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ABSTRACT
Molting abnormalities of Chinese Mitten Crab (Eriocheir sinensis) can seriously affect their growth,
causing significant losses to the aquaculture industry. The current studies on the molting mechanism
mainly focused on the independent analysis of single protein, rather than a protein-protein interaction.
In this work, with the systematic point of view, the subcellular location of 830 unidentified proteins
were annotated based on the previously reconstructed protein-protein interaction network (PIN) of E.
sinensis using the bioinformatics analysis method, which accounts for 91.9% of all un-localized proteins
in the network. Subsequently, the molting interaction network was extracted from the global PPI, which
contains 35 proteins and 32 interactions. By analyzing the subcellular annotation of the molting interaction
network, the subcellular localization of 12 proteins was obtained. Half of these proteins located on the
cell membrane, indicating the close relationship between molting process and the changes of membrane.
The results of this work provide a theoretical basis of the further elucidation of the molting mechanism
for E. sinensis.

INTRODUCTION

C

hinese mitten crab (Eriocheir sinensis), also known
as crab, is an important economic aquatic source
(Du et al., 2017). Molting is a critical physiological
characteristic of crab. Precocity and molting abnormalities
may cause huge economic losses. The study on molting
mechanism of E.sinensis has been an attractive topic in
aquatic crustaceans. Previous studies showed that molting
is regulated by a variety of hormones, mainly coordinated
through the interplay between molt-inhibiting hormone
(MIH) secreted from the X-organ/sinus gland complex (XOSG) in eyestalk and ecdysteroids secreted from Y-organ in
cephalothorax (Techa and Chung, 2015). Sun et al. (2001)
observed ultrastructure of sinus gland and confirmed the
regulation foundation for gonadal development from the
morphological structure. Wang et al. (2002) obtained
eyestalks specific cDNA. Yao et al. (2006) constructed
molt-inhibiting hormone prokaryotic expression vector,
and prepared corresponding polyclonal antibodies. Sun et
al. (2011) cloned full-length cDNA from molt-inhibiting
hormone of eyestalks and discussed the expression of
*
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MIH mature peptide gene recombination in E. sinensis.
On the study of ecdysone, Zhao and Lu (2004) observed
ultrastructure of Y-organ during the molting cycle.
He et al. (2013) constructed the expression vector of
hormone regulated protein by the method of homologous
recombination and purified ecdysone regulatory proteins
subsequently. Gong et al. (2014) cloned full-length cDNA
sequences of ecdysone receptor gene from Y-organ and
analyzed the structure and tissue expression. These results
laid a foundation for elucidating the molting mechanism
of E. sinensis.
However, studies focusing on several or single genes/
proteins are not sufficient to completely understand the
molting mechanism of crab. Protein-protein interactions
are the basis of almost all biological processes. Therefore,
It is necessary to identify possible interactions between
proteins for the investigation of molting process (Mering
et al., 2002). With the development of high-throughput
detection technology such as yeast two-hybrid (Y2H)
(Uetz and Hughes, 2000), and Tandem affinity purification
(TAP/MS) (Gavin et al., 2002), which provide a vast
amount of proteomic data. The protein-protein interaction
networks (PINs) have been reconstructed for many species,
including bacteria (Butland et al., 2005; Arifuzzaman et
al., 2006), virus (Blasche et al., 2013), plants (GeislerLee et al., 2007; Rodgers-Melnick et al., 2013), animals
(Guruharsha et al., 2011; Li et al., 2004) and humans

B. Wang et al.

1778

(Ewing et al., 2007; Rolland et al., 2014), which providing
a novel method for understanding the cellular mechanism
in intracellular signaling, gene regulation and biochemical
processes (Hao et al., 2016). It is a new development for
the study of molting mechanism and investigation of the
physiology processes in aquatic crustacean species with
the PPI network from the systematic view.
Our group have reconstructed a PIN of E. sinensis
which included 3,223 proteins and 35,787 interactions
based on the transcriptomics sequencing of RNAs in
eyestalk, Y-organ and hepatopancreas and the combination
of protein-protein interaction information of six models
organisms (Hao et al., 2014). In this work, the subcellular
location of unidentified proteins was firstly annotated
based on the previously reconstructed PIN of E. sinensis,
and the molting interaction network was extracted from
the global PIN. By analyzing the subcellular annotation of
the molting interaction network, we provide a theoretical
basis for the further elucidation of the molting mechanism
in E. sinensis.

protein and the number of proteins (n) annotated by each
GO item; (3) Determine if the number of neighbor nodes
with GO annotations is 1, if the value equals to 1, assign
all functional annotations to the unidentified proteins;
otherwise, calculate m/n starting from any GO item,
if m/n ≥ 75%, then the GO annotation was given to the
unidentified protein, otherwise go to the determination of
next GO item; and (4) Repeat steps 1-3 until the number of
GO-annotated proteins in the network does not change. It
should be noted that after several iterations there may still
exist the proteins that are not yet annotated.

METHODS
Subcellular localization of unidentified proteins based on
the neighbor nodes
Based on gene ontology (GO) database which
contains the cellular components annotation information,
the subcellular location of unidentified protein was
annotated according to the location of neighbor proteins
referring to the method of Alexei Vazquez’s work (Vazquez
et al., 2003). Firstly, for a certain protein, namely a
“node” in the network, the number of its neighbor nodes
with GO subcellular location annotation(s) (n) and the
number of proteins (m) that was annotated by each GO
item was calculated. Once m/n reached a critical value,
the corresponding GO was annotated to this unidentified
protein (Fig. 1) (Vazquez et al., 2003). In a network with
an average degree more than 20, 20 neighbor proteins are
unlikely to be annotated by the same GO, so it is necessary
to set a proper threshold.
In this work, we set the threshold value as 75%, that
is, in all the GO annotations corresponding to the neighbor
nodes of a unidentified protein, when a GO annotation
satisfies m/n≥75%, this GO annotation will be added to the
unidentified protein. When an unidentified protein has only
one annotated neighbor node, all GO annotations of the
neighbor node will be added to this protein. Detailed steps
are as follows: (1) Obtain the protein-protein interaction
information and identify the relationship between
unidentified and identified proteins with GO cellular
component annotations, namely subcellular locations,
from the reconstructed PIN; (2) calculate the number of
annotated neighbor proteins (m) of each unidentified

Fig. 1. Schematic diagram of unidentified protein
annotation. The gray boxes represent unidentified proteins.
The white boxes indicate proteins with known GO cellular
component annotations. The numbers 1 to 9 indicate
different GO items.

As shown in Figure 1, in the first loop, the number
of neighbor proteins with GO annotations (D and E)
interacting with unidentified protein A is 2, the GO
annotation of protein D is 2, 3, 4 and the GO annotation of
protein E is 1, 2, 6, and 7, only the annotation 2 in all the
functional annotations of the neighbor proteins satisfies the
condition of m/n ≥ 75%, then annotation 2 was annotated
to protein A. Similarly only annotation 9 satisfies the
condition of m/n ≥ 75% among all GO annotation of
neighbor proteins interacting with unidentified protein C,
and hence the annotation 9 is assigned to the protein C. For
protein B, only one neighbor node F has GO annotations,
thus all of the GO annotations 4, 5, and 6 of node F are
assigned to protein B. In summary, After the first cycle
of annotation, the annotations of protein A is annotation
2, of protein B are annotation 4, 5, 6, and of protein C
is annotation 9. In the second cycle, protein A has three
annotated neighbor proteins B, D, E, according to the
same principle, annotations 4 and 6 was added to protein
A, that is, protein A has three annotations 2, 4 and 6 in
total. Similarly, annotation 6 is added to protein C, hence
protein C has two annotations 6 and 9. The annotations
were iteratively executed until no new annotation can be
added to any unidentified protein.
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Reconstruction of the molting interaction network
In the previous study, we have reconstructed a
PIN of E. sinensis (Hao et al., 2014) based on the
transcriptomics sequencing of RNAs in eyestalk, Y-organ
and hepatopancreas and the combination of proteinprotein interaction information of six models organisms
obtained from PINA (Protein-Protein Interaction Network
Analysis) database (Cowley et al., 2012). The network
contains 3223 proteins and the biological process of 3045
proteins was annotated. Gene Ontology annotation has
the characteristics of a hierarchical structure in which the
molting process (GO: 0022404, molting cycle process),
which is the highest-level keywords appear to molt,
located in the fourth level of the entire GO hierarchy.
So we took the GO biological process annotations of all
the 3045 proteins to trace back along the GO hierarchy,
and eventually the proteins which were able to go back
to GO: 0022404 were considered as the molting proteins.
Subsequently, the interactional relationships corresponding
to the molting proteins were extracted from the PIN of E.
sinensis, forming the molting interaction network. The
network was visualized by Cytoscape software.
Subcellular localization of molting-related proteins
We searched for molting proteins in the global
PIN of E. sinensis, and matched the subcellular location

1779

annotations from the global network to the corresponding
molting proteins. The subcellular annotations were traced
back along the GO hierarchical structure, and the upper
subcellular location attribution was analysis.

RESULTS
Subcellular location annotation of unidentified proteins
According to transcriptomics sequencing results of
Chinese mitten crab, the PIN contains 3223 proteins in
which 2320 have subcellular localization annotations,
accounting for 72% of the total proteins. These proteins
correspond to a total of 4077 annotations. The rest of 903
proteins in the PIN are unidentified proteins which lack of
subcellular location annotation. After three times iterative
calculation for subcellular locations of unidentified
proteins with the neighbor nodes based annotation method
described in the method section, the subcelluar location
of 830 proteins were obtained, accounting for 91.9% of
the unidentified proteins. The locations for the rest of 73
proteins were unable to be annotated with this method.
After annotation, the PIN of Chinese mitten crab contains
3150 proteins which have subcellular location annotations,
accounting for 97.7% of the entire network with an
increase of 27.7% compared to the PIN before annotation.
The annotation results are shown in Figure 2.

Fig. 2. Results of subcellular location annotation. Red indicates proteins with subcellular location annotations in the global
network originally. Green indicates the proteins annotated in this work. Yellow indicates proteins that cannot be annotated with
subcellular locations.
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Fig. 3. PIN of molting protein of E. sinensis.

Table I.- Sub cellular location of molting protein
annotation.
Protein

Subcellular location

Q17336

GO:0043231; GO:0030529

P46769

GO:0005737; GO:0030529

Q9VWD0

GO:0005924; GO:0031674

Q01989

GO:0005884; GO:0016023; GO:0016461;
GO:0015630; GO:0045171

Q9VAS9

GO:0044464; GO:0043005; GO:0044424

Q9V3Z6

GO:0044448; GO:0042995; GO:0015629;
GO:0043232

Q9VZQ9

GO:0043231

O62602

GO:0044424

Q9U299

GO:0031981

Q9VSN9

GO:0005768; GO:0044425

Q9VNF8

GO:0030133;GO:0044431; GO:0012507

P97887

GO:0030427; GO:0005764; GO:0031982;
GO:0005783; GO:0043234; GO:0019866;
GO:0044459; GO:0016021; GO:0005815;
GO:0045202; GO:0030425; GO:0031965;
GO:0000775; GO:0031674; GO:0005624;
GO:0044297; GO:0044444

Identification of molting protein and reconstruction of
molting interaction network
Among all 3045 annotated protein which contains
biological processes in the global network, by the method

of GO backtracking, the GO annotation of these proteins
were matched with the molting process (GO: 0022404).
Finally 35 molt-related proteins which can be traced back
to GO: 0022404 were obtained. These proteins include:
O62618, Q9W1H0, O61444, O61443, Q8I0G8, P97887,
Q9VDS9, O62602, Q9VNF8, Q9V3Z6, Q9v3J4, P46769,
P16905, Q9VSN9, Q8I100, P18824, Q17336, Q01989,
Q9VAS9, Q9NIR3, Q9GYH7, Q9U299, Q9VTM4,
Q9C0H2, Q8SXQ1, Q9V3A8, Q96CT7, Q9VRJ4,
Q9VZQ9, Q9VK60, Q9VF81, Q9VBK9, Q9VWDO,
Q14257 and Q9VHF5. 32 interactional relationships
were found corresponding to these molting proteins from
the global PIN of E. sinensis. The molting network was
comprised of the molting proteins and their interactions
(Fig. 3), of which 10 proteins did not have any interactions
involved. Actually, these proteins may interact to proteins
with other functions in the global network.
Cellular localization of molting proteins
Totally 12 proteins involving 40 subcellular
localization annotations were obtained by matching the
35 molting proteins to the global PIN and extracting
corresponding subcellular location information (Table
I). These GO annotations were backtracked through GO
hierarchy and their upper level subcellular locations
were analyzed. The proteins mainly distributed in the
membrane, cytoskeleton, Golgi apparatus, vacuole,
nucleus, cell-substrate junctions, neuron projection and
ribonucleoprotein complex (Table II). The annotation of
protein 062602 is intracellular part but the detailed location
cannot be determined.
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Table II.- Distribution of molt protein subcellular
location.
GO annotation

Protein

Cell membrane

Q9VZQ9, Q9U299, Q9VSN9,
Q9VNF8, P97887, Q9VWD0

Cytoskeleton

Q9V3Z6

Golgi apparatus

Q9VNF8

Vacuole

P97887

Nucleus

Q9U299, Q01989

Sticky attachment connecting
portion

Q9VWD0

connecting portion

Q9VAS9

Intracellular

O62602

Ribosomal protein complexes Q17336, P46769

DISCUSSION
In all the localized molting proteins, half of the
proteins (6 of 12) were located in membrane. It indicates
that molting process is inextricably linked with the change
of membrane, which is in consistence with Webster (1993)
work that the binding site of MIH is the plasma membrane
of Y-organ detected with the ligand blotting assay in
Carcinus maenas.
In addition, new skin formation is an important stage
in the process of molting, comprising of the growing and
extending of subcutaneous cells, secreting epidermis and
pigment layer which constitute the new skin.
The membrane plays an essential role in the cell
growth, elongation and other morphological changes.
Therefore, we speculate that a number of molting proteins
locate on the cell membrane or affect cell-substrate junction
to promote the new skin generation by regulating the cell
membrane changes in the molting cycle. Subsequently the
cytosol was excreted into the space between the old and
new skins to crack the old skin cells and nucleus. This
digestion process continues until all the membranes and
most of the calcification layers were destroyed. As cell
membrane is the protective barrier of cells, in order to
destroy the cell structure and digests the cell, the first step
of molting is to destroy the membrane structure, in which
the molting proteins may play roles in the membrane to
ensure the smooth running of molting process.
The hepatopancreas of crustaceans is an important
organ for nutrient digestion and storage. It is closely
related to the growth, development and reproduction of
crustaceans. Digestion, absorption, storage and excretion
of nutrients are achieved through the synthesis and
secretion of digestive enzymes. The hepatopancreas
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cells of E. sinensis mainly consist of R, B, F and E cells
(absorbing cells, vesicular cells, fibroblasts, and tubule
ends blastocyte). These cells are periodically changed
during molting (Tian et al., 2013). E cell is undifferentiated
blastocyte which can differentiate to form R, B and F cells.
E cell can also differentiate to other cells types through
mitosis in which the cytoskeleton proteins are involved.
The function of B cell is to transfer metabolic wastes
into its large vacuoles after the absorption of nutrients.
The molting proteins in vacuoles may participate in the
transport of metabolic wastes.
Besides, the activity of digestive enzymes in
hepatopancreas is also compatible with the molting
cycle of E. sinensis. The crustaceans are fast and lurking
motionlessly during the molting process. Because vast
amount of energy will be consumed during the ephemeral
molting period, a large number of energy substances
(carbohydrates, lipids and proteins) will be accumulated in
hepatopancreas in the proecdysis and anecdysis. Therefore,
the quantity and activity of hepatopancreas amylase and
trypsin increase significantly in order to digest and absorb
the carbohydrates and protein substances (Kang et al.,
2012). The synthesis and secretion of these two enzymes
are relevant to the nuclear genetic transcription proteins,
ribonucleoproteins and Golgi membrane proteins. So the
proteins located in nucleus, ribonucleoprotein complex
and Golgi apparatus can be found in the immune PIN.
The protein Q9VAS9 is located in the neuron
projection, which may be related to the regulational
complexity of molting in crustaceans. Molting process is
regulated by both the nervous system and the endocrine
system. Studies have shown that molting in crustaceans
is regulated by a variety of hormones, mainly coordinated
through molt-inhibiting hormone (MIH) secreted from the
X-organ/sinus gland complex (XO-SG) and ecdysteroids
secreted from Y-organ (YO). XO-SG is the main control
center of crustaceans neuroendocrine. SG, which consists
of many axons of neurosecretory cell, is a neurological
circulatory organ with the function of hormone storage
and release. SG do not actually synthesize hormones itself
(Zhu and Li, 2001). Most researchers believe that MIH
regulates molting process by controlling YO to secret
molting hormone (Lee et al., 2007), but the mechanism
of MIH regulation is still unclear. Proteins in neuron
projection may be involved in the hormone delivery
process.

CONCLUSIONS
Molting process of the Chinese mitten crab is
participated by a number of proteins, which interact with
each other to form an interaction network. In this work, we
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extracted the molting PIN from the reconstructed E. sinensis
PIN and further localized the molting proteins through the
subcellular location annotation of proteins in E. sinensis
PIN. Systematic localization and analysis of the molting
PIN provide a theoretical basis for the elucidation of the
molting mechanism, and further profit the development of
Chinese mitten crab cultivation industry.
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