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Abstract: The Chinese mitten crab (Eriocheir sinensis) is a representative catadromous invertebrate of
the Yangtze River and a commercial species widely cultivated in China. Both cultivated and wild crabs
suffer from a variety of parasites and pathogens, which can result in catastrophic economic losses in
aquaculture revenue. Polyascus gregaria, a parasitic barnacle with a highly derived morphology, is
specialized in invading these crabs. This study examines the immunological mechanism in E. sinensis
infected with P. gregaria. Tandem mass tags (TMT), a specialized method of mass-spectrometry, was
used to analyze the infection by P. gregaria resistance at the protein level. In the hepatopancreas
of infected crabs, 598 proteins differentially expressed relating to physiological change, of which,
352 were upregulated and 246 were downregulated. Based on this differential protein expression,
104 GO terms and 13 KEGG pathways were significantly enriched. Differentially expressed proteins,
such as ATG, cathepsin, serpin, iron-related protein, Rab family, integrin, and lectin, are associated
with the lysosome GO term and the autophagy-animal KEGG pathways, both of which likely relate
to the immune response to the parasitic P. gregaria infection. These results show the benefit of
taking a detailed, protein-level approach to understanding the innate immune response of aquatic
invertebrates to macroparasite infection.

Keywords: Eriocheir sinensis; Polyascus gregaria; TMT; innate immune; Yangtze Estuary

1. Introduction

The Chinese mitten crab (Eriocheir sinensis) is a well-known and important decapod
crustacean with both ecological and economic value [1]. This migratory crustacean is native
to the coastal waters of East Asia, but is now considered an invasive species throughout
Europe and North America [2]. In China, more distinctive germplasm characteristics, and
a high output of this native crustacean from the Yangtze River, are generally acknowledged
by the public. Due to the commercial value of this species, intensive cultivation became
popular after the 1950s [3] from the Yangtze River. Along with the rapid development
of the large-scale aquaculture of these crabs are frequent outbreaks of viruses, bacteria,
rickettsia-like organisms, and parasites, all of which have led to catastrophic economic
losses for Chinese mitten crab farmers [4,5]. These infections can also cause remarkable
morphological, physiological, and behavioral changes in the host [6]. Although the interac-
tions among bacteria [7,8], funguses [9], parasites [10], and even ecological factors [6,11]
in the host of the Chinese mitten crab, are represented in the literature, to date, there has
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been little focus on the parasitic barnacle Polyascus gregaria and its effect on the Chinese
mitten crab. The hepatopancreas is an important organ in crustaceans that combines
the various functions from the liver and pancreas in vertebrates [12]. It also relates the
functioning of nutritional metabolism, energy storage, immune response, and other life
activities in crustaceans [13–15]. For immune functioning, studies have demonstrated
that the hepatopancreas synthesizes and excretes key immune-related molecules, such
as beta-1, 3-glucan binding protein (LGBP) [16], antibacterial peptide (AMP) [17], and
lectin related proteins [18], and emphasized the crucial roles in innate immune response in
several crustaceans.

P. gregaria, as a member of the Rhizocephalan parasitic barnacle family, was orig-
inally classified as Sacculina polygenea [19], but was later reclassified in a new genus of
Polyascus [20]. These parasites are regarded as the most specialized and divergent forms
of barnacles, mainly infecting decapods, especially crab species, worldwide [21,22]. Key
differences for rhizocephalans compared to other crustaceans include a high alteration of
morphology, with a lack of segmentation and appendages in the adult stage. As with other
barnacles, however, rhizocephalans show free-living nauplius and cypris larvae during
reproduction, related to their endoparasitic lifestyles [23]. For example, Sacculinidae is one
of the two larger families of Rhizocephalan, which causes host feminization [24], anecdysis,
castration [18], gonadal atrophy [25], and immune response [26]. Moreover, the infection of
this parasite in the Chinese mitten crab may result in the host death; the mortality of male
crabs reached 13.04% and female crabs 9.09% in this research (total data not shown). For
reproduction, the female host is forced to bear the parasitic barnacle eggs instead of its own,
while in the male host, spermatogenesis is arrested and the gonadal tissue is degenerated,
but does not disappear entirely [27]. Furthermore, changes in behavioral and external
morphology, such as widening of the abdomen in parasitized males, cause the male host
crabs to take on a feminine appearance [28]. For adult female barnacles, the body is made
up of internal and external parts. The internal parts have hollow rootlets structures; these
rootlets spread within the body of the host, including the ventral ganglionic mass, gonad,
muscle, hemolymph, and hepatopancreas [27,29], where they absorb nutrients from the
host [23]. The external portion of the barnacle plays a temporarily reproductive role and is
critically responsible for infection in the host. The external parts generate nauplius larvae,
which develop into a cypris larvae after several molts to start a new round infection.

Recently, several studies were published on Sacculinidae ecology [30,31], the histopathol-
ogy and immune response in Carcinus maenas [22], the effects on the muscular system in
Hemigrapsus sanguineus [5], and the molecular mechanisms of infection in Scylla olivacea [32].
Studies have specifically addressed the disease ecology of P. gregaria [33], its phylogenetic
relationships [19], as well as the description of its morphological adaptation to parasitism
in Hemigrapsus sanguineus [34]. As an economical crustacean, the diseases and immunity
of the Chinese mitten crab are particularly important to aquaculturists. Due to the lack of
an acquired immune system, the innate immune system is the first line of inducible host
defense in invertebrates against bacterial, fungal, and viral pathogens [35]. This defense
system includes phagocytosis, melanization, nodulation, encapsulation, and the release
of relative bactericidal substances, and is essential for the survival and perpetuation of all
multicellular organisms [36]. In this area, many studies have demonstrated the functional
genes, crucial proteins, osmoregulation modes, antioxidant capacity, and innate immune
pathways involved in various diseases in the Chinese mitten crab [14,15,37]. In addition,
studies examining the protein levels of the innate immune response could provide impor-
tant insights into this field of research. One such method is the use of isobaric tandem
mass tag (TMT) mass-spectrometry. This technology has allowed researchers to illus-
trate the molecular mechanisms of inflammatory responses, infections, and temperature
responses [11,38,39].

In this study, we examined the innate immune response of the male Chinese mitten
crab to P. gregaria infection through TMT analysis. This proteomic analysis provides a
deep insight into the relationship and interaction between the Chinese mitten crab and
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P. gregaria. We identified hundreds of new relevant proteins and assessed their biological
importance through enrichments of gene ontology (GO) terms and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways to discriminate the immunological mechanisms
involved in the response to P. gregaria infection. These results provide a novel, deep,
and comprehensive view of the innate immune response in the Chinese mitten crab,
especially for macroparasites, which provide an academic reference for preventing the
infection by P. gregaria, to reduce the economic losses in agricultural farm. These molecular
mechanisms also contribute toward pharmacological research and development, regarding
new medicine against parasite infection.

2. Materials and Methods
2.1. Sample Site and Crabs

Male Chinese mitten crabs were obtained from the Yangtze Estuary (31◦10′59.06′′ N–
121◦53′40.56′′ E), Shanghai, China, in December 2020, during the spawning migration.
Animals were collected from gill nets (5 mm mesh), set perpendicular to the water flow
after 2–3 h in the water. Crabs were quickly stunned on ice as soon as they were caught and
immediately taken to the lab. The biological information of each crab was measured and
the abdomen was scrutinized to separate animals parasitized with P. gregaria from those
without the parasites. Slight exfoliation was necessary to collect the parasites and to note the
number. Next, 4–5 g of hepatopancreas tissue was rapidly extracted from both parasitized
and non-parasitized crabs, and they were flash frozen in liquid nitrogen. All of the extracted
samples were stored at −80 ◦C to ensure effectiveness of the tissue. The parasites collected
from each host were identified based on their morphological characteristics [40]. Crabs
were considered healthy (i.e., non-parasitized) if no parasite or scar was found in the
abdomen, appendages, or copulatory organ, while those with at least 15 parasites evident
in the abdomen were considered of the parasitized crabs (Figure 1). Six non-parasitized
(mean ± SD, case length: 56.67 ± 0.98 mm) and six parasitized (mean ± SD, case length:
53.19 ± 7.02 mm; parasite count: 21 ± 4) (Table 1) were chosen to analyze the innate
immune response in this present study.

Table 1. The basic information of Chinese mitten crab samples.

Groups Sample ID CL (mm) CW (mm) CT (mm) Weight (g) PN

non-parasitized

ESC1 54.92 51.57 26.43 76.06 0
ESC2 57.22 53.34 26.08 85.34 0
ESC3 56.19 56.19 29.34 80.12 0
ESC4 56.87 51.51 37.97 89.42 0
ESC5 57.57 55.45 31.76 98.87 0
ESC6 57.24 56.32 27.76 105.42 0

Parasitized

ESI1 61.63 58.25 28.84 102.19 21
ESI2 49.83 48.06 23.41 60.00 17
ESI3 54.30 53.49 26.58 80.94 27
ESI4 46.52 47.07 22.20 46.96 21
ESI5 45.74 43.73 20.94 46.46 17
ESI6 61.11 59.53 28.02 106.66 24

CL: case length; CW: case width; CT: case thickness; PN: parasite number.
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Figure 1. Features in the male Chinese mitten crab infected with P. gregaria. (A,B): non-parasitized 
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Figure 1. Features in the male Chinese mitten crab infected with P. gregaria. (A,B): non-parasitized
crab; (C,D): parasitized crab. U: umbilicus; CO: copulatory organ; P: P. gregaria.

2.2. Experimental Protein Preparation

A single-to differential (STD) buffer was added to hepatopancreas tissue and then
transferred into 2 mL tubes with quartz sand (1:1). An MP Fastprep-24 Automated Homog-
enizer was used to homogenize the lysate in 2 cycles, 6.0 M/S for 30 s. The homogenate
was sonicated and then boiled for 15 min, followed by centrifugation at 14,000 g for 40 min.
The supernatant was filtered through a 0.22 µm filter and quantified with the BCA Protein
Assay Kit (P0012, Beyotime) before being stored at −20 ◦C. To separate proteins, a 20 µg of
6X loading buffer was mixed in each sample and boiled for 5 min. The concentrations of
proteins were detected (Table S1) and the proteins were separated on 12.5% SDS-PAGE gel
(Figure S1) and visualized by Coomassie Blue R-250 staining.

A total of 200 µg of proteins was taken for each sample and combined with 30 µL of
STD buffer (4% sodium dodecyl sulfate (SDS), 100 mM dithiothreitol (DTT), and 150 mM
Tris-HCl pH 8.0). The detergent, DTT, and other low-molecular-weight components were
removed using UA buffer (8 M Urea, 150 mM Tris-HCl pH 8.5) by repeated ultrafiltration
(Sartorius (Göttingen, Germany) 30 kD). Then, 100 µL of iodoacetamide (100 mM IAA in
UA buffer) was added to block reduced cysteine residues and the samples were incubated
for 30 min in darkness. The filters were washed three times with 100 µL of UA buffer and
then twice with 100 µL of 0.1 M triethylammonium bicarbonate (TEAB) buffer. Finally,
the protein suspensions were digested with 4 µg of trypsin (Promega, Madison, WI, USA)
in 40 µL 0.1 M TEAB buffer overnight at 37 ◦C. The resulting peptides were collected as
a filtrate. The peptide content (Figure S2) was estimated by UV light spectral density at
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280 nm that was calculated based on the frequency of tryptophan and tyrosine in vertebrate
proteins.

2.3. TMT Protein Labelling and HPLC Fractionation

The 100 µg peptide mixture of each sample was labeled using TMT reagent, according
to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). Each
TMT labeled mixture was then fractionated by RP chromatography using the Agilent
1260 infinity II HPLC. Next, the mixture was diluted with buffer A (10 mM HCOONH4,
5% ACN, pH 10.0) and loaded onto an XBridge Peptide BEH C18 Column, 130 Å, 5 µm,
4.6 mm X 100 mm column. The peptides were eluted at a flow rate of 1 mL/min with a
gradient of 0–7% buffer B (10 mM HCOONH4, 85% ACN, pH 10.0) for 5 min, 7–40% buffer
B for 5–40 min, 40–100% buffer B for 45–50 min, and 100% buffer B for 50–65 min. The
elution was monitored at 214 nm based on the UV light trace, and fractions were collected
every 1 min between 5 and 50 min.

2.4. LC-MS/MS Analysis

Each fraction was injected for nanoLC-MS/MS analysis. The peptide mixture was
loaded onto the C18-reversed phase analytical column (Thermo Fisher Scientific, Acclaim
PepMap RSLC 50 um × 15 cm, nano viper, P/N164943) in buffer A (0.1% Formic acid),
and separated with a linear gradient of buffer B (80% acetonitrile and 0.1% Formic acid)
at a flow rate of 300 nl/min. The gradient consisted of 6% buffer B for 3 min, 6–28%
buffer B for 42 min, 28–38% buffer B for 5 min, 38–100% buffer B for 5 min, and 100%
buffer B for 5 min. The peptides were analyzed by a Q Exactive Plus mass spectrometer
(Thermo Fisher Scientific) that was coupled to Easy nLC (Thermo Fisher Scientific) for
90 min. The mass spectrometer was operated in positive ion mode. MS data were acquired
using a data-dependent top10 method, dynamically choosing the most abundant precursor
ions from the survey scan (350–1800 m/z) for high-energy collisional dissociation (HCD)
fragmentation. Survey scans were acquired at a resolution of 70,000 at m/z 200 with an
automatic generation control (AGC) target of 3e6 and a maxIT of 50 ms. MS2 scans were
acquired at a resolution of 17,500 for HCD spectra at m/z 200 with an AGC target of 2 × 105

and a maxIT of 45 ms, and isolation width was 2 m/z. Only ions with a charge state
between 2 and 6, and a minimum intensity of 2 × 103 were selected for fragmentation.
Dynamic exclusion for selected ions was 30 s. Normalized collision energy was 30 eV.

2.5. Data Analysis

MS/MS raw files were processed using MASCOT engine (Matrix Science, London, UK;
version 2.6), analyzed in Proteome Discoverer 2.2 (Thermo Fisher Scientific), and searched
against the UniProt database. The search parameters included trypsin as the enzyme used
to generate peptides with a maximum of 2 missed cleavages permitted. A precursor mass
tolerance of 10 ppm was specified and 0.05 Da tolerance for MS2 fragments. Except for
TMT labels, carbamidomethyl(C) was set as a fixed modification. Variable modifications
were oxidation (M) and acetyl (protein N-term). A peptide and protein false discovery
rate (FDR) of 1% was enforced using a reverse database search strategy. Proteins with
fold change >1.2 and p-value (Student’s t test) < 0.05 were considered to be differentially
expressed proteins.

2.6. Enrichment of Pathways Analysis

All protein sequences were aligned to protein database that were assembled (Trinity,
V2.4.0) and predicted (TransDecoder, V3.0.1) from the coding sequence of transcriptome,
only the sequences in the top 10 and E-value ≤ 0.001 were kept. The GO term of the
sequence with the top bit-score by Blast2GO was selected. Then, the annotations from
GO terms to proteins was completed by the Blast2GO Command Line. After the basic
annotation, InterProScan/GO (http://www.ebi.ac.uk/interpro/ (accessed on 5 October
2021)) was used to search the EBI database by motif and then add the functional information
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of the motif to proteins to improve annotation. Fisher’s exact test was used to enrich GO
terms and KEGG pathways by comparing the number of differentially expressed proteins
and total proteins correlated to GO terms. Correction for multiple hypothesis testing was
carried out using standard false discovery rate (FDR) control methods.

2.7. Enrichment of Protein Domain Analysis

InterProScan (http://www.ebi.ac.uk/interpro (accessed on 1 November 2021)) was
used to predict the protein families, domains, and special sites based on the protein
sequence alignment method. The database was blasted and the two-tailed Fisher’s exact
test was employed, aiming to test the enrichment of the differentially expressed proteins
against all identified proteins. A correction for multiple hypothesis testing was performed
using the FDR, and the p-values < 0.05 were considered as a significant domain.

3. Results
3.1. Identification and Quantitative Protein Profiling

The parasites were identified in six Chinese mitten crabs based on morphological
characters, such as size, profile, parasitic location, color, and capture site in this study.
The proteomic analysis was successfully performed on hepatopancreas tissue from six
parasitized and six non-parasitized male crabs based on the TMT method, along with simul-
taneous identification and quantification. In total, 10,616 unique peptides and 2143 proteins
were identified, of which 2046 proteins showed quantitative information. Using a 1.2-fold
increase or decrease as a benchmark, 598 proteins showed differential expression between
parasitized and non-parasitized crabs. Of these, 352 were upregulated and 246 were down-
regulated in response to P. gregaria infection. Among the upregulated proteins, several
kinds of proteins related to the innate immune system were identified, such as cathepsin
F and GTPase KRas, while immune system related proteins in the downregulated set
included: serpin B, Autophagy-related 4 (ATG4), ATG5, ATG9, scavenger receptor class B,
cathepsin D and L, and lectin (Table 2).

Table 2. Representative differentially expressed proteins related to the innate immune system in the Chinese mitten crab,
with a 1.2-fold change, with P. gregaria infection.

Protein ID Name Coverage 1.2-Fold p Value

Unigene003240.p1 Cell division control protein 42 17 2.63 0.0000
Unigene000553.p1 E3 ubiquitin-protein ligase HERC4 4 1.96 0.0000
Unigene003237.p1 Ras-related protein Rab-7A 26 1.30 0.0001
Unigene005035.p1 UTP–glucose-1-phosphate uridylyltransferase 22 1.30 0.0002
Unigene000566.p1 Ras-related GTP-binding protein A/B 17 1.34 0.0005
Unigene004773.p1 Chaperonin GroEL 38 1.73 0.0007
Unigene002294.p1 Ras-related protein Rab-30 17 2.04 0.0010
Unigene000261.p1 Dynactin 1 2 1.71 0.0032
Unigene003260.p1 Ras-related protein Rab-6A 39 2.02 0.0033
Unigene004729.p1 High mobility group protein B1 7 1.41 0.0034
Unigene002219.p1 Ras homolog gene family, member A 29 1.56 0.0039
Unigene004782.p1 Calreticulin 33 2.81 0.0041
Unigene006723.p1 Ras-related protein Rab-1A 43 1.85 0.0044
Unigene000585.p1 Cathepsin F 4 1.40 0.0045
Unigene000091.p1 Kindlin 2 8 1.39 0.0055
Unigene007453.p1 Small subunit ribosomal protein s6e 28 2.07 0.0059
Unigene000740.p1 Ras-related protein Rab-2A 50 1.69 0.0073
Unigene004596.p1 Protein disulfide-isomerase A1 49 1.71 0.0115
Unigene004078.p2 Tubulin-specific chaperone A 16 2.51 0.0124
Unigene001138.p1 Matrix metalloproteinase-14 3 1.44 0.0150
Unigene000336.p1 GTPase KRas 12 2.06 0.0167
Unigene007460.p1 Small subunit ribosomal protein s3e 53 1.38 0.0250
Unigene000055.p1 Laminin, alpha 3/5 16 1.26 0.0270
Unigene006004.p1 Vacuolar protein-sorting-associated protein 4 8 1.37 0.0294

http://www.ebi.ac.uk/interpro
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Table 2. Cont.

Protein ID Name Coverage 1.2-Fold p Value

Unigene005905.p1 Complement component 1 Q subcomponent-binding
protein, mitochondrial 15 2.33 0.0297

Unigene003829.p1 Protein scribble 13 1.31 0.0304
Unigene001410.p1 Fascin 1 4 1.83 0.0342
Unigene006225.p1 Glutathione S-transferase 36 2.06 0.0006
Unigene000029.p1 P-type Ca2+ transporter type 2B 9 1.48 0.0178
Unigene000668.p1 Filamin 7 1.36 0.0038
Unigene001686.p1 1,4-alpha-glucan branching enzyme 27 1.35 0.0004
Unigene001793.p1 Neural cell adhesion molecule 4 2.30 0.0408
Unigene005645.p1 AN1-type zinc finger protein 1 4 4.77 0.0005
Unigene003973.p1 KRAB domain-containing zinc finger protein 2 4.82 0.0082
Unigene000005.p1 Integrin alpha 7 8 0.72 0.0003
Unigene000042.p1 Lysosomal alpha-glucosidase 9 0.32 0.0021
Unigene000381.p1 Integrin beta 1 11 0.51 0.0069
Unigene000396.p1 Cysteine protease ATG4 7 0.78 0.0108
Unigene000417.p1 Serpin B 67 0.49 0.0147
Unigene000427.p1 Glycerol-3-phosphate O-acyltransferase 1/2 4 0.60 0.0044
Unigene000486.p1 Hexosaminidase 34 0.49 0.0211
Unigene000506.p1 Vacuolar protein sorting-associated protein 35 21 0.79 0.0108
Unigene000515.p1 Lectin, mannose-binding 2 13 0.73 0.0267
Unigene000557.p1 CD63 antigen 11 0.53 0.0214
Unigene000614.p1 Dipeptidyl-peptidase 4 18 0.50 0.0150
Unigene000677.p1 Integrin alpha 8 17 0.71 0.0099
Unigene000679.p1 Protein kinase D 6 0.66 0.0186
Unigene000969.p1 Spondin-1 2 0.70 0.0418
Unigene001066.p1 Guanine nucleotide exchange factor VAV 4 0.71 0.0200
Unigene001121.p1 Ubiquitin-associated and SH3 domain-containing protein 5 0.55 0.0354
Unigene001159.p1 Protein spaetzle 10 0.55 0.0003
Unigene001277.p1 Beta-mannosidase 11 0.55 0.0295
Unigene001291.p1 Vacuolar protein sorting-associated protein 18 2 0.63 0.0310
Unigene001385.p1 Beta-mannosidase 12 0.58 0.0441
Unigene001395.p1 Serine/threonine-protein phosphatase 4 catalytic subunit 5 0.55 0.0015
Unigene001452.p1 Neurobeachin 9 0.73 0.0024
Unigene001494.p1 Integrin beta 1 3 0.47 0.0449
Unigene001509.p1 Serine incorporator 1/3 1 0.48 0.0116
Unigene001818.p1 Presenilin 1 2 0.65 0.0055
Unigene001922.p1 Autophagy-related protein 9 2 0.66 0.0129
Unigene002296.p1 Glutamyl aminopeptidase 18 0.74 0.0103
Unigene003160.p1 Cathepsin D 26 0.68 0.0046
Unigene003249.p1 Scavenger receptor class B, member 1 11 0.57 0.0020
Unigene003625.p1 Importin subunit alpha-6/7 7 0.78 0.0287
Unigene004822.p1 Ras-related protein Rab-27A 6 0.63 0.0277
Unigene004984.p1 Lysosomal-associated membrane protein 1/2 10 0.60 0.0080
Unigene005731.p1 Glyceraldehyde 3-phosphate dehydrogenase 77 0.51 0.0329
Unigene005921.p1 Autophagy-related protein 5 7 0.54 0.0144
Unigene006505.p1 Cathepsin L 23 0.65 0.0149
Unigene002835.p1 Actin related protein 2/3 complex, subunit 5 31 0.64 0.0135
Unigene005574.p1 Ferritin heavy chain 59 0.53 0.0196
Unigene000294.p1 Titin 13 0.77 0.0067
Unigene006063.p1 Niemann-Pick C2 protein 34 0.53 0.0168
Unigene003415.p1 Beta-glucuronidase 24 0.39 0.0020
Unigene001334.p1 Mannose-6-phosphate isomerase 17 0.78 0.0336
Unigene006110.p1 Mannose receptor, C type 5 0.63 0.0190
Unigene006396.p1 Cystatin-A/B 23 0.52 0.0050
Unigene000181.p1 Vacuole morphology and inheritance protein 14 5 0.60 0.0084
Unigene000974.p1 Abhydrolase domain-containing protein 5 9 0.66 0.0317
Unigene000708.p1 AP-1 complex subunit beta-1 15 1.64 0.0001
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3.2. GO Enrichment

The analysis of GO terms that were significantly enriched in differentially expressed
proteins showed a total of 104 GO terms (Table S2). Cellular component terms were
especially enriched for the lysosomal lumen, plasma membrane, smooth endoplasmic retic-
ulum, and azurophil granule membrane. Molecular function GO terms were enriched for
carbohydrate binding, guanosine triphosphate (GTP) binding, GTPase activity, and others.
Biological process terms were mainly enriched for antigen processing and presentation,
hemocyte migration, nuclear-transcribed mRNA catabolic process, nonsense-mediated
decay, and regulation of filopodium assembly (Figure 2). Of the enriched GO terms, 31
were related to immune response, including autophagosome assembly, immune effector
process, astrocyte activation involved in immune response, innate immune response, and
adaptive immune response (Table 3).

Table 3. Enrichment of GO terms related to innate immune response in the Chinese mitten crab infected with P. gregaria.

GO-ID GO-Term Category p-Value Diff

GO:0043202 Lysosomal lumen C 0.00 10
GO:0008305 Integrin complex C 0.00 10
GO:0005764 Lysosome C 0.01 19
GO:0045298 Tubulin complex C 0.01 7
GO:0000421 Autophagosome membrane C 0.14 3
GO:0001772 Immunological synapse C 1.00 1
GO:0019882 Antigen processing and presentation P 0.00 5
GO:0035099 Hemocyte migration P 0.00 6
GO:0000045 Autophagosome assembly P 0.01 6
GO:0032482 Rab protein signal transduction P 0.01 7
GO:0002252 Immune effector process P 0.08 2
GO:0030683 Evasion or tolerance by virus of host immune response P 0.08 2
GO:0002322 B cell proliferation involved in immune response P 0.28 1
GO:0002309 T cell proliferation involved in immune response P 0.28 1
GO:0002265 Astrocyte activation involved in immune response P 0.28 1

GO:0002842 Positive regulation of T cell mediated immune response to
tumor cell P 0.28 1

GO:0002739 Regulation of cytokine secretion involved in immune response P 0.28 1

GO:0061844 Antimicrobial humoral immune response mediated by
antimicrobial peptide P 0.28 1

GO:0002684 Positive regulation of immune system process P 0.31 2
GO:0045087 Innate immune response P 0.37 5
GO:0002682 Regulation of immune system process P 0.41 3
GO:0002840 Regulation of T cell mediated immune response to tumor cell P 0.48 1

GO:0002429 Immune response-activating cell surface receptor signaling
pathway P 0.48 1

GO:0002286 T cell activation involved in immune response P 0.48 1
GO:0006955 Immune response P 0.62 2
GO:0002376 Immune system process P 0.75 4
GO:0002250 Adaptive immune response P 1.00 1

P: biology process; C: cellular component; Diff: the number of different expression proteins corresponding to the term.
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3.3. KEGG Analysis with DEPs

In the KEGG pathway analysis, a total of 13 pathways were significantly (p < 0.05)
enriched in the set of differentially expressed proteins (Figure 3, Table 4). These path-
ways included lysosome, protein processing in endoplasmic reticulum, extracellular ma-
trix (ECM)_receptor interaction, other glycan degradation, proteoglycans in cancer, gly-
cosaminoglycan degradation, focal adhesion, antigen processing and presentation, au-
tophagy animal, endocytosis, nucleotide excision repair, and ribosome.
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Table 4. Significant enrichment of KEGG pathways (p < 0.05) in the Chinese mitten crab infected with P. gregaria.

Map ID Map Name p-Value Diff

ko04142 Lysosome 0.00 23
ko04141 Protein processing in endoplasmic reticulum 0.00 26
ko04512 ECM-receptor interaction 0.01 8
ko00511 Other glycan degradation 0.01 7
ko05205 Proteoglycans in cancer 0.01 16
ko00531 Glycosaminoglycan degradation 0.01 5
ko04510 Focal adhesion 0.01 16
ko04612 Antigen processing and presentation 0.01 7
ko04140 Autophagy animal 0.02 13
ko04144 Endocytosis 0.04 16
ko03420 Nucleotide excision repair 0.04 5
ko05134 Legionellosis 0.05 7
ko03010 Ribosome 0.05 17

Diff: the number of different expression proteins corresponding to the pathway.

3.4. Enrichment of Protein Domain

Proteins were clustered (Figure S3) and the protein domains were further analyzed
for enrichment in order to better understanding the functional aspects of the DEPs. We
found significant enrichment of 32 domain categories (Table 5), including the small GTP-
binding protein domain, glycoside hydrolase superfamily, glycosyl hydrolase, ferritin-like,
and ferritin.

Table 5. Significant enrichment of protein domains (p < 0.05) in the Chinese mitten crab infected with P. gregaria.

ID Source Domain p-Value Diff

IPR005225 InterPro Small GTP-binding protein domain 0.00 17
IPR017853 InterPro Glycoside hydrolase superfamily 0.00 14
IPR013780 InterPro Glycosyl hydrolase, all-beta 0.00 8
IPR012675 InterPro Beta-grasp domain superfamily 0.00 5
PR00449 PRINTS Transforming protein P21 Ras signature 0.00 11

IPR002939 InterPro Chaperone DnaJ, C-terminal 0.01 4
IPR008971 InterPro HSP40/DnaJ peptide-binding 0.01 4

cd10747 CDD DnaJ_C 0.01 4
IPR012676 InterPro TGS-like 0.01 4
PS51419 ProSiteProfiles Small GTPase Rab1 family profile. 0.01 7

IPR020568 InterPro Ribosomal protein S5 domain 2-type fold 0.01 8
IPR013320 InterPro Concanavalin A-like lectin/glucanase domain superfamily 0.01 8
IPR032695 InterPro Integrin domain superfamily 0.02 5
IPR029044 InterPro Nucleotide-diphospho-sugar transferases 0.02 5
IPR001806 InterPro Small GTPase superfamily 0.02 10
IPR018526 InterPro Glycoside hydrolase, family 29, conserved site 0.02 3
IPR012347 InterPro Ferritin-like 0.02 3

cd14752 CDD GH31_N 0.02 3
IPR031919 InterPro Alpha-L-fucosidase, C-terminal 0.02 3
IPR009078 InterPro Ferritin-like superfamily 0.02 3
IPR036156 InterPro Beta-Galactosidase/glucuronidase domain superfamily 0.02 3
IPR000933 InterPro Glycoside hydrolase, family 29 0.02 3
IPR016286 InterPro Alpha-L-fucosidase, metazoa-type 0.02 3
IPR004095 InterPro TGS 0.02 3
IPR001519 InterPro Ferritin 0.02 3
IPR000980 InterPro SH2 domain 0.02 4
IPR036860 InterPro SH2 domain superfamily 0.02 4
IPR015940 InterPro Ubiquitin-associated domain 0.02 4
IPR029048 InterPro Heat shock protein 70 kD, C-terminal domain superfamily 0.02 4
IPR006689 InterPro Small GTPase superfamily, ARF/SAR type 0.02 4
IPR001841 InterPro Zinc finger, RING-type 0.04 1
IPR009060 InterPro UBA-like superfamily 0.04 5

Source: the database name of target protein annotation; Diff: the number of different expression proteins corresponding to the domain.
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3.5. Subcellular Location of DEPs

Obtaining information about the subcellular location is an important and helpful step
towards understanding the mechanism and function of proteins. In the present study,
location in the cytosol was enriched with 33.9% of DEPs (n = 203) located there. The second
most enriched subcellular location was the mitochondria (n = 110, 18.4% of all DEPs). The
least enriched location was the peroxisome, with two DEPs (Figure 4).
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4. Discussion

The Chinese mitten crab, as an economically important crab, has become increasingly
popular in the freshwater aquaculture industry; it is now widely cultured in the provinces
of Jiangsu, Anhui, Hubei, and Liaoning in China [41]. Several types of hepatopancreatic
diseases from bacteria, viruses, and parasites were reported on in recent years, but little
attention has been devoted to the innate immune response to macroparasites in this crab
species. Here, we focus on the importance of enriched GO terms, the KEGG pathway, and
functional protein domains to reveal substantial insights into the innate immune response
of this host–parasite system. Importantly, we found that these components, including
GTPase KRas, complement 1q-binding protein (C1QBP), serpin, ATG5, lysosomal lumen
term, autophagosome assembly terms, antigen processing, the presentation pathway, and
the autophagy animal pathway.

Autophagy is an intracellular degradation system that plays an important role in
maintaining cellular homeostasis, and is evolutionarily conserved from yeast to mam-
mals [42]. This system is activated in response to environmental signals, from starvation,
disease, and pathogen infection [43]. The targets for degradation are not only proteins, but
also organelles and other cellular components. In recent years, the relationship between
autophagy and disease has been explored in infections, neurodegenerative diseases, and
cancers [44]. In the present study, Ras-associated binding (Rab), ATG, cathepsin, urinary
gonadotropin peptide (UGP), (protein kinase D) PKD, and Psen1 were differentially ex-
pressed across parasitized and non-parasitized samples, and all have GO terms or KEGG
pathways associated with autophagy. During autophagy, the autophagosomes surround
the cytosolic components and then fuse with a vacuole, leading to the degradation of the
target by lysosomal hydrolases. Autophagy-related (ATG) proteins play a crucial role in the
regulation of this process [45]. Prior research showed that the gathering of ATG proteins to
form the pre-autophagosomal structure (PAS) is the first step of autophagy [46,47], where
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autophagosomes are normally generated. In mammals, the overexpression of ATG4B was
found to make the LC3-PE complex quickly rupture and form the stable complex of LC3,
which shows it is a suppressive effector in autophagy [45]. In grouper cells, the transcrip-
tional level of ATG5 was upregulated after infection with Singapore grouper iridovirus (SGIV)
and red-spotted grouper nervous necrosis virus (RGNNV). However, the overexpression
of ATG5 simultaneously decreased the expression of interferon and negatively regulated
the expression of pro-inflammatory factors [48]. ATG9 has been described as a positive
regulator that modulates the number of autophagosomes [49]. In a previous study on the
Chinese mitten crab, the transcriptional levels of Atg12, Atg13, and Atg16L were upregu-
lated in crabs with hepatopancreatic necrosis disease [41]. These results indicate that the
upregulation of ATG family members has a positive effect on the immune response in dif-
ferent species. On the contrary, all ATG4 (0.78-fold), ATG5 (0.54-fold), and ATG9 (0.66-fold)
proteins were significantly downregulated in crabs with P. gregaria infection in the present
study. This suggests that autophagy is suppressed in the Chinese mitten crab infected by
P. gregaria, and that the expression of ATG proteins is involved in this biology process,
as part of the host innate immune response. Taken together, this indicates that ATG may
play a suppressive role of autophagosomes generation in the autophagy process response
to P. gregaria infection through diverse mechanisms in the Chinese mitten crab. These
mechanisms can differ across species from different pathogens, such as the ATG family,
performing differential regulations of the formation of autophagosomes and, therefore, of
the autophagy process. One link that is likely very important to this process is the recogni-
tion of exogenous ligands. The scavenger receptor (SR), one of the sub-families of pattern
recognition receptors (PRRs), recognizes the modified lipoproteins and danger-associated
molecular patterns (DAMPs) [50]. One study showed that an increase in the expression of
SRs induced by Vibrio parahaemolyticus, lipopolysaccharide (LPS), and white spot syndrome
virus (WSSV) efficiently enhanced host phagocytosis to clearance bacteria [51]. Here, we
found that SR protein was significantly decreased in response to P. gregaria infection in the
Chinese mitten crab, likely relating its role in phagocytosis as well as the innate immune
system. Interestingly, this pattern is the opposite of what was previously found in a study
on Spiroplasma eriocheiris infection in the Chinese mitten crab [52]. This promotes our
understanding of P. gregaria, whose infection probably silences the innate immune system
through inhibition of cell recognition and autophagosome generation on the autophagy
process, depending on several modulators (i.e., ATG and SR) in the Chinese mitten crab.

Lysosomes are acidic and hydrolytic organelles responsible for generating targets
during endocytosis, phagocytosis, and autophagy [53]. Lysosomes receive or degrade their
substrates via various pathways, including endocytosis, phagocytosis, autophagy, lysoso-
mal proteins, soluble lysosomal hydrolases, and others [54]. Lysosome mobilization is a
crucial process for phagocyte migration and bactericidal function, although the molecular
mechanisms linking these processes remain unclear. Moreover, lysosomes and related
organelles travel over long distances along microtubules within the cell cytoplasm during
phagocytosis [55]. For lysosomes and endosomes, the active site is mostly a cysteine thiol
or an aspartic acid, which functions as the key catalytic site. Some serine proteases, such
as cathepsin, granzymes, and a thymus specific serine protease (TSSP), play important
roles in the immune system [56]. In this study, 23 DEPs had lysosome-related lysosome GO
terms and/or KEGG pathways. These included cathepsin, lysosomal alpha-glucosidase,
hexosaminidase, CD63 antigen, and β-mannosidase. The best known lysosomes and
cathepsins are involved in a number of important biological processes, such as intracellular
protein turnover, immune response, hormone activation, remodeling of extracellular matrix
(ECM), and apoptosis [57,58]. In invertebrates, the signaling pathways of MAPK and Imd
are the primary components of the innate immune system, and the MAPK pathway has
been shown to mediate cathepsin expression induced by all types of cells [59,60]. More-
over, JNK, ERK, p38, and Relish are regulators in these signaling pathways [61,62]. In the
Chinese mitten crab, previous research has found that all of the expression key factors
were decreased when cathepsin D was silenced [63]. Furthermore, using RNAi silenced
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cathepsin D expression caused an obvious decrease in crab immunity and resulted in a
significant increase in the mortality of crabs [63]. In mice, the null expression of cathepsin
D led to death shortly after birth [64]. Similarly, the expression of cathepsin L was found
to distinctly increase following V. anguillarum infection in the Chinese mitten crab [65]. In
addition, the over-expression of cathepsin L was homoplastically induced in black tiger
shrimp (Penaeus monodon) [66] and Pacific white shrimp (Litopenaeus vannamei) [67] by
lipopolysaccharide and WSSV infection, respectively. On the other hand, in this study, we
found that both cathepsin D (0.68-fold) and L (0.65-fold) were dramatically inhibited in
parasitized crabs, which suggests that both cathepsin D and L perform a crucial role in
innate immune function in the Chinese mitten crab. Another cathepsin family member,
cathepsin F, was detected as an upregulated (1.40-fold) motif in our study. This protein
likely has a similar role to cathepsin S, which cleaves Ii to cross-linking and immunopre-
cipitation (CLIP) during major histocompatibility complex II (MHC II) Ag processing and
presentation [68]. While in crabs, further analysis is needed for this protein function in
lysosome-related biology.

The activities of cathepsin, such as cystatins, stefins, tyropins, and serpins, are endoge-
nous protein inhibitors and they tightly bind their target enzymes to prevent substrate
hydrolysis [69]. Within the proteinase inhibitor superfamily, serpins are the largest and
most diverse family of protease inhibitors [70], and play important roles in many immune
processes, such as blood coagulation, complement activation, melanization, and phagocyto-
sis [71]. In recent years, research on serpins in invertebrate indicated that serpins regulate
the prophenoloxidase (proPO) activity in Drosophila [72], Penaeus monodon [73], and the
Chinese mitten crab [74]. In invertebrates, serpins appear to be unique components of
the innate immune response, and are regulated by prophenoloxidase activating enzymes
(PPAEs), proteinase inhibitors, lipopolysaccharide, LGBP, and hemolin [75]. A prior study
of a Chinese mitten crab infected with Vibrio anguillarum and Pichia pastoris showed that
serpins were upregulated, which could be related to serine proteinase involvement in
wound healing, proPO activation, phagocytosis, and other defense responses after bacterial
and fungal challenges. In Hyphantria cunea, the recombinant serpin and the serine protease
inhibitor aprotinin were used to investigate the relationship between serpin and PO activity,
the results of which showed that the aprotinin has a stronger inhibitory activity than the
recombinant protein at the same concentration, and that the increased serpin expression in-
hibited PO activity through competition with proPO against the target protease (PPAE) [76].
In the present study, we found a different expression pattern, in which serpin expression
was significantly decreased (0.49-fold) after P. gregaria infection, which could affect the
proPO system of the innate immune response in the Chinese mitten crab. It should be
noted that the decrease in serpin expression does not indicate a positive effect on the
proPO of the innate immune system, but the abnormal alteration showed an important
role in the innate immune response to P. gregaria infection. In other words, it is possible
that the differential expression of serpin mediates the autophagy process, together with
ATG proteins, through the MAPK and/or IMD signaling pathways, also involved in the
lysosome and autophagy-animal pathways, serving a direct role in the innate immune
response to P. gregaria infection in the Chinese mitten crab.

Biology processes are inarguably complicated, polytropic, and are involved in several
molecular factors. Interestingly in the present study, most DEPs relating the innate immune
response were downregulated after P. gregaria infection, which suggests that P. gregaria may
induce a suppressive effect on the Chinese mitten crab’s innate immune system during
infection. As a hypothesis, on the one hand, this consequence may result from the long-
term parasitizing [22] of P. gregaria and the newborn cyprid growing in the Chinese mitten
crab. On the other hand, this may be due to the co-evolution of the host and parasite,
which has resulted in reductions in resistance over time [77]. It is easily understood that the
lifestyle of P. gregaria continually grows for several months [27,30], from development of
the external parts to wither off, upon which, the adults release several broods of larvae [78]
during parasitization. It is likely difficult to clean or kill the parasites by themselves of the
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host, which is beneficial for long-term parasitizing and circumventing the crab’s attention
of the innate immune system [22]. Here, we identified many proteins, domains, GO terms,
and KEGG pathways, which were significantly changed in response to P. gregaria infection
in the Chinese mitten crab at the protein level, and screened for the crucial component
relations to the innate immune system, such as ATG, cathepsin, serpins, lysosome- and
autophagy-related GO terms, and KEGG pathways. Further study was performed to
discuss the mechanisms of ATG, cathepsin, and serpins, which showed a response to P.
gregaria infection through the autophagy process, with lysosomes participation in the innate
immune response in the Chinese mitten crab. Other proteins, such as the Rab family [79],
GTPase KRas [80], lectin [81], CD63 [82], and C1QBP [83] were also identified, which were
shown to have immune functions in many organisms, and were significantly differentially
expressed after P. gregaria infection. In this area, to better disentangle these complex signals,
more research is needed on the immune response to macroparasites in crabs.

5. Conclusions

P. gregaria is a specialized crustacean parasite and draws more attention in recent years.
Up to date, few researches were reported for the interactions between this parasite and its
host, especially in Chinese mitten crab. Thereby, we first used TMT method to research
the innate immune response against P. gregaria infection in Chinese mitten crabs. In the
present study, many DEPs were identified after P. gregaria infection, and protein domain,
subcellular location and Go enrichment were used to analyze protein functions. Moreover,
the KEGG pathways were also analyzed to research the mechanisms responding P. gregaria
infection in Chinese mitten crab. Finally, we identified DEPs such as Atgs, cathepsins,
serpins, GTPase KRas, and lectin, which were mostly enriched in autophagosome assembly,
innate immune response GO terms and lysosome, autophagy animal pathways to against
the parasite infection through Autophagy process. The innate immune system of Chinese
mitten crab was silenced after long-term parasitizing of P. gregaria. These results provided a
novel understanding of the innate immune response against P. gregaria infection in crabs, as
well as other crustaceans. Simultaneously, provided a basis to research the innate immune
response of Chinese mitten crab and prevent the parasite infection in aquaculture industry.
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sitized and non-parasitized crabs. Table S1: The concentration of proteins detected in Chinese mitten
crab hepatopancreas. Table S2: Significant enrichment of GO terms (p < 0.05) in Chinese mitten crab
infected with P. gregaria.
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