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Neuroparsins (NP) are small-size cysteine-rich neuropeptides first discovered in insects. 
They are known to be involved in insect reproduction. In this study, we have cloned two 
neuroparsin cDNAs (i.e., MrNP1 and MrNP2) from the freshwater shrimp Macrobrachium 
rosenbergii. The two neuroparsins consist of 12 cysteines, which is characteristic of 
the neuroparsin family. These cysteines are arranged in identical relative positions that 
form 6-disulfide bonds. MrNP1 and MrNP2 are most similar to the corresponding 
neuroparsin counterparts of the shrimp Macrobrachium nipponense. Phylogenetic study 
results suggested that MrNP1 and MrNP2 are closely related to MnNP1 and MnNP3, 
respectively. Also, an additional MrNP gene similar to MnNP2 is expected to exist in M. 
rosenbergii. The MrNP1 expression level is the highest in the ovary, and MrNP2 expression 
is higher in the brain and heart of the females. In addition, during the ovary maturation 
cycle, MrNP1 expression in the hepatopancreas is highest in stage V; in the ovary it is 
variable. MrNP2 expression in the hepatopancreas and ovary is the highest in stage II and 
stage I, respectively. In vivo and in vitro bioassay experiment results indicate that MrNP1 
and MrNP2 recombinant proteins can stimulate the expression of the MrVg gene. In 
contrast, silencing of MrNP1 and MrNP2 genes would suppress MrVg, VgR, and CyclinB 
gene expressions. The results indicate that the products of both genes can stimulate 
vitellogenesis by up-regulating the MrVg gene expression. Results from their difference in 
expression patterns indicate that they might have different regulatory roles in vitellogenin 
synthesis. Since gene silencing of either MrNP1 or MrNP2 affected the expression of the 
other NP, we have hypothesized that coordinated regulatory action between MrNP1 and 
MrNP2 may be necessary for the normal vitellogenesis in M. rosenbergii.
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INTRODUCTION

Insects and crustaceans belong to the subphylum of Arthropoda. They share many similar structural/
anatomical features. For example, they share many similar/identical hormones that regulate similar 
or different biological processes (Veenstra, 2016). These hormones include ecdysteroids, juvenoids, 
CHH-family neuropeptides, and neuroparsins (Chung et al., 2010). The first neuroparsin (NP) was 
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isolated from the pars intercerebralis-corpora cardiaca complex 
of the locust Locusta migratoria (Girardie et al., 1987; Moreau 
et  al., 1988; Girardie et  al., 1989). Neuroparsin is involved in 
the regulation of mineral, water, and reproduction. In addition 
to their roles in reproduction, they are involved in promoting 
nerve growth, green coloration of insect larvae, anti-diuretic, 
adipokinetic hormone (AKH) regulation of carbohydrates and 
lipids, and behavioral regulation of locust phase migration. 
Therefore, they are also known as multi-effect neuropeptides 
(Fournier et al., 1987; Girardie et al., 1987; Nogaro et al., 1995; 
Claeys et al., 2010; Claeys et al., 2006).

In recent years, with the rapid development of RNA and 
genomic DNA sequencing technology, many neuroparsin-
like cDNAs have been identified from different crustaceans 
including Litopenaeus vannamei, Scylla paramamosain, lobster 
Homarus americanus, M. rosenbergii, Carcinus maenas, and 
Panulirus argus (Badisco et  al., 2007; Ma et  al., 2010; Marco 
et al., 2014; Bao et al., 2015; Christie et al., 2015; Andrew, 2020; 
Kyei et  al., 2020; Liu et  al., 2020). Biochemically, crustacean 
neuroparsins are poly-cysteine-rich compounds. They consist 
of 12 cysteine residues that form six disulfide bonds for tertiary 
structure formation. They share some similarities with the 
neuroparsin of the locust and the ovary ecdysteroidogenic 
hormone (OEH) of mosquitoes (Brown et  al., 1998), the 
N-terminal end of the growth factor-binding protein region 
of the vertebrate and molluscan insulin-like growth factor-
binding protein and single insulin-binding domain protein 
(Kyei et  al., 2020). The major characteristic of neuroparsin is 
that the spacing of Cys residues is conserved for different groups 
of cysteine-rich neuropeptides (Badisco et  al., 2007; Tanaka, 
2021). Different neuroparsins were initially identified as anti-
gonadotropic peptides from the pars intercerebralis-corpora 
cardiaca complex of the migratory locust, Locusta migratoria, 
and further studies revealed the pleiotropic activities of these 
peptides. Discovered in crustaceans quite late as compared to 
insects, neuroparsins have also been found in many Decapoda 
in recent years. Similar to insects, the crustacean neuroparsins 
are reported to have gonad regulatory function. For example, 
in the shrimp M. ensis, in vivo gene silencing of neuroparsins 
could cause a significant decrease in vitellogenin transcript 
level in the hepatopancreas and ovary (Yang et  al., 2014). In 
Marsupenaeus japonicus, in vivo injection of recombinant 
neuroparsin could increase the expression of MjVg (Tsutsui 
et al., 2020).

The freshwater shrimp M. rosenbergii is one of the most 
important freshwater crustaceans cultured in China. There 
is a rapid increase in demand for high-quality shrimp fry for 
aquaculture. In this study, we have reported the characterization 
of two neuroparsins and investigated the role of the two 
neuroparsins in the regulation of vitellogenesis. Because the 
amount of culture has increased, the need for shrimp seedling 
has also increased greatly in recent years. The production of 
high-quality healthy seedings has become the bottleneck for the 
further increase in M. rosenbergii culture. Therefore, the study 
on the reproductive physiology mechanism of M. rosenbergii is 
of great significance for understanding their reproduction and 
for better development of contemporary farming techniques. 

Recently, we have identified two neuroparsin cDNA sequences 
from the transcriptome of M. rosenbergii. We have used gene 
cloning techniques to obtain two neuroparsin open reading 
frame (ORF) sequences and have studied their gene expression 
patterns in the early stages of female shrimp gonad development 
and the level of mRNA expression in the hepatopancreas 
(Hp) and ovary (Ov) during different developmental cycles. 
Using RNAi interference technology, the regulatory role of 
neuroparsin in the expression of the major egg yolk protein of 
M. rosenbergii (vitellogenin, Vg) is explored. It is hoped that 
these data can provide background information for the role of 
the neuroparsins in shrimp.

MATERIAL AND METHODS

Animals
Female M. rosenbergii used in the study were obtained from 
the shrimp-breeding research facility of Guangdong Ocean 
University, Zhanjiang, Guangdong, China. They were temporarily 
cultured in a small container (i.e., 1 M3) for 2–3 days. About 
50% of water was changed daily, and shrimps were fed thrice 
daily with pellet diets. The reproduction status of the animal 
was determined before the experiment following the reported 
methods (Chang and Shih, 1995; Yang et al., 2000); shrimps at 
different ovarian development stages (stage I–V) in this study are 
listed in Table 1.

RNA Preparation, cDNA Synthesis, and 
Gene Cloning
Based on the anatomical structure and external appearance of 
the ovary, the developmental conditions of the shrimps were 
determined (Chang and Shih, 1995). Various tissues including 
the hepatopancreas (Hp), eyestalk (Es), brain (Br), stomach 
(St), thoracic ganglion (Tg), intestine (Int), heart (He), and 
ovary (Ov) were dissected and extracted for total RNA using 
a spin-column-based TransZol Up Plus RNA preparation kit 
(TransGen Biotech, Peking, China). After elution of the total 
RNA from the column, the quality of total RNA was analyzed 
by 1.5% agarose gel electrophoresis and the concentration was 
determined by a NanoDrop 2000 spectrophotometer (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). High-quality 
total RNAs were used for first-stranded cDNA synthesis using 
the 5× All-In-One RT MasterMix cDNA synthesis kit (ABM, 
Vancouver, Canada). The cDNA synthesis condition followed 
the program as follows: 25°C for 10 min, 42°C for 15 min, 85°C 
for 5 min. At the end of the synthesis, the cDNA was diluted 20× 
for real-time quantitative PCR (qRT-PCR) analysis or for use (1 
μl) directly in semiquantitative RT-PCR. The PCR reaction in 
general consists of 20 µl: 10 µl 2× PCR mix, 0.5 µl cDNA, 1 µl 
primer (forward and reverse 1 µl, respectively), and 7 µl free 
water, and the PCR condition was 95°C for 3 min, 95°C for 30 s, 
58°C for 30  s (MrNP1 and MrNP2 have the same temperature), 
72°C for 30  s for 34 cycles, and 72°C for 10 min. At the end of 
the PCR, the PCR products were analyzed by 1.5% agarose gel. 
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The amplified target cDNA in the gel was cut and purified by 
a spin-column based purification kit, subcloned and the DNA 
sequence was determined. Obtaining the cDNA of containing 
tagetart band by a spin column-based gel purification kit, for 
gene cloning.

Bioinformatic Characterization of MrNPs
The program SingnalP5.0 (http://www.cbs.dtu.dk/services/
SignalP/) was used to identify the signal peptide region. The pI 
and pMW of NPs were estimated using the pI/pMW program 
from Expasy (http://web.expasy.org/protparam/). For alignment 
analysis, several invertebrate neuroparsin molecules were obtained 
through the BLAST program in the NCBI database (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) similarity search and analyzed using 
the program ClustalX (http://www.ebi.ac.uk/Tools/msa/clustalo/). 
All primers were designed using the Primer 5.0 program, and 
EF-1α was used as internal reference gene (Table  2). MEGA6.0 
(megasoftware.net) was used to build the phylogenetic tree with 

the neighbor-joining method (NJ) with confidence intervals set at 
1,000 bootstrap replications.

Expression Study of MrNP1 and MrNP2
Gene-specific primers for neuroparsin (MrNPI, MrNP2), vitellogenin 
(Vg, GenBank: ADK55596.1), vitellogenin receptor (VgR, GenBank: 
ADK55596.1), cyclin B (GenBank: ADP95148.1), elongation factor 
(EF-1α), and β-actin are listed in Table  2 (i.e., qNP1F, qNP1R, 
qNP2F, qNP2R, qVgF, qVgR, qVgRF, qVgRR, qCBF, qCBR). qRT-
PCR was performed using the SYBR qPCR kit (Vazyme, Nanjing, 
China). For the 20-μl reaction, it consisted of 10 µl SYBR Premix Ex 
Taq, 1 µl cDNA, and 1 µl of each forward and reverse primer (10 µM). 
PCR was performed in a real-time PCR machine (Bio-Rad CFX® 96 
system, Bio-Rad, USA), and the conditions were 95°C denature and 
35 cycles of 95°C 30 s, annealing at 55°C for 30 s and denature at 
72°C for 30 s. A further 10 min at 72°C was included for complete 
product extension. The results were determined using 2-ΔΔCt and 
further analyzed by statistical methods. The sample size N = 5 and 
the experiment were triplicated.

TABLE 2 |  Primers used in this paper.

Primer name Sequence 5′→3′ Length (dp)

CNP1F TGTTAAATTCGTTCTCAAGAGCACC 328
CNP1R TTAGCAAAAAGTGCCGGACCAGCATTCC
CNP2F TGAAGTCGTTTGCTGCTTGC 297
CNP2R AGCAGACCAGGGACGAGCGGAAG
qNP1F TTCGTTCTCAAGAGCACCAT 144
qNP1R GCATGTCTCGACGTTCACC
qNP2F CTTACAGCCACCACCATC 164
qNP2R TTGAGTACAACGAGGAGCA
qVgF GTCAGCGAGGAAATGAAAAG 168
qVgR GCCATTCAGCTCCAATTTTACT
qVgRF GATGAGAATGACTGCCACGG 203
qVgRR CTCATCTGACCTGTCCGTGC
qCBF AAGGAAAATGAGAATGTCAGGGA 167
qCBR CATTCACATACTCAAAGACCAACTG
T7NP1F TAATACGACTCACTATAGGGGTTAAATTCGTTCTCAAGAGC 324
T7NP1R TAATACGACTCACTATAGGGTAGCAAAAAGTGCCGGAC
T7NP2F TAATACGACTCACTATAGGGGAAGTCGTTTGCTGCTTGC 295
T7NP2R TAATACGACTCACTATAGGGTAGCAGACCAGGGACGAGCGGAAG
EFF GAGGAAGATTGAACGCAAGA  
EFR TTAAGGATGCCAGTCTCCAC  
M13F(-47) CGCCAGGGTTTTCCCAGTCACGAC  
M13R(-48) AGCGGATAACAATTTCACACAGGA  

TABLE 1 | GIS of M. rosenbergii at different ovarian development stages (stages I–V).

Ovarian stage Ovarian color Ovarian features GSIa (%) in this study

Stage I White/creamy Mainly comprised of oogonia and previtellogenic oocytes 0.49 ± 0.03
Stage II Yellow Majorly compose previtellogenic oocytes and endogenous vitellogenetic 

oocytes
1.48 ± 0.38

Stage III Orange A large number of oocytes developing from endogenous vitellogenetic 
oocytes to exogenous vitellogenetic oocytes

2.7 ± 0.51

Stage IV Orange Exogenous vitellogenetic oocytes and mature oocytes predominate in the 
ovaries

5.6 ± 0.64

Stage V Reddish Ready to spawn 7.03 ± 0.48

GSI (%), gonadosomatic index.
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Functional Study by Recombinant Protein 
Technology and RNA Interference
Production of His-tagged recombinant protein: For rMrNP1, a 
pair of restriction enzyme sequence-linked primers (Table  2) 
were used to amplify the mature peptide sequence of MrNP1 
from the full-length cDNA. After PCR, the product was digested 
with the restriction Kpn I and BamH I, respectively, and the 
digested fragments were ligated into Kpn I and BamH I cut sites 
of the linearized pET-32a protein expression vector. The ligated 
product was transformed into DH5a E. coli bacterial cells. For 
protein expression, the positive clone (i.e., rMrNP1 plasmid) 
was transformed into a BL21 cell. Positive clones were induced 
by isopropyl β-d-1-thiogalactopyranoside (IPTG) for fusion 
protein generation. After optimization for incubation time, 
IPTG, and temperature, mass production was performed in 
500 ml of LB medium buffer using the determined parameters. 
Mass production and subsequent purification of the his-tagged 
recombinant protein followed the procedure as described before. 
Similar procedures were used for the production of recombinant 
protein MrNP2. Primer sequences are found in Table 2.

For double-strand RNA (dsRNA) production, forward 
and reverse primers (i.e., T7MrNP1F (Table  2), T7MrNP1R, 
T7MrNP1F, and T7MrNP2R containing T7 adapters) were 
designed using the program Primer 5.0 to synthesize dsNP1 
and dsNP2 with MrNP1 and MrNP2 clones as templates. The 
PCR reaction in general consists of 20 μl: 10 μl 2× PCR mix 
and 0.5 μl cDNA, and the PCR reaction used the following 
procedure: 95°C for 3  min; 34 cycles of 95°C for 30 s, 63°C 
(T7NP1) or 60°C (T7NP2) for 30 s, 72°C for 30 s, and 72°C 
for 10 min. The purified product was the template for dsRNA 
production using the OneScribe T7 Synthesis Kit (ABM, 
Vancouver, Canada). The control double-strand RNA included 
the dsRNA for the Tiger Frog virus (dsTFV), as described 
previously (Tiu and Chan, 2007), and it has no effect on M. 
rosenbergii in this study.

Adult females at the early stage of gonadal development 
were selected for in vivo injection study. The experimental 
group was injected with 50 μl injection volume containing 2 
μg/g of double-stranded RNA (i.e., dsMrNP1 and dsMrNP2), 
and the control group was injected with the same volume of 
dsTFV (Tiu and Chan, 2007). All animals were placed in the 
same culture environment for 48  h until sampling. Shrimps 
were dissected for collecting the hepatopancreas and ovary 
for total RNA preparation. The interference efficiency of 
dsRNA and gonad maturation conditions were determined 
for monitoring the expression of related genes (i.e., MrNP1, 
MrNP2, vitellogenin, VgR, and CyclinB). For in vitro RNAi 
and recombinant protein study, a the nutrient medium M199 
(Sigma, USA) was sterile filtered with a 0.45-μM filter unit. 
Culture medium (1.5 ml) was added to each well of the 12-well 
culture plate. The hepatopancreas and ovary were dissected 
and cut to small fragments of similar size (i.e., 8 cm3). They 
were first rinsed separately in 1× cold PBS and placed in a well 
containing the recombinant proteins or dsRNA and control 
1× cold PBS or control dsTFV. The culture plate was placed 
on an orbital shaker and incubated at 25°C. After 3 h, for the 

in vitro recombinant protein experiment, the tissue pieces 
were extracted for crude protein for SDS-PAGE analysis 
(Okuno et  al, 2002). In the experiment of adding dsRNA in 
vitro, the tissue pieces were extracted for total RNA using the 
TRIzol RNA preparation kit, and total RNA was extracted to 
determine the RNA interference efficiency and changes in the 
expression of related genes. Both experiments were repeated 
five times (i.e., N = 5).

RESULTS

Characterization of the  
Shrimp Neuroparsins
Two different neuroparsin-like cDNAs (i.e., MrNP1 and 
MrNP2) were cloned from the eyestalk of the freshwater shrimp 
M. rosenbergii. The open reading frame of MrNP1 was 303 bp 
encoding for a peptide of 100 amino acid residues. The signal 
peptide was from AA1 to AA26, and the mature peptide contains 
74 aas in size (Figure 1). For pI and pMW, MrNP1 is predicted 
to have theoretical pI and pMW values of 7.34/10,862.6 and 
6.28/8014.9, respectively. The open reading frame of MrNP2 
was 300 bp encoding for a peptide of 99 amino acid residues. 
The signal peptide was from AA1 to AA24, and the mature 
peptide contains 75 AAs (Figure 1). The pro-peptide and mature 
peptide of MrNP2 are predicted to have a theoretical pI/pMW 
of 7.96/10,808.56 and pI/MW of 8.06/8150.3, respectively. 
Although MrNP1 and MrNP2 share low sequence homology 
in the signal peptide region, they both consist of 12 cysteine 
residues forming six disulfide bridges and the spacing of these 
cysteines is identical, which suggests that they share a similar 
tertiary structure (Figure 2A).

Multiple-sequence alignment results (Figure  2B) indicate 
that MrNP1 shared the highest amino acid sequence identity 
with the neuroparsin 3 precursor of M. nipponense (MnNP3, 
84.2%), followed by that of the shrimp M. ensis neuroparsin 
(MeNP, 55%), Penaeus monodon neuroparsin (PmNP, 55%), the 
crayfish Procambarus clarkii neuroparsin A-like (PcNPA, 50.5%), 
the neuroparsin A-like of the lobster Homarus americanus 
(HaNPA, 44%), the neuroparsin A of the crab Portunus 
trituberculatus (PtNPA, 44%), and M. nipponense neuroparsin 1 
(MnNP1, 42.4%), and the lowest homology (39%) with Cherax 
quadricarinatus neuroparsin 2 (CqNP2), while MrNP2 shared 
the highest amino acid sequence identity with MnNP1 (97%), 
followed by CqNP2 (64%), HaNPA (64.7%), PtNPA (63.8%) and 
PcNPA (46.5%), MnNP3 (42.4%), MeNP (41.4%), and the lowest 
homology (38.4%) with PmNP.

Based on the amino acid sequence of the neuroparsin-
like and other cysteine-rich peptides from vertebrates and 
invertebrates, the phylogenetic tree result indicates that 
neuroparsins and other cysteine-rich peptides were clustered 
into three major groups: i.e., the crustacean NPs, insect NPs, 
and other cysteine-rich peptides. The first group consisted of 
crustacean neuroparsins containing MrNP1 and MrNP2 which 
are evolutionarily related. Group 2, the neuroparsins of insects, 
includes NP1, NP2, NP3, and NP4 of S. paramamosain and L. 
migratoria NPA and OEH protein of Acedes aegypti and Culex 
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FIGURE 1 |    Deduced amino acid of the partial cDNAs of MrNP1 (left) and MrNP2 (right). One letter amino acid code is shown. The two partial cDNAs consist of all 
the coding/translation information. Underlined parts represent mature peptide.

A

B

FIGURE 2 |  (A) Alignment of MrNP1 and MrNP2. (B) Multiple-sequence alignment of selected neuroparsins from different arthropods including the insects 
and crustaceans. These sequences are as follows: M. nipponense NP3 (GenBank# QBG05398.1); Metapenaeus ensis NP (GenBank# AHX39208.1); Penaeus 
monodon NP (GenBank# ALO17555.1); Procambarus clarkii NPA (GenBank# XP_045591875.1); Macrobrachium nipponense NP1 (GenBank# QBG05396.1); 
Culex quinquefasciatus NP2 (GenBank# AWK57531); Homarus americanus NPA (GenBank# XP042239197.1); Portunus trituberculatus NPA (GenBank# 
XP045122305.1). M. rosenbergii neuroparsin 1 and neuroparsin 2 (MrNP1, MrNP2) were marked with an asterisk and a box, respectively.
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quinquefasciatus. The single insulin-binding domain (SIBD) 
protein of invertebrates and insulin-like growth factor-binding 
protein (IGFBP) of the cysteine-rich peptides were clustered 
into group 3 (Figure 3).

Expression of MrNP1 and MrNP2 in 
Female M. rosenbergii
QRT-PCR results showed that the MrNP1 expression level was the 
highest in the ovary (Ov), followed by the hepatopancreas (Hp), 
and it is only moderately expressed in the eyestalk (Figure 4A). 
In contrast, MrNP2 transcript levels were higher in the heart and 
brain. It is moderately expressed in the thoracic ganglion and 
intestine, and only traces of transcripts were detected in the gill, 
eyestalk, and hepatopancreas (Figure 4B). Since the ovary (Ov) 
and hepatopancreas (Hp) are major sites for vitellogenesis, we 
also studied the expression of these two genes during the gonad 
maturation cycle of M. rosenbergii. In the Hp, MrNP1 expression 
was high in stage V (GSIa = 7.03 ± 0.48) and the MrNP2 
expression level is the highest in stage II (GSIa  =  1.48  ±  0.38) 
(Figures 5A, B); in the Ov, the MrNP1 transcript level is variable 
but the expression level of MrNP2 is the highest in stage I (GSIa = 
0.49 ± 0.03) (Figures 5C, D).

RNAi and Recombinant Protein Assay to 
Study the Function of MrNP1 and MrNP2 
in Vitellogenesis
Females at the early (stage II) to early-middle (stages II–III) 
stages of the ovary maturation were used for in vivo and in vitro 
recombinant protein and RNAi bioassay experiments. Shrimp 
were selected at the early (stage II) for in vivo dsRNA injection 
studies, and they were sacrificed for 48 h after dsRNA injections. 
The injection of dsMrNP1 and dsMrNP2 had no observable 
harmful effects as there was no mortality in any of the groups. 
For dsMrNP1-injected shrimps, MrNP1 transcript levels in the 
hepatopancreas and ovary had decreased significantly. Also, 
there was a significant reduction in MrNP2 transcript level in the 
hepatopancreas (P < 0.05) but not in the ovary. The injection of 
dsMrNP2 had little effect on MrNP1 transcript level in the ovary, 

FIGURE  3 | Phylogenetic tree analysis of the M. rosenbergii neuroparsins 
(MrNP1, MrNP2) with other cysteine-rich related peptides from the 
crustaceans, insects, and other species. The sequences include Penaeus 
monodon NPA-like (GenBank# XP037790461.1); Litopenaeus vannamei 
NPA (GenBank# XP027233579.1); the locust Schistocerca gregaria NP1 
(GenBank# CAC38869.1); S. gregaria NP2 (GenBank# CAC38870.1); 
S. gregaria NP3 (GenBank# CAC82521.2); S. gregaria NP4 (GenBank# 
CAC82522.2); L. migratoria LmNPA (GenBank# CAA76829.1); Acedes 
aegypti AeOEH (GenBank# AAD00823.1); Culex quinquefasciatus CuqOEH 
(GenBank# XP_001870999.1); the crab S. paramamosain SpNP1 (GenBank# 
ALQ28588.1); S. paramamosain SpNP2 (GenBank# ALQ28570.1); S. 
paramamosain SpNP3 (GenBank# ALQ28589.1); S. paramamosain SpNP4 
(GenBank# ALQ28571.1); M. nipponense MnNP1 (GenBank# QBG05396.1); 
M. nipponense MnNP2 (GenBank# QBG05397.1); M. nipponense MnNP3 
(GenBank# QBG05398.1); M. ensis MeNP (GenBank# AHX39208.1); 
L.   vannamei single IB domain protein (LvSIBD, GenBank# ACF93414.1); 
Pacifastacus leniusculus crustacean hematopoietic factor (PlCHF, GenBank# 
ADN06258.1); crab Eriocheir sinensis single insulin binding domain protein 
(EsSIBD, GenBank# ACU42698.1); spider Cupiennius salei SIBD (CusSIBD, 
GenBank# CCD22034); Homo sapiens insulin-like growth factor-binding 
protein 7 (HsIGFBP7,GenBank# AAH66339.1).

A B

FIGURE 4 | QRT-PCR expression study of (A) MrNP1 and (B) MrNP2 in various tissues of female M. rosenbergii. Tissues used in the study are eyestalk (Es), gill 
(Gi), brain (Br), stomach (St), thoracic ganglion (Tg), intestine (Int), heart (Ht), hepatopancreas (Hp), and ovary (Ov). Values are relative expression level ± standard 
deviation (SD) (N = 5). Different letters indicate significant differences at P < 0.05 computed with ANOVA and the Tukey–Kramer test.
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A B

D E
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FIGURE 6 |  In vivo RNA interference of dsMrNP1 and dsMrNP2. Expression of (A) MrNP1, (B) MrNP2, and (C) MrVg after shrimps were injected with dsTFV 
(black bar), dsMrNP1 (gray bar) and dsMrNP2 (diagonally stripe bar). Expression of VgR (D) and CyclinB (E) in the ovary (data shown are means of relative 
expression levels ± SD. One-way ANOVA method was used in the statistical analysis . The significance levels are: * , (P < 0.05); **,(P < 0.01); ***, (P < 0.005) ; and 
****,(P<0.001).

A B

D
C

FIGURE 5 |    Expression patterns of MrNP1 and MrNP2 in (A, B) hepatopancreas and (C, D) ovary in female M. rosenbergii in different reproductive stages (i.e., 
I, II, III, IV, V). Data shown are means of relative expression levels ± SD. Different letters indicate significant differences at P < 0.05 computed with ANOVA and the 
Tukey–Kramer test.
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but the level has reduced to only 30% in the hepatopancreas 
as compared to the control. Interestingly, the hepatopancreas 
and ovary expression of the MrNP1 transcript and MrNP2 was 
reduced significantly (Figures 6A, B). The gene knockdown of 
MrNP1 and MrNP2 has caused a significant reduction in MrVg 
transcript levels in the hepatopancreas and ovary (Figure 6C). 
Also, the ovary vitellogenin receptor transcript level was 
reduced significantly. However, the injection of dsMrNP1 
and dsMrNP2 had little effect on the transcript levels of  
CyclinB (Figures 6D, E).

The in vitro RNAi results were similar to those of 
the in vivo RNAi experiment with minor differences 
(Figures  7A,   B,  D,   E). The change in transcript levels of 
MrNP1, MrNP2, MrVg, and MrVgR in dsMrNP1- and 
dsMrNP2-treated tissues was similar in the in vitro and in vivo 
experiments. However, in the hepatopancreas the expression 
level of MrVg was unaffected after dsRNA treatments 
(Figure 7C).

Since the expressions of MrNP1 and MrNP2 are important 
for the expression of MrVg, we extend the in vitro functional 
study by treating the hepatopancreas and ovary fragments with 
recombinant proteins for MrNP1 and MrNP2. Compared to 
the control, hepatopancreas and ovary fragments treated with 
recombinant proteins for MrNP1 and MrNP2 express a higher 
level of MrVg (the densitometry results in Supplement  1). 
The effect existed in the ovary of early stage (stage II) and also 

in ovaries of further matured stages II to III (stages II–III) 
(Figure 8).

DISCUSSION

Compared with other neuropeptide hormones, neuroparsins are more 
recently discovered cysteine-rich signaling biomolecules in Arthropoda. 
Sequence comparison and multiple alignments of neuroparsins with other 
selected cysteine-rich peptides revealed that there are significant sequence 
similarities among arthropod neuroparsins, crustacean hematopoietic 
factor, single insulin-binding domain protein of vertebrate, and mollusk 
insulin-like growth factor-binding proteins (IGFBP) (Kleijn and Herp, 
1998). Therefore, we agreed with that neuroparsins might interact with 
endogenous insulin-related peptides (Badisco et  al., 2007). Lm-NPA 
was initially identified from corpora cardiaca of the locust based on its 
inhibiting role in vitellogenesis. Later in Aedes aegypti, a neuroparsin 
ortholog was identified and named ovary ecdysis hormone (i.e., OEH) 
(Brown et al., 1998; Matsumoto et al., 1989). Although the OEH shared 
only 29% amino acid sequence similarity to Lm-NP, it has eight cysteine 
residues spaced in a conserved identical position similar to that of Lm-NP, 
which is considered to be a major characteristic of the NP family (Tanaka, 
2021). Also, most of these cysteine sites are concentrated in the mature 
peptide region, and there are 12 cysteines in them.

Three different NPs were identified in M. nipponense 
(Qiao et  al., 2020). Despite that M. rosenbergii MrNP1 and 

A B

D E

C

FIGURE 7 |   In vitro RNA interference of dsMrNP1 and dsMrNP2. Expression of (A) MrNP1, (B) MrNP2, and (C) MrVg after shrimp hepatopancreas and ovary 
fragments were treated with dsTFV (black bar), dsMrNP1 (gray bar), and dsMrNP2 (diagonally stripe bar); expression of VgR (D) and CyclinB (E) after RNAi. Data 
were mean relative expression levels ± SD. One-way ANOVA method was used in the statistical analysis. The significance levels are: * , (P < 0.05); **, (P < 0.01); ***, 
(P < 0.005); and ****, (P<0.001).
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MrNP2 share only 56% amino acid identity, the comparison 
between M. rosenbergii MrNP1 and M. nipponense MnNP3 
and the comparison between M. rosenbergii MrNP2 and 
M. nipponense MnNP1 show high degrees of amino acid 
sequence identity (97%), which suggests that they should 
have a strong structure–function relationship. From an 
evolutionary standpoint, the presence of a third NP in M. 
nipponense suggested that a third MrNP3 that shared a high 
sequence identity with NP2 of M. nipponense may exist in 
M. rosenbergii. Further experiments are needed to confirm 
or identify this NP. The locust neuroparsin gene produces 
five different transcripts, of which only one coding for the 
neurohormone was identified from the corpora cardiaca. The 
existences of multiple-neuroparsin genes have been reported 
in some insects including the beg bug Cimex lectularius 
(GenBank# Q034340.1) (Predel et  al., 2018). In locust, the 
organically reported LmNPB was actually derived from 
the alternative splicing of the LmNP giving rise only to the 
Lm-NPA transcript. Considering high sequence similarity 
with the crab NP (Sp-NP1), the two NPs found in M. 
rosenbergii may also have a similar function of promoting the 
development of gonads (Liu et al., 2020).

The development of ovary in M. rosenbergii is artificially 
divided into five stages based on the amount of the major 
yolk protein vitellin present in the oocytes (Chang and Shih, 
1995; Ching and Tung, 2011). During the early phase of 
ovary maturation, vitellogenin, the precursor of vitellin, was 
produced in large quantity (Meusy, 1980). The understanding 
of how vitellogenin synthesis is regulated in the early stage 
of maturation is valuable as its knowledge may contribute 
to the development of a technique to stimulate ovary 
maturation in hatchery production. Therefore, M. rosenbergii 

at the early stage of development was used in this study. The 
hepatopancreas and the ovary are the major non-neuronal 
tissues that express NP in female M. rosenbergii. However, the 
expression patterns of M. rosenbergii MrNP1 and MrNP2 are 
different. In the ovary, MrNP1 expression is the highest in 
stage III, while the MrNP2 expression level is the highest in 
stage I. Because of the difference in the expression patterns of 
MrNP1 and MrNP2, it is likely that the main regulation of Vg 
by the two MrNPs occurred in different developmental stages.

After vitellogenin is synthesized in the Hp, Vg produced 
in the hepatopancreas is secreted into the hemolymph and 
transported to the oocytes (Chen and Raikhel, 1996). In the 
oocytes, Vg interacts with VgR to form a complex and then 
enters the cytoplasm through endocytosis. Therefore, an 
up-regulated Vg production, in general, is accompanied by an 
increase in expression of VgR in the ovary (Tiu et  al., 2008). 
CyclinB is an important maturation factor (i.e., MPF) involved 
in cell division and is highly expressed in the ovary in oocyte 
formation. In rainbow trout (Oncorhynchus mykiss) (Feng et al., 
2020), Cyclin B1 was absent in vitellogenic oocytes but present 
in young previtellogenic and mature oocytes and showed a 
strong relationship with vitellogenesis (Draetta et al.,1989; Qiu 
et al., 2008). In the crab, Eriocheir sinensis, it was reported that 
CyclinB is involved in the oogenesis during ovary maturation 
(Fang and Qiu, 2009). To further understand and explore the 
function of two NP genes in M. rosenbergii, the expressions of 
the Vg, VgR, and CyclinB genes were analyzed as indicators. 
The results of the RNAi in vivo and in vitro experiments were 
monitored by the gene knockdown of MrNP1 and MrNP2 genes 
and also the expression of the reproduction-related marker gene. 
The in vivo and in vitro knockdown of MrNP1 and MrNP2 genes 
was highly effective as the gene expression levels of the MrNP1 

A

B

FIGURE 8 |  Analysis of hepatopancreas (A) and ovary (B) tissue protein by 7% SDS-PAGE after in vitro treatment with recombinant protein for MrNP1 and 
MrNP2 (N = 3). Representative Coomassie Blue-stained gel after SDS-PAGE. Each lane represents protein extracted from the from medium. Protein in gel (78 
kDa, arrow) was excised, and the amino acid sequence was determined by amino acid sequencing and confirmed to be MrVg as previously (Okuno et al., 2002). 
Hepatopancreas from the early (stage I), middle (stage II), and late (stage III) stages of ovary maturation were either incubated with (+) or without the recombinant 
proteins (i.e., rMrNP1 and rMrNP2).
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and MrNP2 were reduced significantly. As in other decapods, 
vitellogenin in M. rosenbergii is produced in the hepatopancreas 
during vitellogenesis. After synthesis, Vg is transported through 
the hemolymph to the ovarian tissue for further processing and 
storage. Our experimental results show that it is very likely that 
neuroparsin can directly affect the synthesis and storage of Vg 
in M. rosenbergii. Therefore, contrasting vitellogenin stimulation 
and inhibition results have been reported in crustaceans, which 
is consistent with our experimental results; the expression of 
the VgR gene in the ovary decreases significantly. Knockdown 
of MrNP1 and MrNP2 genes can significantly reduce the 
expression of VgR genes, indicating that MrNP1 and MrNP2 
genes may participate in the processing of Vg. There is a 
significant difference between the amount and the control group. 
The CyclinB gene mainly plays a role in the process of oocyte 
mitosis. During the entire vitellogenesis period, the CyclinB gene 
expression is the highest during the prophase of vitellogenesis; 
therefore, knockdown of the NP1 and NP2 genes have no effect 
in CyclinB expression.

In locusts, the deposition of NP can inhibit the growth of 
oocytes and production of Vg (Girardie et  al., 1998; Badisco 
et  al., 2011). In mosquitoes, OEH can increase the expression 
of the Vg gene (Riehle et al., 2002; Gulia-Nuss et al., 2012). In 
Scylla paramamosain, NP could down-regulate the expression 
of the Vg gene (Liu et al., 2020), while the expression of the Vg 
gene decreased significantly after injection of dsNP in female 
M. ensis (Yang et al., 2014). These results show that the function 
of the NP gene may be species-specific. In this study, we found 
that knockdown of MrNP1 and MrNP2 could decrease the 
expression of the Vg gene in both hepatopancreas and ovary, and 
addition of recombinant protein could increase the expression 
of Vg. At this stage, the reason for the lack of change in MrVg 
expression after RNAi by dsMrNP1 and dsMrNP2 is unknown. 
However, since there was no significant change in Vg expression 
in these animals, the results reaffirmed that NP2 was involved in 
Vg regulation.

During the early stage of ovary maturation, it was estimated 
that 90% of Vg was synthesized in the hepatopancreas in M. 
rosenbergii (Li, 2012). Unlike the in vivo injection study, in vitro 
treatment of the hepatopancreas with dsMrNP1 did not affect 
the expression of MrVg. The results suggest that MrNP1 may not 
directly be involved in the synthesis of Vg. After the synthesis of 
Vg by the hepatopancreas, it is transported from the hemolymph 
to the ovary and binds to VgR to form a Vg/VgR complex. The 
Vg/VgR complex enters the oocytes cytoplasm via endocytosis 
(Meusy, 1980).

The presence of SpNP1 in the hemolymph has been reported in 
the crab S. paramamosain through Western blot, which indicates 
that SpNP1 serves as an endocrine factor in the regulation of 
physiological activities. In vitro experiments have further shown 
that the mRNA level of vitellogenin in the hepatopancreas notably 
decreases following administration of recombinant SpNP1, while 
the mRNA levels of the vitellogenin receptor and cyclin B in the 
ovary showed no significant differences. In S. paramamosain, in 
vitro experiments confirmed that recombinant SpNP1 inhibited 

the expression of Vg, but it had no effect on the expression of the 
VgR gene in the ovary (Liu et al., 2020). However, in M. rosenberg 
in an in vivo study showed that knockdown of MrNP1/2 could 
significantly decrease the expression of the VgR gene. Therefore, 
MrNP1 and MrNP2 play important roles in the transportation of 
Vg from hepatopancreas to ovary.

The oocytes’ meiotic competence and maturation occur at 
the termination of vitellogenesis. In this physiological process, 
cyclin B acts as a regulatory subunit of the maturation-
promoting factor and plays a key role in the regulation 
of meiotic resumption (Okano-Uchida et  al., 1998); the 
maturation-promoting factor controls the G2/M checkpoint in 
eukaryotic cell division cycles and induces oocytes to enter the 
M phase and develop into meiosis maturation (Basu et al., 2004; 
Tomy et al., 2016). Thus, a high level of cyclin B in the ovary is 
necessary for the maturation of oocytes (Phinyo et al., 2013). 
Moreover, researchers found that cyclin B has high expression at 
both the previtellogenesis and late vitellogenesis stages (Phinyo 
et  al., 2013; Tomy et  al., 2016; Xie et  al., 2001). The result of 
the in vivo injection experiment showed that the expression 
of the cyclin B gene had no obvious change, while significant 
decreases were seen after the addition of dsMrNP1/2 in vitro 
incubating experiments. These results indicated that cyclin B 
could be regulated by MrNP1 and MrNP2 in the individual 
ovary, while in M. rosenbergii at the early vitellogenesis stage, 
the expression of cyclin B may be influenced by some unknown 
factors so as not to be decreased with the knockdown of 
MrNP1/2. According to this result, and combining with the 
results of the characteristics of sequences, patterns of expression, 
and experiments of injection and incubation, we concluded 
that both MrNP1 and MrNP2 can promote the synthesis of 
vitellogenin in M. rosenbergii, which might have different 
regulatory roles in the regulatory mechanism. However, the 
relationship between MrNPs and CyclinB gene is still unclear 
and needs further study.

CONCLUSION

In brief, the complete ORF sequences of MrNP1 and MrNP2 in 
M. rosenbergii have been cloned and confirmed as members of the 
neuroparsin family. The expression patterns of MrNP1 and MrNP2 
were different, which indicate different regulatory roles. RNAi and 
overexpression experiments were carried out to identify the roles of 
MrNP1 and MrNP2 in the development of vitellogenin within M. 
rosenbergii in the early stage of the ovary. MrNP1 and MrNP2 may 
act as stimulators of early ovarian development via promoting the 
expression of the MrVg gene, MrVgR gene, and MrCyclinB gene. 
The current study expands our understanding of the regulatory 
mechanism of ovary in M. rosenbergii and provides valuable 
information for regulating ovarian maturation in the aquaculture of 
M. rosenbergii. However, the differences with regard to regulatory 
mechanisms observed for MrNP1 and MrNP2 in M. rosenbergii 
need further exploration and will help to better understand the 
developmental mechanism of the ovary in crustaceans.
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