovary and testis. In the ovary, Sp-Pol transcripts were detected in the oogonium cells but no signal
was found in the follicle cells. In the testis, strong Sp-Pol signals were detected in the epithelia of
seminiferous tubules. Signals decreased toward the centre of the tubules of the testis, which means the
expression level of Sp-Pol may progressively decrease from spermatogonia to spermatids.
Spermatogenesis starts with the mitotic division of spermatogonia cells that locate on one side of the
seminiferous tubules. Then, spermatogonia cells differentiate into primary spermatocytes.
Spermatocytes divide into two equal haploid spermatids by Meiosis II. Later, spermatids differentiate into
spermatozoa in the central region of the tubule [48]. The role of the epithelium seminiferous tubules is not
well studied in crustaceans. In �sh, the cellular interactions between Sertoli cells and germ cells in the
seminiferous epithelium play an important role during the spermatogenesis process [49]. The structure of
seminiferous epithelium changes from a Sertoli cell monolayer (containing spermatogonia cells during
the non-reproductive season) to an active spermatogenic arrangement composed of spermatocytes and
spermatozoa that �ll the tubular lumen (reproductive season) [50].

Conclusions
In the present study, we �rst veri�ed SNP1888 being a female-speci�c SNP marker and then we identi�ed
a novel sex-related gene (Sp-Pol) at the upstream of SNP1888. Furthermore, we mapped SNP1888 and
Sp-Pol on a high-density genetic map. Despite the fact that Sp-Pol protein has low homology to other
homologous proteins in other species, Sp-Pol protein may not belong to the Gag-Pol polyprotein family
and can be classi�ed as a new family. Sp-Pol exhibited different expression patterns in different tissues,
different early development stages. Sp-Pol was expressed much higher in the testis than in the ovary,
which might be related to the mono-allelically expression pattern of this gene in the ovary. The changes
of Sp-Pol expression in testis and hepatopancreas after eyestalk ablation showed that Sp-Pol is regulated
by eyestalk neurohormones. These results demonstrated that Sp-Pol may play important roles in the
sexual development of S. paramamosain.

Further studies are required to investigate the roles (i.e., long-term and short-term RNA interference) and
regulation mechanism of Sp-Pol in S. paramamosain. It would be interesting to study the relationship of
Sp-Pol with other sexual genes such as IAG, CFSH, Sox gene family, Dmrt gene family, etc. Based on the
observation of mono-allelic expression of Sp-Pol in the ovary, it would be interesting to �nd whether Sp-
Pol is an imprinted gene or regulate by DNA methylation mechanism.
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Figure 1

A. The position of Seq-1888 and its sex-speci�c SNP marker on the sequence (SNP 1888:T/C).
Sequencing chromatograms of the ovary and testis DNA (Figure 1B) and cDNA (Figure 1C) in Scylla
paramamosain. Double peaks indicate heterozygous and single peak indicates homozygous. Sequencing
data (i.e., sequencing data for SNP discovery) are available at NCBI Sequence Read Archive (accession
number SRP135178).
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Figure 2

Sequences of full-length complementary DNA and deduced amino acids (aa) of Sp-Pol. The number of
nucleotide and amino acid are listed on the left side. Start (ATG) and stop codon (TAA) of the open
reading frame are both indicated in bold. Termination of aa is denoted by asterisks. Predicted O-
glycosylation sites are indicated by red solid triangles (▲). The potential N-glycosylation site
(162NQTC165) is underlined. Potential phosphorylation sites are in boxes. Letter with green background
indicates the location of sex-speci�c SNP (SNP1888: C/T).
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Figure 3

Illustration of the Sp-Pol protein. (A) The three-dimensional (3D) protein structure of Sp-Pol. (B) Analysis
of the secondary structure. The a-helix (blue), extended strand (red), random coil (yellow), and b-turn
(green) are indicated by blue.
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Figure 4

Mapping results of Sp-Pol gene (SNP1888) in the genetic map of Scylla paramamosain.
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Figure 5

Multiple alignments of deduced amino acids of Sp-Pol protein and its homologs. (A): GenBank accession
numbers are as follows: Penaeus vannamei (ROT64510.1); Portunustri tuberculatus (MPC10902.1). (B):
The three-dimensional (3D) protein structure of Sp-Pol protein predicted by the online server SWISS-
MODEL.
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Figure 6

Phylogenetic analysis of Sp-Pol protein (red rectangle) from S. paramamosain and homologous proteins
from other species. The amino acid sequence and GenBank accession number of the proteins are
provided in the supplementary �le.
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Figure 7

The expression pro�les of Sp-Pol in different tissues and different sexual developmental stages. (A): The
expression of Sp-Pol mRNA in different tissues. (B): The expression of Sp-Pol mRNA at different gonadal
development stages (O, ovary; T, testis). (C): The expression of Sp-Pol mRNA during different juvenile
stages (M, megalopa larva stage; C, crablet stage). (D): The expression of Sp-Pol mRNA during larvae
development (E, eggs hatch; Z, zoea stage). Signi�cant differences are indicated with different letters and
* mark (P < 0.05). Values are mean (± SE).
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Figure 8

Effect of unilateral eyestalk ablation on Sp-Pol expression in different tissues. * indicates signi�cant
expression difference (P < 0.05). Values are mean (± SE).

Figure 9

Localization of Sp-Pol transcripts in the ovary (A) and testis (B) of Scylla paramamosain by FISH. Image
A and B were captured at ×100 and ×10 magni�cation, respectively. Sp-Pol mRNA signals (green dots) are
presented inside the red circles.
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