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To clarify the hormone control on sex determination and differentiation, we
studied the Chinese mitten crab, Eriocheir sinensis (Henri Milne Edwards, 1854),
a species with importantly economic and ecological significance. The
crustacean female sex hormone (CFSH) and the insulin-like androgenic
gland hormone (IAG) have been found to be related to the sex
determination and/or differentiation. CFSH-1 of E. sinensis (ESCFSH-1)
encoded a 227 amino-acid protein including a signal peptide, a CFSH-
precursor-related peptide, and a mature CFSH peptide. Normally, EsCFSH-1
was highly expressed in the eyestalk ganglion of adult female crabs, while the
expression was declined in the intersex crabs (genetic females). The intersex
crabs had the androgenic glands, and the expression level of ESIAG was close to
that of male crabs. During the embryogenesis and larval development, the
changes of EsCFSH-1 and EsSIAG genes expression in male and female
individuals were shown after the zoea IV stage. Next, we confirmed the
existence of the regulatory feedback loop between EsCFSH-1 and ESIAG by
RNA interference experiment. The feminization function of ESCFSH-1 was
further verified by examining the morphological change of external
reproductive organs after ESCFSH-1 knockdown. The findings of this study
reveal that the regulatory interplay between CFSH and IAG might play a pivotal
role in the process of sex determination and/or differentiation in decapod
crustaceans.
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1 Introduction

The crustacean female sex hormone (CFSH), initially
identified in the blue crab, Callinectes sapidus, was a
neuropeptide hormone synthesized in the X-organ and
secreted by the sinus gland in the eyestalk (Zmora and
Chung, 2014). Self-explained by its name, the function of
CFSH was found to be related to the female sexual sex
differentiation of crustaceans, especially the development of
the female reproductive anatomies such as gonopores and
ovigerous setae (Adkins-Regan, 2014) and possibly the
ovarian maturation (Liu et al., 2018; Tsutsui et al., 2018).
To date, CFSH has been identified in several crustaceans such
Cherax
Chorismus

as Carcinus maenas, Sagmariasus verreauxi,

quadricarinatus, Procambarus clarkii,
antarcticus, Penaeus japonicus, Penaeus monodon, Scyllu
paramamosain, Macrobrachium rosenbergii, and Lysmata
(Farhadi et 2021; 2021).

Nonetheless, the relevant information was lacking in

vittata al., Toyota et al,

Eriocheir  sinensis, an economically and ecologically
important crustacean.

Discovered in 2007, the insulin-like androgenic gland
hormone (IAG) secreted from the androgenic gland (AG) has
been proven as a critical peptide hormone regulating male
differentiation in decapod species. The masculinizing function
of IAG was described as an “IAG-switch” in the endocrine
regulatory axis of X-organ-sinus-gland (XO-SG)-androgenic
gland (AG)-testis (Levy et al., 2020; Levy and Sagi, 2020).
Studies have found that repressing JAG expression at early
developmental stages could induce the degeneration of
primary and secondary sex characteristics of male, which
could eventually lead to feminization (Ventura et al, 2012;
Levy et al., 2017; Priyadarshi et al, 2017). To date, IAG
orthologs have been identified in several crustacean species,
including Eriocheir sinensis (Song et al., 2018; Fu et al., 2020;
Cui et al., 2021).

CFSH has been regarded as an upstream regulator of IAG,
while the recent evidence supported the possible existence of a
negative regulatory loop between CFSH and IAG. Previous
studies found that CFSH of Scylla paramamosain could inhibit
the expression of IAG in vitro (Liu et al,, 2018) and the inhibitory
mechanism was later detailed explained (Jiang et al., 2020a; Jiang
et al., 2020c), while JAGI and CFSH of Lysmata vittata was able
to inhibit the expression of each other reciprocally (Liu et al.,
2021b; Liu et al., 2021c). However, the research of the hormone
control on sex determination and differentiation has been limited
for lacking of sex identification during the embryogenesis and
larval development.

In this study, based on the genomic and transcriptomic
information, the basic gene feature of CFSH-1 was analyzed in
E. sinensis. Furthermore, we examined the possibility of existing
crosstalk between CFSH-1 and IAG by comparing their

expression level at various developmental stages including
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distinguished sex embryos and larvae, normal and intersex
crabs. At last, we confirmed the regulatory feedback loop by
observing the change of gene expression after knocking down its
potential inhibitor. The new insights based on the results from
embryogenesis and larval individuals and intersex crabs in our
study will hopefully contribute to a better understanding of the
process of sex determination and differentiation in the Chinese
mitten crab and other crustaceans alike.

2 Methods and materials
2.1 Animals and samples

The adults, intersex crabs, larvae and embryos of E. sinensis
were collected from the local crab farms and hatcheries around
Xinghua, Jiangsu province of China. The developmental stages of
embryos and larvae were classified according to the previous
descriptions (Liang et al., 1974; Montu et al., 1996) under an
Olympus BX53F2 stereo microscope (Olympus, Tokyo, Japan).
The biological samples were separated in tubes, and rapidly
frozen in liquid nitrogen until further usage.

Animal handling and experimental procedures were
performed according to the guidelines of the Guide for the
Use of Experimental Animals of Ningbo University.

2.2 Total RNA extraction and cDNA
synthesis for tissue samples

Total RNA was extracted from tissues including eyestalk
ganglion (EG), ovary (O), testis (T), androgenic gland (AG) using

TABLE 1 The summary of primers used in this study.

Primer Sequence (5'-3’) Application
EsCFSH-1-F CCTTCTCTTGGGATGTTCG Gene cloning
EsCFSH-1-R ATCTTCACGGCTTGGGTTC

EsCFSH-1-qF ATACGTTGAGCGCCAGATCC qRT-PCR
EsCFSH-1-qR CAGAGCCACACATACGGAGC

EsIAG-qF GCTCCTACAAGCAGCACCC

EsIAG-qR AGGGTCTTCCAGATGGATCG

GCATCCACGAGACCACTTACA
CTCCTGCTTGCTGATCCACATC
AACCACCATTGTCCATCCCTC
TTCAGAGCCACACATACGGAG

Es-B-actin-qF
Es-B-actin-qR
EsCFSH-1-dsF
EsCFSH-1-dsR

Synthesis of dsSRNA

EsIAG-dsF CACCTCATGCAACGTGCAGTT
EsIAG-dsR TTCTGCACGTTGCATGAGGTG
EGFP-dsF CACAAGTTCAGCGTGTCCG
EGFP-dsR AACCACTACCTGAGCACCCA
Primer-T7 TAATACGACTCACTATAGGG
Primer-SP6 ATTTAGGTGACACTATAG

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1054773

Zhu et al.

10.3389/fphys.2022.1054773

TABLE 2 The source of CFSHs for the multiple sequence alignment and phylogenetic analysis.

Gene name Species

SpCFSH-1
SpCFSH-2
EsCFSH-1
EsCFSH-2a
EsCFSH-2b
CmCFSH-1

Scylla paramamosain

Eriocheir sinensis

Carcinus maenas
CmCFSH-2a
CmCFSH-2b
PjCFSH-ov
PjCFSH
MrCFSH-1a
MrCFSH-1b
MrCFSH-2a
MrCFSH-2b
LyvCFSH-1
LyvCFSH-2
CsCFSH
PmCFSH
PcCFSH-1
PcCFSH-2a
PcCFSH-2b
LivCFSH-1a
LivCFSH-1b
LivCFSH-1c

Penaeus japonicus

Lysmata vittata

Callinectes sapidus
Penaeus monodon

Procambarus clarkii

Litopenaeus vannamei

the TRIZOL® reagent (Invitrogen, California, United States)
the The
concentration and quality of total RNA were assessed using a

according  to manufacturer’s  instructions.
NanoDrop One spectrophotometer (Thermo Fisher Scientific,
Massachusetts, United States). 1 pg of total RNA was converted
to cDNA using the PrimeScript™ RT reagent Kit with gDNA
Eraser (TaKaRa, Tokyo, Japan) following the manufacturer’s

instructions.

2.3 DNA/RNA co-extraction for embryos
and larvae

The DNA/RNA co-extraction was applied for the single
embryo at the stages of fertilized egg (Fe), two-cell (2C), and
blastula (Bs) and the single larva at the stage of zoea III (Z3),
zoea IV (Z4), and zoea V (Z5). Total DNA and RNA of each
embryo and larva were extracted simultaneously using a
Tiangen DP423 DNA/RNA/Protein Isolation Kit (Tiangen,
Beijing, China). Firstly, a specimen was fully homogenized in
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Macrobrachium rosenbergii

03

Genebank accession number
or gene ID

ASU91622.1
ASU91623.1
New023086.1
New 075712.1
CCG012020.1
AEI72264.0
GBXE01009034.1
GBXE01009035.1
BBC20727.1
BBA53799.1
Unigene35740
Unigene35739
Unigene35630
Unigene35631
QOD42430.1
QOD42431.1
ADO00266.1
QYK79693.1
GBEV01018430.1
GBEV01038769.1
GBEV01021357.1
JP398644.1
JP398645.1
JP398646.1

the lysis buffer by a Servicebio KZ-III-F low-temperature
tissue grinder (Servicebio Technology, Wuhan, China).
After leaving on ice for 15min, the total DNA was
separated by centrifuging the lysate through a HiBind®
DNA mini-column at 13,000 x g for 1min at room
17R
microcentrifuge (Thermo Fisher Scientific, Waltham, US).

temperature using a Sorvall” Legend” Micro
After mixing with absolute ethanol and later DNA digestion
by DNase I for 15 min, the total RNA in the flow-through
lysate was collected by centrifugation through a HiBind” RNA
mini-column at 13,000 x g for 1 min. Subsequently, the total
DNA and RNA were eluted into separated tubes by
centrifuging the wash buffer through the columns twice
(13,000 x g, 1 min). Finally, the purified nucleic acids were
dissolved in 100 uL DEPC-treated water. The concentration
and quality of the DNA and total RNA were assessed using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Massachusetts, United States). The total RNA was later
reversed transcribed to ¢DNA by CellAmp~ Whole

Transcriptome Amplification Kit (TaKaRa, Kyoto, Japan).
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@ AGCAAAGCAGCACTTCCCTCAAGCCAACAAGCT
MKQSSTSLEKPTS
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..... a tggg

TCATTTTTGTCCTTCTCTTGGGATGTTCGTTTTCAACCACCATTGTCCATCCCTCGCGTGCCCAAGACTTCTTGCAATATCTGCAGCTAGAGA

FIFVLLLGCSFSTTIVHPSRAQDFLQYLAG QLE
289 299 309 319 329 339 349 359 369

GACAGCACCTTATGGATTCACTCACCAACCAAGTTCAAAAGCGCTCATCCATCATTGGCCACATGGTCCCCTTCTTCTACAGGACGAGAGAGC

382 392 402 412 422 432 442 452 462
AAGTCATGAAGGAGTTCATGGACAACTATATGCTGGTGCCAAGGGCTATCATCGGCT(XJACTGCGAACCTACATCATGGTGTCAACTGTTCAG
QVMKEFMDNYMLVPRAIIGSTANLHHGVINCSl
AATTCAGAGAGGGAAGCAAAGTGTATGAAAATCGTTTCCAAGCAAATTTCAGTATGAGACCCATTTGGCTTCATCGTTCAGAAACCATCAGTA
|B|FREGSKVYBNRFOANFSMRPIWLHRSETIﬁ

661 671 681 691 701 711 721 731 741
GCTCACAGTGTGCTGACGACGGCTCCGTATGTGTGGCTCTGAAATATCGTCTTCCTGTGTGGATCAAGCTGGACTCCAAGGATTACACTACAG
¢S QL ADDE SV CYALKYRLEYNIKRLDSKDYTT

754 764 774 784 794 804 814 824 834
ACACTGTGGAACTGACTGTAGCTTGTGCCTGTGCCAAGAACCCAAGCCGTGAAGGTGGCTATACAAACATTGGCGAAAATTA! @t atgaaa
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FIGURE 1

The basic molecular characterization of EsCFSH-1 (A) the nucleic acids and deduced amino acids sequence of EsSCFSH-1 from the Eriocheir
sinensis. The ORF was shown in a single letter code below the nucleotide sequence. The N-terminal glycosylation site was boxed in the dashed-line,
the O-terminal glycosylation site was surrounded by the shaded stars, the cysteine residues were pointed by the orange triangles. The putative signal
peptide was underlined by the thin black line, the pre-CFSH related peptide was marked by the thick black line, and the CFSH mature peptide

was marked by the black dashed line (B) the secondary structure of ESCFSH-1 protein predicted by Novopro. The predicted interleukin-17 domain
was highlighted in yellow area (C) the predicted protein domain by the SMART. The red box was the signal peptide, and the dark frame was the
interleukin-17 domain (D) the tertiary protein structure of ESCFSH-1 predicted by the SWISS-PROT.

2.4 Distinguishing sex by genetic markers

Based on the polymerase chain reaction (PCR) method
described in the published laboratory papers (Cui et al., 2018;
Cui et al,, 2021), the extracted genomic DNA was used to
distinguish the genetic sex of E. sinensis with the specific
primers. The total volume of PCR mixture is 25 uL, which
contains 1 pL diluted cDNA template, 2.5 pL 10 x PCR buffer,
2 uLdNTP (10 mM), 0.5 pL each primer (10 mM), 0.2 uL rTaq
polymerase (TaKaRa, Kyoto, Japan) and 18.3 uL double
distilled H,O. The PCR was performed ollowing the
conditions: 95°C for 3 min; 40 cycles of 95°C for 30's, 55°C
for 30s, and 72°C for 20s, and a final extension at 72°C for
10 min. After the agarose gel electrophoresis, the male and
female can be distinguished with the specific band of about
300 base pairs (bp).

Frontiers in Physiology

2.5 Cloning of the full-length cDNA

The full-length cDNA sequence of EsCFSH-1 was extracted
from the published genome assembly of E. sinensis (Cui et al.,
2021). To verify the accuracy of the sequence, the polymerase
chain reaction (PCR) was carried out using the cDNA library of
female EG as the PCR template. The PCR was performed
following the instruction of Ex Taq polymerase (TaKaRa,
Kyoto, Japan). The total volume of PCR mixture is 25 L,
which contains 1 uL diluted ¢cDNA template, 2.5 uL. 10xPCR
buffer, 2L dNTP (10 mM), 0.5puL primer EsCFSH-1-F/R
(10 mM), 03 puL Ex-Taq polymerase and 18.2pL double
distilled H,O. The PCR was performed following the
conditions: 95°C for 3 min; 35 cycles of 95°C for 30s, 58.5°C
for 30s, and 72°C for 40s, and a final extension at 72°C for
10 min. The sequences of primers were listed in Table 1. The
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primers were designed via the Primer Premier 5.0 (Premier
Biosoft, San Francisco, United States) and the Primer-BLAST
of NCBI (ncbi.nlm.nih.gov/tools/primer-blast/) (Ye et al., 2012).

The PCR products separated by gel electrophoresis was
and cloned into the pMDI19-T vector
(TaKaRa, Kyoto, Japan) prior to the Sanger sequencing by a

excised, purified,

commercial service provider (GENEWIZ, Suzhou, China).

2.6 Bioinformatics analyses

The open reading frame (ORF) was predicted by the ORF
finder (https://www.ncbi.nlm.nih.gov/orffinder/) (Misener
and Krawetz, 2000). The signal peptide was predicted using
SignalP 5.0 Server (https://services.healthtech.dtu.dk/service.

php?SignalP-5.0) (Almagro Armenteros et al., 2019). Further,

10.3389/fphys.2022.1054773

the N-glycosylation motif was predicted by the NetNGlyc 1.
0 Server (https://services.healthtech.dtu.dk/service.php?
NetNGlyc-1.0) (Gupta and Brunak, 2002), the O-terminal
glycosylation site was predicted by the NetNGlyc 1.0 Server
(https://services.healthtech.dtu.dk/service.php?NetOGlyc-4.

0) (Steentoft et al., 2013). The cysteine (Cys) residues and
putative disulfide bonds were predicted via the DIANNA 1.
1 web (http://clavius.bc.edu/~clotelab/DiANNA/)
(Ferre and Clote, 2005).
predicted by the NovoPro software (https://www.novopro.

server

The secondary structure was

cn/tools/secondary-structure-prediction.html) (Jones, 1999),
and the SWISS-PROT software was used to analyze the
tertiary spatial structure (https://swissmodel.expasy.org/)
(Bairoch and Boeckmann, 1991). The conserved domain
was detected by the SMART software (http://smart.embl-
heidelberg.de/) (Letunic and Bork, 2018).
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The multiple sequence alignment analysis of the amino acid of decapod CFSHs. Three subtypes of CFSHs were boxed, the pink box was CFSH 1,
the light blue was CFSH 2b, and the green was CFSH 2a. The signal peptide was outlined by the red frame, and the cleavage site was boxed in black

line, the conserved cysteine residues were marked with red stars.
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(Figure 2 continued) The multiple alignment analysis of the amino acid sequences of decapod CFSHs.

The multiple alignment of full-length amino acid sequences
was performed by the ClustalX software using the published
CFSH sequences (Table 2) excluding the signal peptide. The
phylogenetic tree was constructed using the complete CFSH
sequences by the MEGAG6 software, in which the neighbor-
joining algorithm with 2,000 bootstrap replicates was applied
based on the JTT matrix-based model (Saitou and Nei, 1987).

2.7 The preparation of short interfering
double-stranded RNA

The synthesis of short interfering double-stranded RNA (dsRNA)

was performed using the TranscriptAid™ T7 high yield transcription

Frontiers in Physiology

kit (Thermo Scientific Inc., Massachusetts, United States) following
the standard protocols on the manual. Primers EsCFSH-1-dsF/dsR
and ESIAG-dsF/dsR (Table 1) were designed to amplify cDNA
fragments of EsCFSH-1 and EsIAG (GenBank ID: KU724192.1) to
constructed the recombined plasmids of pGEM-T-EsCFSH-1 and
PGEM-T-ESIAG, respectively. Primers of EGFP-dsF/dsR (Table 1)
were used to amplify the fragments of enhanced green fluorescent
protein (EGFP) gene (GenBank: U55761) to constructed pGEM-T-
EGFP. The recombined plasmids with target genes were used to get
the linearized DNA templates, then the RNA transcripts can be
generated from 1ug DNA templates. After extraction and purification,
dsRNA could be obtained, and the concentration was measured by
Nanodrop One (Thermo Scientific Inc., Massachusetts, United States)
and stored at —80 “C until use.
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—

The phylogenetic analysis of the CFSH mature peptides from decapod crustaceans. Three EsSCFSHs from E. sinensis (marked in red) and
homologous proteins from other decapod species (Table 2). The details of conserved cysteine residues and KR site were shown on the right side

following the gene name.

Before the application of RNA interference, the dsRNA was
diluted with the artificial crab saline (ACS: 2.570 g NaCl, 0.084g
KCl, 0.148 g CaCl,, 0.248g MgCl,, 0.327 g Na,SO,4, 0.238¢
HEPES solved in 100 ml distilled water).

2.8 The gene knockdown for adult crabs

For adult crabs (body weight: 95.41 £ 10.14 g), four groups
were assigned to the experiment of gene knockdown. Each
group consisted of eight adult crabs (1:1 sex ratio). For the
group of IAG or CFSH-1 knockdown, the dsRNA of EsIAG or
EsCFSH-1 was injected into the hemolymph through the
arthrodial membrane between the third and fourth pleopod
by a 100 pL micro syringe (Shanghai Anting, Shanghai,
China). For the group of blank or negative control, the
equivalent amount of artificial crab saline (ACS) or dsRNA
EGFP was injected. The quantity of delivered dsRNA was 1 ug
per each gram of the body weight. Tissue samples including
EG and AG of each crab were collected for RNA extraction
24 h after the RNA interference.
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2.9 The gene knockdown for juvenile
crabs

the
150 individuals at the stage of juvenile I were injected with
dsRNA EsCFSH-1 (2 ug per 1g of body weight) using the
IM11-2 and M-152 micro injection system (NARISHIGE,
Tokyo, Japan). In the control group, the juveniles were

For gene knockdown for juvenile crabs,

injected with the equivalent amount of ACS. The samples
were collected at the stage of juvenile III (around 15 days). The
whole bodies of juvenile crabs were fixed in the PBS with 4%
paraformaldehyde for the morphological observation.

2.10 The morphological observation of
external reproductive structures

The gross anatomy of the male and female juveniles was
observed under an Olympus SZ51 stereomicroscope (Olympus,
Shinjuku, Japan). For the scanning electron microscopical
observation, the samples were prepared through ethanol

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1054773

Zhu et al.

gradient dehydration and tert-butyl alcohol replacement. After
being frozen for 20 h in -20°C, the samples were dried for 24 h in
the Martin Christ Alpha 1-4LD plus freeze-dryer (Martin Christ,
Osterode, Germany) before being sprayed with gold by a Hitachi
E-1010 ion sputtering device (Hitachi, Tokyo, Japan). The
micrographs were taken using a Hitachi S-3400N scanning
electron microscope (Hitachi, Tokyo, Japan).

2.11 Quantitative real-time PCR

The fluorescence quantitative real-time PCR (qRT-PCR) was
performed using the 7,500 Real-Time PCR system (Applied
Biosystems, California, United States) with TB Green Premix
Dimer Eraser (2x) (TaKaRa, Kyoto, Japan). The qRT-PCR was
carried out in a total volume of 20 pL, containing 10 uL TB Green
Premix Dimer Eraser (2x), 2 pL diluted ¢cDNA, 0.5 uL forward/
reverse primers (1 mM), 0.4 uL ROX Reference Dye Il and 6.4 uL
RNase-free water. The PCR program included the initial
denaturation at 95°C for 30s, followed by 40 cycles of

10.3389/fphys.2022.1054773

denaturation at 95°C for 15s, annealing and elongation at
60°C for 15s and 72°C for 30s. Each sample was run in
triplicates. All primers used for the qRT-PCR were listed in
Table 1. A standard curve was used to calculate the amplification
efficiency and ensure primer specificity of each primer pair,
EsCFSH-1-qF/R had the amplification efficiency of 105.895%,
ESIAG-qF/R had the amplification efficiency of 101.054%, and
the amplification efficiency of Es-B-actin-qF/R was 100.451%.
The relative expression levels of target genes were calculated by
the 2724 method (Livak and Schmittgen, 2001) using Es-B-actin
(GenBank ID: ATO74508.1) as the reference gene.

2.12 Statistical analysis

The normality of data was established by the Kolmogorov-
Smirnov test. All the data were presented in a normal distribution
and tested for variances homogeneity by the Levene’s test. The
statistical analysis was performed by the one-way ANOVA
followed by Tukey’s multiple tests using the GraphPad Prism
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The distribution analysis of EsSCFSH-1 and EsIAG in the normal and intersex mitten crabs (A) The abdominal morphology of intersex crab was
between normal female (round) and male (sharp) crabs (B) The comparative expression pattern of ESCFSH-1 between the normal and intersex mitten
crabs (C) Expression level of EsIAG in the normal and intersex mitten crabs. F-EG, eyestalk ganglion of females; M-EG, eyestalk ganglion of males;
|-EG, eyestalk ganglion of intersexes; F-O, ovary of females; M-T, testis of males; I-O, ovary of intersexes; M-AG, androgenic gland of males;
I-AG, androgenic gland of intersexes. The data were presented as means + SEM of eight separate individuals (n = 8). Statistical significance was

accepted at p < 0.05 and shown in different lower-case letters.
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FIGURE 6
The expression pattern of ESCFSH-1 and EsIAG in the female
(A) and male (B) embryos and larvae. Fe, fertilized egg stage; 2C,
two-cell stage; Bs, blastula stage; Z3, zoea Il stage; Z4, zoea IV
stage; Z5, zoea V stage. The data were presented as means +
SEM (n = 4). Significant differences of the gene expression levels
were shown with four stars at p < 0. 0,001.

seven software (GraphPad Software, San Diego, United States)
(Stoline, 1981; Swift, 1997). The quantitative results were
represented as mean + SEM.

3 Results

3.1 The bioinformatics prediction of full
length EsCFSH-1 gene and protein

The full-length c¢cDNA of EsCFSH-1 (GenBank ID:
OP351640) had 903 bp, included a 73-nt 3" UTR, a 149-nt 5'
UTR, and the 681-nt ORF that encoded a protein of 226 amino
acid residues (Figure 1A). The CFSH preprohormone was
comprised of a signal peptide of 34 residues, a CFSH-
precursor related peptide of 22 residues, a dibasic processing
signal (Lys-Arg, KR), and a mature peptide of 168 residues. The
molecular weight of the EsCFSH-1 protein was 25.68 kDa, and
the theoretical isoelectric point was 8.06. The instability
coefficient of the protein was 40.4. The average hydrophilic
coefficient of the protein was -0.269. The mature peptide had
a single conserved N-glycosylation site (Asn-Cys-Ser, NCS) at
N103 and two O-glycosylation sites at S136 and T140. Eight
cysteine residues were predicted to form four intramolecular
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The expression relationships between EsCFSH-1 and EsSIAG

after gene knockdown in the eyestalk ganglion of female E.
sinensis (A) Silencing efficiency of EsCFSH-1 and the expression
changes of EsIAG (B) Silencing efficiency of ESIAG and the
expression changes of ESCFSH-1. EG-EsCFSH-1, the expression of
ESCFSH-1 in the female EG; EG-ESIAG, the expression of ESIAG in
the female EG. The data were presented as means + SEM of four
separate individuals (n = 4). Statistical significance was accepted at
p < 0.05 and shown in different lower-case letters.

disulfide bridges: C104-C209, C138-C171, Cl164-C178, and
C166-C207.

The secondary structure of ESCFSH-1 contained 82 a-helixes
(45.79%), 12 B-turns (5.31%), 100 random coils (44.25%), and
32 extended strands (14.16%) (Figure 1B). The domains detected
by SMART showed that EsCFSH-1 had a signal peptide and an
interleukin-17 (IL-17) domain (Figure 1C). The prediction of 3D
structure showed the EsCFSH-1 could form a “butterfly” like
homodimer (Figure 1D).

3.2 The phylogenetic analysis of ESCFSH-1

By the comparison of amino acid sequences, the CFSHs of
decapods could be categorized into three subtypes: type 1, type
2a, and type 2b (Figures 2, 3). The difference between type 1 and
type 2 reflected on the existence of the signal peptide, while the
difference between type 2a and type 2b reflected on the existence
of the KR site. Additionally, the type 2b CFSHs contained two
extra cysteine residues at the N-terminal and no N-glycosylation
sites. The similarity between SpCFSH-1 and EsCFSH-1 was
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The expression relationships between EsCFSH-1 and EsIAG

after gene knockdown in the male E. sinensis (A) Silencing
efficiency of EsCFSH-1 and the expression changes of ESIAG (B)
Silencing efficiency of EsIAG and the expression changes of
ESCFSH-1. EG-EsCFSH-1, the expression of ESCFSH-1 in the male
EG; EG-ESIAG, the expression of ESIAG in the male EG; AG-ESIAG,
the expression of ESIAG in the male AG; AG-EsCFSH-1, the
expression of ESCFSH-1 in the male AG. The data were presented
as means + SEM of four separate individuals (n = 4). Statistical
significance was accepted at p <0.05 and shown in different
lower-case letters.

68.9%, which was the highest among the compared CFSH
sequences. Based on the sequence of 24 published CFSH
mature peptides (Table 2), the phylogenetic tree confirmed
that there were two main subtypes of CFSHs (Figure 4). In
conclusion, EsCFSH-1 belonged to the type 1 CFSH.

3.3 The tissue expression of EsCFSH-1 and
EsIAG between the normal and intersex
crabs

The abdomens of the intersex crabs exhibited an
intermediate shape comparing to the narrow shape of male
and the broad shape of female (Figure 5A). Each intersex crab
possessed the female reproductive organ ovary and the male
reproductive organ vas deferens attached by the androgenic
gland despite it was genetically tested as female.

For EsCFSH-1, although it was expressed in AG and gonads,
the main expression tissue was EG, and the expression in EG
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showed the higher level in the normal female crabs than the
intersex crabs (p <0.05) and males (p <0.05) (Figure 5B).

Furthermore, for EsIAG, the expression in AG showed the
higher level in the intersex crabs than the normal males (p <0.05)
(Figure 5C). Besides, the EG of the normal females had the higher
expression level than the males and even the intersex crabs
(p <0.05) (Figure 5C).

3.4 The temporal comparison of EsCFSH-1
and EsIAG expression in the embryos and
larvae

For the sex-distinguished embryo and larva (Figures 6A,B), the
expression levels of EsSCFSH-1 and EsIAG both were low in the early
stages of development (Fe and 2C), and then EsCFSH-1 was higher
expressed than EsIAG at the stages of Bs and Z3 (p <0.0001), while
the expressed pattern of EsCFSH-1 and EsIAG was reversed between
the Z3 and Z4 stage. After the Z4 stage, the expression of ESIAG
surged and EsCFSH-1 declined sharply in male larva (p <0.0001), the
trend was opposite in female larva.

3.5 The regulatory feedback loop between
EsCFSH-1 and EsIAG

For the female crabs, the inhibition rate of ESCFSH-1 expression
was 89% after EsCFSH-1 knockdown (p <0.05), and the expression
of EsIAG in EG had no change (Figure 7A). Furthermore, the
inhibition rate of ESIAG expression was 71% after EsIAG
knockdown (p <0.05), and the expression of EsCFSH-1 in EG
rised significantly compared with the ACS and dsRNA EGFP
groups (p <0.05) (Figure 7B).

For the male crabs, the expression of EsCFSH-1 significantly
decreased by 68% (p <0.05) after injecting with dsRNA EsCFSH-1
in EG, and the expression of ESIAG in EG had no change, but a
signifiant rising occurred in male AG (p <0.05) (Figure 8A). After
the knockdown of EsIAG, the expression of EsIAG in AG
decresed significantly by 62% (p <0.05), the expression of
EsCFSH-1 did not change in male AG, while it increased
significantly in male EG (p <0.05) (Figure 8B).

To sum results up, there was a repression function from
EsCFSH-1 to EsIAG in female and male EGs, conversely, the
inhibiting effect from ESIAG to EsCFSH-1 only existed in male AG.

3.6 The impact of EsCFSH-1 knockdown
on the sexual phenotype

The knockdown of EsCFSH-1 at the stage of juvenile I could not
skew the sex ratio. For the crabs survived to the stage of juvenile III,
there were 12 females and 13 males with a sex ratio of nearly 1:
1 which was similar to the sex ratio of the control group (Figure 9A).
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The female and male sexual characteristics of juvenile E. sinensis after EsCFSH-1 knockdown (A) Sexual ratio of normal control group and
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characteristics before (A) and after (B) treated dsRNA EsCFSH-1.

However, the knockdown of EsCFSH-1 appeared to have an impact
on the development of external reproductive structures. The penis of
a male juvenile became 140% larger after the treatment (Figures
9B,D), while the cover of female gonopore developed into an
abnormal cleft structure in several cases (Figure 9C).

4 Discussion

EsCFSH-1 identified from genome of E. sinensis shared the
typical protein structures of the type 1 CFSHs, including a signal
peptide, a KR site, an IL-17 domain, and eight highly conserved
cysteine residues. By comparison, the CFSH-2b subtype had the
signal peptide but no KR site, while the CFSH-2a had the KR site but
no signal peptide.

Frontiers in Physiology
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The signal peptide is necessary for the translocation of protein
via the conventional secretory pathway (Rabouille, 2017). Therefore,
CFSH-1 and 2b should belong to the secretory proteins, being
transported to the plasma membrane through the endoplasmic
reticulum and Golgi apparatus by COPII-coated vesicles (Palade,
1975; Brough et al., 2017). Based on the IL-17 domain, it is presumed
that CFSH-1 participates in the cellular process of signal
transduction. The protein with the IL-17 domain could mediate
tyrosine phosphorylation to activate the JAK/STAT signaling
pathway which transmits biochemical signals from IL-17
receptors to the nucleus of the regulated cell (Cooper and
Adunyah, 1999). The KR site is important for the formation of
mature protein of CFSH-1. It has been reported that the endocrine
cells synthesize the peptide hormone by endoproteolysis of the
precursor peptide at the site of Lys-Arg (KR) or Arg-Arg (RR)
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after the cleavage of the signal peptide (Hosaka et al., 1991; Veenstra,
2000).

Compared to the normal crabs, we found that the intersex crabs
show the aberrant expression of EsCFSH-1 and EsIAG. Normally,
CFSH-1 expressed at the highest level in the female EG (Kotaka and
Ohira, 2017; Liu et al., 2018; Liu et al., 2021a) and IAG extremely
highly expressed in the male specific organ AG (Sagi and Aflalo,
2005). For the intersex crabs, the expression of ESCFSH-I and EsIAG
in the EG and AG was close to the male level. Given these intersex
crabs are genetic females, the masculinized phenotype may be
related to the lowered EsCFSH-1 expression and the increased
EsIAG expression, which eventually lead to the unorthodox
emergence of AG. Furthermore, as the demethylation of 5'-UTR
region of CFSH ensured the high expression of CFSH in the female
EG (Jiang et al,, 2020a), our ongoing study will find out whether an
abnormally high methylation of this region decrease the expression
of EsCFSH-1 in the intersex crabs.

Next, we examined the role of EsCFSH-1 and EsIAG in the
process of sexual sex differentiation. Based on our results, it
seems that EsCFSH-I initiates feminization by an effective
repression of ESIAG expression since the late stage of
embryogenesis. In the male perspective, the early repression of
EsIAG appears inefficient, which results in the surge of EsIAG
expression during the transition after Z4 to megalopa. In a word,
the change trends of the two genes were almost same before the
74 stage, at which could be confirmed as the key period when the
feedback loop relationship between EsCFSH-1 and EsIAG
worked. Our finding is consistent with the morphological
observation of Eriocheir japonicus, in which the sexual
differentiation of internal reproductive organ (gonoduct)
could not be observed until the megalopa stage (Lee et al., 1994).

The experiment of gene knockdown was later conducted to
figure out the regulatory relationship between EsCFSH-1 and EsIAG.
Our results confirmed the inhibitory effect of ESCFSH-1 to EsIAG in
the AG, which agree with the finding in the mud crab S.
paramamosain (Liu et al., 2018). We also found the inhibitory
effect of EsIAG to EsCFSH-1 in the EG of male and female, which is
supported by the finding in the peppermint shrimp L. vittate (Liu
etal, 2021a; Liu et al., 2021c). Our study confirmed the existence of
the regulatory feedback loop between EsCFSH-1 and EsIAG. In S.
paramamosain, CFSH negatively regulated JAG by inhibiting STAT
(signal transducers and activators of transcription), which was a key
transcription factor of IAG (Jiang et al., 2020c). Further studies are
required to verify the inhibitory mechanism of CFSH to IAG in male
E. sinensis and more importantly investigate the inhibitory
mechanism of IAG to CFSH.

Our study also revealed that EsCFSH-1 regulates the
development of reproductive system during the sexual sex
differentiation. The disruption of EsCFSH-1 expression could lead
to the deformed cover of female gonopores and the elongation of
male penises of juveniles. The impaired development of female
gonopores was also observed in C. sapidus (Zmora and Chung,
2014) and S. paramamosain (Jiang et al., 2020b) after the CFSH
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knockdown in juvenile females. As the positive correlation has been
well established between the IAG expression and the development of
male sex characteristics (Khalaila et al., 2001), the over-growth of
penis should be explained by the compromised inhibitory effect of
EsCFSH-1 to EsIAG.

In summary, we compared the gene expression of EsCFSH-1
and EsIAG between normal and intersex crabs, and between sex-
distinguished embryos and larvae at various developmental stages.
Next, we confirmed the existence of the regulatory feedback loop
between EsCFSH-1 and EsIAG. At last but not least, we
demonstrated the relationship between EsCFSH-1 and the
development of reproductive system. Our study provides strong
evidence for the feminization function of CFSH-1, which contributes
to a better understanding of the molecular mechanism of sexual sex
differentiation.
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