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The Yesso scallop is a large and ancient molluscan group with great economic value; however, it has
recently suffered severe cases of Polydora infection. Polydora parasitizes the shells of scallops, badly dam-
aging shell structures and affecting growth and mortality. To investigate the molecular mechanism of
Yesso scallops’ response to Polydora infection, proteomic profiling changes in the mantle tissues of
Polydora-infected (diseased) and healthy scallops were systematically analysed by tandem mass tags
(TMT) labelling technology in this study. A total of 519 differentially expressed proteins (DEPs) were
identified. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed
most innated immune-related functions and pathways were significantly downregulated in diseased
scallops, except the phagocytosis pathway, indicating an important role of phagocytosis in response to
Polydora infection. DEPs involved in the phagocytosis pathway were associated with phagocytic receptor
recognition, phagosome biogenesis and pathogen degradation, and they were further verified by quanti-
tative real-time PCR. The results elucidate the molecular components of phagocytosis in molluscs for the
first time. Polydora can be encapsulated by melanization with an obvious appearance in shells; indeed,
melanization-related DEPs were upregulated in diseased scallops. Inhibition of apoptosis and nervous
modulation may be also involved in the response mechanism, with some highly associated proteins sig-
nificantly differentially expressed. Finally, a protein-protein interaction network was constructed to pro-
vide a global view of the interaction relationships of the DEPs. The study predicts the molecular response
mechanism of Yesso scallops to Polydora infection, and lays a theoretical foundation for Polydora disease
control.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Yesso scallop (Patinopecten yessoensis) is a large and ancient
molluscan group endemic to the coastlines of northern Japan, far
eastern of Russia and the northern Korean Peninsula [1]. Due to
its high economic value, the Yesso scallop has become a major eco-
nomic aquaculture species in Asian countries and is consumed
worldwide [2]. Recently, frequent disease outbreaks associated
with Polydora infection have strongly impacted the growth and
quality of many bottom-sown shellfishes, including the Yesso scal-
lop, causing great economic losses [3-5]. Polydora mainly para-
sitize the left shell of the scallop (as shown in Fig. 1) by
excavating tunnels in it via the chemical secretion of acidic mucus
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and mechanical friction, which badly damages the shell structure
[6-8]. As a result, melanization is found on the inner surface of
the affected shell. When serious, Polydora will drill through the
shell, directly infect the soft body, and expose the scallop to vari-
ous pathogens. The molecular response mechanism of the Yesso
scallop to Polydora infection is probably very complex, being asso-
ciated with biomineralization and immunomodulation. However,
related research is very scarce, which limits our understanding of
the immune mechanisms of scallops and the exploration for effec-
tive methods of Polydora disease control.

Like all invertebrates, scallops are generally considered as lack-
ing a complex adaptive immune system. To resist invaders, they
rely solely on innate immunity mediated by cellular and humoral
components [9]. The mantle tissue, an evolutionary homologous
organ in molluscs, is located midway between the shell and vis-
ceral mass. It supports production of the shell, which provides
the first line of physical defence [10]. This tissue is mainly
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Fig. 1. Shell surface features of the healthy and Polydora-infected Yesso scallops. Polydora mainly parasitizes the left shell by excavating tunnels, while melanization is found

on the inner surface.

constituted by two simple epithelial layers separated by connec-
tive tissue. There are rich mucous cells distributed among the
epithelia that play important roles in shell matrix secretion and
mucosal immunity [10-13]. Components of mucosal immunity in
molluscs are involved in pathogen recognition, immune activation,
cell signalling and immune effectors [13]. Besides, these mucosal
epithelia can also have phagocytic activity, which contributes to
microbial homeostasis and limits infections [13]. Our previous his-
tological study found that Polydora-infected Yesso scallops had sig-
nificantly more mucous cells in the epithelia of their mantle tissues
than healthy individuals. This indicates the key roles of these cells
in response to Polydora infection [14]; however, the underlying
molecular mechanism remains largely unclear.

In recent years, proteomics has become an essential technique
for exploring molecular mechanisms of disease resistance in plants
and animals, as it allows for the analysis of expression profiling
changes in cell or tissue proteins and provides information about
protein regulation and active pathways [15-17]. Most previous
proteomic studies in marine invertebrates relied upon two-
dimensional gel electrophoresis, which is limited by its low
throughput and low reproducibility [18-20]. The new proteomics
platform, tandem mass tags (TMT) labelling technology, provides
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more sensitive and reliable measurements for protein identifica-
tion and quantification with high throughput, and allows simulta-
neous comparisons of protein profiles in multiple samples [21].
The genome of the Yesso scallop has recently been sequenced
and annotated in high quality [22], providing ample information
for proteomics analysis of the species.

Based on the characteristics of Polydora infection and the obvi-
ous histological changes occurring in the mantle tissues of infected
Yesso scallops, the present study analysed proteomic profiling
changes in the mantle tissues of infected Yesso scallops by TMT
labelling technology. The aim was to explore the molecular mech-
anism of scallops in response to Polydora shell infection. Proteins
expressing in the mantle tissue were identified, and differentially
expressed proteins (DEPs) between diseased and healthy scallops
were screened. The functions of the DEPs were elucidated by Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis, and key molecular pathways involved
in response to Polydora infection were predicted. Further, the
expression levels of genes involved in key pathways were verified
by quantitative real-time PCR (qRT-PCR). Finally, protein-protein
interactions (PPi) were analysed to obtain a global view of the
interaction relationships of the DEPs. The study predicts the molec-
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ular mechanism of the Yesso scallop in response to Polydora infec-
tion, which will help us to better comprehend the innate immune
mechanisms of molluscs and lay a significant theoretical founda-
tion for Polydora disease control.

2. Materials and methods
2.1. Scallop collection

Two-year-old healthy and Polydora infected Yesso scallops
(Fig. 1) with an average shell size (shell height) of 10.733 + 0.665
cm were collected from Dalian Zhangzidao sea area (Liaoning,
China). The two groups of Yesso scallops were temporarily accli-
mated in the laboratory for one week with filtered and aerated sea-
water at approximately 8 °C, which is within the optimum
temperature range for scallop growth. The mantle tissues of the
left valves were sampled and immediately frozen in liquid nitrogen
and stored in a -80 °C freezer. From the diseased group, individuals
were sampled that had most of the area of their left valves infected
by Polydora (like in Fig. 1). Three biological replicates of each group
were prepared for the proteomic experiments. Protein regulation
in the mantle tissues of the above diseased and healthy Yesso scal-
lops were characterized and compared.

No specific permits were needed for the described field studies.
All the scallops were commercially available cultured marine spe-
cies and were not endangered or protected species. All experi-
ments were conducted in accordance with the regulations of the
local and central governments.

2.2. Protein isolation

The mantle tissues were individually milled to powder in a
mortar with liquid nitrogen, then transferred into low-protein
binding tubes. Some 600 ML of extraction buffer (0.7 M sucrose;
0.1 M NaCl; 0.01 M dithiothreitol, DTT; 0.04 M EDTA-2Na;
0.125 M Tris-HCl pH 6.8; 0.125 M Tris-HCl pH 8.8) supplemented
with 1 mM phenylmethanesulfonyl fluoride (PMSF) were added
to each sample. Samples were further lysed by sonication at
80 W for 3 min at 1 s/1s intervals. The same volume of Tris-
phenol (pH 7.8) was added and mixed for 30 min at 4 °C. Further-
more, the mixtures were centrifuged at 7100g for 10 min at 4 °C to
collect phenol supernatants. The supernatants were added to 5-
times volumes of 0.1 M cold ammonium acetate-methanol buffer
and precipitated at -20 °C overnight. After precipitation, the sam-
ples were centrifuged at 12,000g for 10 min to collect the precipi-
tate. Then, the precipitate was washed with 5-times volumes of
cold methanol and gently mixed. The precipitate was centrifuged
at 12,000g for 10 min at 4 °C again to collect washed precipitate,
and this process repeated once more. Then, methanol was replaced
by acetone and the wash process repeated twice more to remove
methanol contamination. The samples were centrifuged at
12,000g for 10 min at 4 °C to collect the final precipitate, which
was dried at room temperature for 5 min and dissolved in lysis buf-
fer (1 % sodium dodecyl sulfate, SDS) for 3 h. Finally, the samples
were centrifuged at 12,000g for 10 min and the supernatant were
collected. The supernatant samples were centrifuged again to
remove the precipitate completely. Protein concentrations were
determined using a BCA kit (Thermo Fisher Scientific).

2.3. Protein digestion and TMT labelling

Some 100 pg protein of each sample was added to DTT to a final
concentration of 4.5 mM and incubated at 55 °C for 30 min. After
cooling on ice to room temperature, iodoacetamide was added to
the solution to a final concentration of 9 mM in darkness at room
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temperature. After 15 min, six volumes of cold acetone were added
and the solution was precipitated at -20 °C overnight. The samples
were centrifuged at 8000 g for 10 min at 4 °C collect the precipi-
tate. The precipitate was dissolved with 100 pL 300 mM tetraethyl
ammonium bromide (TEAB), followed by 2 pg sequencing-grade
trypsin, then the solutions were incubated for digestion at 37 °C
overnight.

For TMT labelling, the lyophilized samples were resuspended in
100 pL 200 mM TEAB and 30 pL of each sample was transferred
into a new tube for labelling. Some 41 pL of TMT label reagent from
a TMT10plex™ kit (Thermo Fisher Scientific) was added to each
sample for mixing (3 healthy scallops: C1-126 label, C2-127N label,
C3-127C label; 3 diseased scallops: D1-129C label, D2-130N label,
D3-130C label; mix: 131 label). The tubes were incubated at room
temperature for 1 h. Finally, 8 pL of 5 % hydroxylamine was added
to each sample and incubated for 15 min to quench the reaction.
The labelling peptides solutions were lyophilized and stored at -
80 °C.

2.4. Reversed-phase liquid chromatography (RPLC) fractionation

Reversed-phase (RP) separation was performed on an 1100
high-performance liquid chromatography (HPLC) system (Agilent)
using an Agilent Zorbax Extend RP column (5 pm, 150 mm x 2.1
mm). Mobile phases A (2 % acetonitrile in HPLC water) and B
(90 % acetonitrile in HPLC water) were used for RP gradient. The
solvent gradient was set as follows: 0-8 min, 98 % A; 8-
8.01 min, 98 %-95 % A; 8.01-48 min, 95 %-75 % A; 48-60 min,
75-60 % A; 60-60.01 min, 60-10 % A; 60.01-70 min, 10 % A; 70-
70.01 min, 10-98 % A; 70.01-75 min, 98 % A. Tryptic peptides were
separated at a fluent flow rate of 300 pL/min and monitored at
210 nm and 280 nm. Samples were collected for 8-60 min, and
eluent was collected in centrifugal tubes 1-15 every minute in
turn. Samples were recycled in this order until the end of gradient.
The separated peptides were lyophilized for mass spectrometry.

2.5. LC-MS/MS analysis

All analyses were performed by a Q-Exactive HF mass spec-
trometer (Thermo) equipped with a Nanospray Flex source
(Thermo). Samples were loaded and separated by a C18 column
(15 cm x 75 pum) on an EASY-nLCTM 1200 system (Thermo). The
flow rate was 300 nL/min and linear gradient was 60 min (0-
1 min, 2-9 %B; 1-45 min, 9-29 % B; 45-52 min, 29-37 % B; 52-
56 min, 37-100 % B; 56-60 min, 100 %B; mobile phase A = 0.1 %
FA in water and B = 0.1 % FA in ACN). Full MS scans were acquired
in the mass range of 350-1500 m/z with a mass resolution of
60,000, and the AGC target value was set at 3e6. The 10 most
intense peaks in MS were fragmented with higher-energy colli-
sional dissociation (HCD) at a collision energy of 32 MS/MS. Spec-
tra were obtained with a resolution of 45,000 with an AGC target of
2e5 and a maximum injection time of 80 ms. The Q-Exactive HF
dynamic exclusion was set for 30 s and run under positive mode.

2.6. Database search and bioinformatics analysis

ProteomeDiscoverer (version 2.4) was used to search all of the
raw data thoroughly against the protein database derived from
the annotation of the Yesso scallop genome [22]. The database
search was performed with trypsin digestion specificity, and car-
bamidomethyl on cysteine was considered as fixed modifications.
The TMT 10 plex labeling method was selected for protein quantifi-
cation. Screening of proteins was performed using the parameters
of peptide >2 and false discovery rate (FDR) <1 %. Differentially
expressed proteins (DEPs) were identified with t-tests. Proteins
with a Foldchange >1.2 or <0.83 and p < 0.05 were considered
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to be differentially expressed between diseased and healthy Yesso
scallops. GO (https://www.geneontology.org) and KEGG (https://
www.genome.jp/kegg/) enrichment analysis was employed to
analyse the functions of the DEPs. GO enrichment analysis was per-
formed for three ontologies (biological process, molecular function,
and cellular component). The GO term or pathway was regarded as
a significant enrichment with a threshold of protein number >2
and p < 0.05. Protein-protein interaction (PPi) analysis was based
on the String (https://string.embl.de/) database and Cytoscape
(https://www.cytoscape.org/) software.

2.7. Quantitative real-time PCR analysis

qRT-PCR analysis for genes involved in phagocytosis was per-
formed following the method mentioned in [23]. Briefly, total
RNA was extracted with an RNAprep pure tissue kit (Tiangen)
and first-strand cDNA was synthesized using the PrimeScript RT
reagent kit (TaKaRa) following the manufacturer’s protocols. qRT-
PCR was conducted using the FastStart Essential DNA Green Master
kit (Roche) on a Roche Light Cycler 96 System (Roche) The running
program was as follows: 95 °C for 10 min, followed by 40 cycles at
95 °C for 10 s and 60 °C for 30 s, then 95 °C for 10 s and 65 °C for
1 min and, finally, 97 °C for 1 s and 37 °C for 30 s. Primer Premier
5.0 software was used to design the primers for qRT-PCR, and the
primer sequences and product lengths are listed in Supplementary
Table S1. The B-actin gene was selected as a reference gene [24].
The specificity of the primers was assessed by alignment with
the Yesso scallop genome by BLASTN with an e-value of 1e-10.
Melting curve analysis was also performed to verify that each pri-
mer set amplified a single product. Three technical replicates for
each reaction and three biological replicates for each group were
used.

Data from the qRT-PCR was processed using the 2~22¢T method
[25] to assess the relative expression levels of the above genes in
the diseased and healthy Yesso scallops. SPSS software (version
22.0) was used to perform independent t-tests, and p values
<0.05 were considered statistically significant.

3. Results
3.1. Protein identification and quantification

The protein abundance of the mantle tissues of healthy and dis-
eased Yesso scallops were analysed by the TMT-based proteomics
approach. A total of 5177 proteins were identified. The molecular
weight distribution of the proteome is shown in Supplementary
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Fig. S1A, and was mainly concentrated in the range of 0-
250 kDa. The distribution of peptide numbers in each protein
was shown in Fig. S1B, and the rate of peptide coverage is pre-
sented in Fig. S1C. Principal component analysis (PCA) of the pro-
tein expression levels shows that samples from the same group
were spatially clustered (Fig. 2A), which indicates clear differences
between the protein expressions of the diseased and healthy
groups. Pearson correlation coefficients among the samples from
the same group were high (healthy group: 0.67-0.83, diseased
group: 0.78-0.88) and were low among samples from different
groups (-0.097-0.025; Fig. 2B), which indicates good reproducibil-
ity of the duplicate samples from the two groups.

3.2. Differentially expressed proteins between diseased and healthy
Yesso scallops

A total of 519 proteins were identified as being differentially
expressed between diseased and healthy Yesso scallops, with a
threshold of p < 0.05 and Foldchange >1.2 or <0.83 (Table S2).
In diseased scallops, 202 proteins were significantly upregulated
and 317 proteins were significantly downregulated (Fig. 3A). Vol-
cano plots of the 519 DEPs are shown in Fig. 3B, and hierarchical
clustering analysis based on differences in protein expression
recovered a clear distinction between the diseased and healthy
Yesso scallops (Fig. 3C). Among these DEPs, proteins related to
melanization, the innate immune response, apoptosis and the ner-
vous system were identified (Table 1).

3.3. GO functional classification of DEPs

GO enrichment analysis was performed to analyse the functions
of the DEPs. A total of 338 GO terms were significantly enriched
with a threshold of protein number >2 and p < 0.05, which were
further divided into three classes: biological process (BP, 211
terms), cellular component (CC, 52 terms) and molecular function
(MF, 75 terms; Table S3). The enriched GO at level 2 for upregu-
lated and downregulated DEPs are shown in Fig. 4, which covers
many functions. In BP, most DEPs were enriched in ‘cellular pro-
cess’ (70.7 %, 75.3 %), ‘metabolic process’ (51.0 %, 58.6 %) and ‘bio-
logical regulation’ (38.9 %, 53.6 %). It was noteworthy that ‘immune
system process’ (5.10 %, 20.9 %) and ‘response to stimulus’ (28.7 %,
43.9 %) were also significantly enriched, with much more downreg-
ulated DEPs than upregulated DEPs involved. Further, TopGO anal-
ysis of enriched GO terms from BP (Figs. S2 and S3) also found that
many immune-related GO terms were grouped in downregulated
terms. Their topological relationships are shown in Fig. S2. In CC,
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Fig. 3. Differentially expressed proteins (DEPs) modulated in the Yesso scallop in response to Polydora infection. A. Statistics of upregulated and downregulated DEPs (p < 0.05
and Foldchange >1.2 or <0.83) in the diseased group. B. Volcano plot showing the upregulated and downregulated DEPs (red and blue dots, respectively) in the diseased
group. Grey dots indicate no significance change in expression level. C. Hierarchical clustering analysis showing a significant difference in protein expression between healthy
and diseased Yesso scallops. The colour range indicates the protein expression levels, which are centralized between —1.5 and 1.5. Red and blue bars indicate upregulation
and downregulation in the diseased group, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

the most enriched functions were for ‘cell’ (79.0 %, 85.4 %), ‘cell
part’ (79.0 %, 85.4 %) and ‘organelle’ (57.3 %, 66.9 %); besides, ner-
vous system-related functions were also significantly enriched; i.e.,
‘synapse’ (3.2 %,2.5 %) and ‘synapse part’ (1.9 %, 2.5 %; Fig. 4). Topol-
ogy analysis for enriched GO terms from CC indicates that
melanosome-, endoplasmic reticulum-, synapse- and membrane-
related functions were significantly upregulated (Fig. S4), while
lysosome-related functions were both up- and downregulated
(Figs. S4 and S5). In MF, the most enriched functions were for
‘binding’ (56.1 %, 72.4 %), ‘catalytic activity’ (54.8 %, 49.4 %) and
‘structural molecule activity’ (5.7 %, 2.9 %). Topological graphs of
the enriched terms involved in MF are shown in Figs. S6 and S7.

3.4. KEGG pathway analysis of DEPs

KEGG enrichment analysis was performed separately for the
upregulated and downregulated DEPs using a threshold of protein
number >2 and p < 0.05. For upregulated DEPs, a total of 25 path-
ways were detected as significantly enriched (Fig. 5A). Pathways
involved in the process of phagocytosis, i.e., ‘phagosome’
(ko04145), ‘lysosome’ (ko04142) and ‘antigen processing and pre-
sentation’ (ko04612) were significantly enriched. The upregulated
DEPs involved in these pathways are listed in Table 2. Besides, the
melanin biosynthesis-related pathways of ‘tyrosine metabolism
(ko00350) and ‘melanogenesis (ko04916) and the nervous
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system-related pathways of ‘GABAergic synapse (ko04727) and
‘cholinergic synapse (ko04725), were also significantly
upregulated.

The downregulated DEPs also featured 25 pathways that were
significantly enriched (Fig. 5B). ‘Fc gamma R-mediated phagocyto-
sis (ko04666) was significantly enriched, which is due to the pro-
teins involved in the processes of signal recognition and
transduction (as listed in Table 2) being significantly downregu-
lated. Many immune-related pathways, i.e., the ‘RIG-I-like receptor
signalling pathway (ko04622), ‘notch signalling pathway
(ko04330)’, ‘TNF signalling pathway (ko04668) and ‘HIF-1 sig-
nalling pathway (ko04066) showed significant downregulation.
Further, the apoptotic pathways ‘Apoptosis (ko04210),
‘Apoptosis-multiple species (ko04215) and ‘Apoptosis-fly
(ko04214) and the nervous system-related pathways ‘serotonergic
synapse’ were also significantly enriched for downregulated DEPs.

3.5. Protein-protein interaction network analysis

A PPi network was constructed to obtain a global view of the
interaction relationships of the DEPs, especially for those involved
in response mechanisms. As shown in Fig. 6, DEPs associated with
innate immunity, phagocytosis, melanization, apoptosis and the
nervous system comprised a dense protein interaction network.
Although the network still needs to be verified, it provides a nar-
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Table 1

Candidate DEPs involved in the response to Polydora infection in the mantle tissue of Yesso scallops.
Accession No. Description Regulated p Foldchange
Melanization
A0A210Q121 Cartilage matrix protein Up 2.86E-07 3.56
AO0A210QTH5 Temptin Up 4.22E-06 3.15
AO0A210QHSO LaccasE-25 Up 3.91E-05 1.81
A0A210QI33 Cartilage matrix protein Up 6.50E-07 1.54
AO0A210Q5A2 Ferric-chelate reductase 1 Up 1.31E-05 1.52
AO0A210Q6E6 Macrophage migration inhibitory factor Up 8.63E-06 1.51
AO0A210QKF2 Frizzled-1 Up 3.49E-05 1.44
AOA210QBL3 Collagen alpha-1(XIV) chain Up 3.56E-05 1.40
AO0A210PIX1 Collagen alpha-1(XII) chain Up 2.03E-06 1.38
AO0A210PR16 von Willebrand factor D and EGF domain-containing protein Up 2.78E-02 135
AOA210R4S4 Chorion peroxidase Up 3.95E-03 1.32
AOA210PE28 Calmodulin Up 2.01E-02 1.31
AO0A210Q5H7 Periostin Up 2.52E-02 1.28
A0A210QSD2 Metalloproteinase inhibitor 2 Up 2.56E-04 1.28
A0A210QCG4 Calumenin-A Up 5.50E—-04 1.24
A0A210QLP2 Collagen alpha-5(VI) chain Up 2.13E-05 1.24
A0A210QUX9 Carbonic anhydrase 2 Up 4.74E-05 1.24
AO0A210PML5 Calmodulin Up 2.69E-02 1.23
AO0A210PZG9 Adenylate cyclase type 9 Up 1.09E-03 1.23
AOA210PS70 Metalloproteinase inhibitor 3 Up 6.60E—-04 1.22
A0A210QV28 Aromatic-L-amino-acid decarboxylase Up 1.38E-04 1.20
Innate immune response
A0A210QGY2 Big defensin Up 3.62E-04 2.34
AOA210R1T6 Glutathione S-transferase U26 Up 1.37E-05 1.74
AO0A210PUG1 Glutathione S-transferase A Up 1.35E-05 1.67
AOA210R780 Microsomal glutathione S-transferase 3 Up 5.81E-04 1.35
AO0A210PZ65 Rhamnose-binding lectin Up 1.08E-04 1.32
AOA1C9U318 Heat shock 70 kDa protein Up 3.40E-03 1.28
AOA210R1B1 TNF_2 domain-containing protein Up 9.25E-03 1.24
AO0A210R6Y4 Myeloperoxidase Up 1.32E-04 1.21
AO0A210PZX6 Phosphotransferase Down 2.00E-04 0.83
A0A210QZ89 Galectin Down 1.92E-04 0.83
AO0A210QAI4 Peroxiredoxin-2 Down 9.75E-04 0.83
AOA210R5V4 Interferon-induced helicase C domain-containing protein 1 Down 2.94E-04 0.83
AO0A210PTS3 Interferon-induced protein 44 Down 2.94E-04 0.83
AOA210PIA4 Phosphotransferase Down 6.90E-05 0.80
AOA210R1A3 TNF_2 domain-containing protein Down 5.21E-03 0.79
AOA210R517 Thioredoxin Down 7.00E-03 0.78
AO0A210PPMO Egl nine-like 1 Down 2.26E-02 0.77
AO0A1C9U302 Heat shock 70 kDa protein Down 4.28E-03 0.75
AOA1C9U2Y4 Heat shock 70 kDa protein Down 4.00E—-04 0.74
AOA210R7]8 PPE family protein PPE21 Down 3.46E-03 0.74
AOA210QEG4 Heat shock 70 kDa protein Down 9.73E-04 0.70
A0A210Q2B5 ATP-dependent RNA helicase DDX58 Down 5.13E-05 0.70
AOA210PPR6 Glutathione S-transferase Down 1.43E-06 0.52
Apoptosis
AO0A210PZ05 Caspase-2 Down 9.08E-03 0.83
AOA210QW88 Mitogen-activated protein kinase kinase kinase 15 Down 9.03E-03 0.82
A0A210PPU8 Caspase-9 Down 1.01E-04 0.81
A0A210Q8I6 Histone deacetylase 1 Down 1.86E-03 0.81
A0A210Q216 Inositol 1,4,5-trisphosphate receptor type 1 Down 8.20E-03 0.80
A0A210QD94 DNAation factor subunit beta Down 1.54E-03 0.80
AO0A210QR69 Dipeptidyl peptidase 1 Down 1.46E-02 0.79
AO0A210QS38 Nicastrin Down 2.37E-02 0.76
AOA210PPU3 Caspase-7 Down 3.29E-04 0.74
AO0A210R4G5 Inhibitor of nuclear factor kappa-B kinase subunit epsilon Down 1.16E-02 0.74
AOA210QPF7 Caspase-3 Down 1.72E-04 0.71
AOA210PWC2 Caspase-7 Down 4.75E-04 0.71
AOA210PJS9 Indoleamine 2,3-dioxygenase 1 Down 1.14E-03 0.37
Nervous system
AO0A210QLT3 Neurotrypsin Up 1.17E-04 1.32
A0A210QBV2 Carboxylic ester hydrolase Up 2.28E-04 1.23
AOA210PZG9 Adenylate cyclase type 9 Up 1.09E-03 1.23
A0A210Q4Q4 Low-density lipoprotein receptor-related protein 4 Up 4.31E-03 1.22
A0A210QZI0 Guanine nucleotide-binding protein subunit gamma Up 2.24E-04 1.22
AO0A210PYR6 E3 ubiquitin-protein ligase HERC2 Down 1.73E-02 0.83
A0A210QC59 Phospholipase A2 Down 3.47E-04 0.83
A0A210Q216 Inositol 1,4,5-trisphosphate receptor type 1 Down 8.20E-03 0.80
AO0A210QL83 Syntaxin-18 Down 1.11E-04 0.80
AOA210Q6A1 Arachidonate 5-lipoxygenase Down 2.98E-05 0.78
AOA210PHF5 Arachidonate 5-lipoxygenase Down 1.51E-03 0.78
A0A210Q643 Allene oxide synthase-lipoxygenase protein Down 9.79E-08 0.72
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Fig. 4. Distribution of significantly enriched GO functions (level 2) for upregulated and downregulated DEPs in Polydora-infected Yesso scallops. The x-axis represents the
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functions.

row pool of protein-protein interactions, which probably con-
tributes to the cooperation and coordination of their functions
responding to Polydora infection.

3.6. Expression levels of genes involved in phagocytosis

The mRNA expression levels of genes encoding DEPs involved in
phagocytosis, as listed in Table 2, were further detected by qRT-
PCR. As shown in Fig. 7, the level of mRNA expression varied in par-
allel to the corresponding protein expression for all these genes.
The expression levels of genes TLR6, Integrin f3, Calnexin, V-
ATPase, Cathepsin B, Cathepsin L, LPP, M6PR and GM2A, which are
involved in different stages of phagocytosis, were significantly
upregulated in diseased Yesso scallops. The expression levels of
genes involved in the FcyR-mediated signalling pathway, i.e.,
SHIP2, BIN1, PKC and PAK1, were significantly downregulated in
diseased scallops.

4. Discussion

Polydora infection is one of the most serious diseases in the
Yesso scallop and is also very common in other molluscan species
[3-5]. However, few studies have focused on this disease, and the
molecular response mechanisms of scallops are largely unknown.
Proteins are the executors of various life functions, so a study of
protein profiling changes in diseased Yesso scallops is necessary
to elucidate their underlying molecular response mechanisms.
Recently developed quantitative proteomic technology has pro-
vided effective and reliable methods for this. In the present study,
a systematic proteome analysis was performed for the mantle tis-
sues of Polydora-infected and healthy Yesso scallops using TMT-
based technology. The key proteins and molecular pathways
involved in the response mechanism were obtained, which pre-
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dicted the molecular mechanism of the Polydora-infection
response in Yesso scallops.

Scallops rely on an exclusively innate immune system to exe-
cute cellular and humoral immune reactions to invaders [9]. After
Polydora infection, 519 proteins were detected as being differen-
tially expressed in the mantle tissue of the Yesso scallop. Many
immune-related GO functions and KEGG pathways were signifi-
cantly enriched, indicating that immunomodulation is involved
in the response mechanism of Yesso scallops. However, many of
these functions and pathways were downregulated excepting
those associated with phagocytosis, such as the pathways of
‘phagosome’ (ko04145), ‘lysosome’ (ko04142) and ‘antigen pro-
cessing and presentation’ (ko04612). This suggests that phagocyto-
sis probably played a major role in the immune response of Yesso
scallops to Polydora infection. Phagocytosis is an indispensable cel-
lular mechanism for recognizing and ingesting foreign molecules
and cell debris, which are important in the innate and adaptive
immunity of animals [26-29]. The process of phagocytosis is extre-
mely complex and includes phagocytic receptor recognition, sig-
nalling pathway activation, focal cytoskeletal rearrangement,
membrane fusion/fission, phagosome formation and maturation,
and pathogen killing and degradation, which have been well stud-
ied in mammals [29-31]. Though studies have revealed that
phagocytosis is one of the most pivotal cellular defence mecha-
nisms in the innate immunity of scallops, its molecular composi-
tion and specific process are far from being well understood [9].
In the present study, DEPs involved in different stages of phagocy-
tosis were identified from significantly enriched pathways (Fig. 7)
which, for the first time, provides a global view of the molecular
compositions of phagocytosis and their potential functions in
scallops.

Phagocytosis starts with the binding of pathogens by specific
receptors in the cell membrane. Dozens of receptors, such as FcyRs,



H. Sun, J. Mao, Y. Wang et al.

A

Computational and Structural Biotechnology Journal 20 (2022) 5966-5977

ko00982:Drug metabolism - cytochrome P450 1
ko00980: Metabolism of xenobiotics by cytochrome P450 -
ko00360:Phenylalanine metabolism 1
ko00480:Glutathione metabolism -

ko04612: Antigen processing and presentation 1
ko04723: Retrograde endocannabinoid signaling
ko04145:Phagosome 1

ko04918: Thyroid hormone synthesis A

ko04512: ECM-receptor interaction -
ko04962:Vasopressin-regulated water reabsorption
ko00590: Arachidonic acid metabolism 1

ko04727: GABAergic synapse

ko04923:Regulation of lipolysis in adipocytes
ko00983: Drug metabolism - other enzymes 1
ko00350: Tyrosine metabolism -

ko04916: Melanogenesis 1

ko00380: Tryptophan metabolism -

ko04725: Cholinergic synapse -

ko04713: Circadian entrainment

ko00040:Pentose and glucuronate interconversions -
ko00561: Glycerolipid metabolism -
ko04142:Lysosome

ko04141: Protein processing in endoplasmic reticulum
ko04514:Cell adhesion molecules (CAMs)+
ko04213:Longevity regulating pathway - multiple species -

0

2

4

6

8

Enrichment score

B Downregulated Pathways(Diseased vs Healthy)

10

ko00524:Neomycin, kanamycin and gentamicin biosynthesis -
ko04913:Ovarian steroidogenesis

ko04622: RIG-I-like receptor signaling pathway -
ko00521:Streptomycin biosynthesis -
ko04623:Cytosolic DNA-sensing pathway
ko00590: Arachidonic acid metabolism -
ko04210: Apoptosis -

ko04140:Regulation of autophagy -
ko04973:Carbohydrate digestion and absorption
ko04726:Serotonergic synapse -
ko00565:Ether lipid metabolism -

ko04215: Apoptosis - multiple species -
ko04330: Notch signaling pathway -

ko04976: Bile secretion -

ko03430:Mismatch repair

ko03040: Spliceosome

ko04666: Fc gamma R-mediated phagocytosis -
ko04214: Apoptosis - fly -

ko03410: Base excision repair

ko04668: TNF signaling pathway -

ko04139: Regulation of mitophagy - yeast
ko00564:Glycerophospholipid metabolism -
ko04066: HIF-1 signaling pathway -

ko00052: Galactose metabolism -
ko00500:Starch and sucrose metabolism 1

5

10

15

20

25

Upregulated Pathways(Diseased vs Healthy)

p-value
0.04

0.03
0.02

0.01

Protein Number
e 2

@4

p-value

0.04
0.03
0.02
0.01

0

Protein Number
e2

o4

@3

Enrichment score

Fig. 5. KEGG enrichment analysis showing the significantly enriched pathways for upregulated (A) and downregulated (B) DEPs in Polydora-infected Yesso scallops. The x-
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particular pathway.

CRs, lectins, TLRs, Integrins and so on, have been implicated in
phagocytosis as sensing and responding to different pathogens in
vertebrates [31-35]. Among these receptors, FcyRs are a classic
receptor that mediates signal transduction events to internalize
immunoglobulin-bound particles [33,36-37]. However, the FcyR-
mediated signalling pathway was significantly downregulated in
diseased Yesso scallops in the present study. In contrast, another
two types of receptors of TLR6 and Integrin B3 identified in the
‘phagosome (ko04145) pathway were significantly upregulated.
Although controversy has existed regarding the function of TLRs
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in phagosome maturation, many studies have indicated that TLRs
can positively regulate phagocytosis [35,38-42]. They are probably
engaged as sensor receptors and often collaborate with other
receptors to promote uptake and downstream signalling
[29,32,43-45]. Integrins are expressed at the surface of most meta-
zoan cells, and integrin-dependent phagocytosis is emerging as a
general and intrinsic ability of most integrins [34,46-48]. Studies
in mammals have also determined that integrins can cooperate
with TLRs to enhance phagocytosis [44]. Therefore, the simultane-
ously upregulation of TLR6 and Integrin B3 in both mRNA and pro-
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Table 2
Information on the DEPs involved in the phagocytosis pathway.
Accession No.  Description Regulated Gene Protein Pathway
p Foldchange p Foldchange
AOA210Q910  Toll-like receptor 6 (TLR6) Up 1.67E-02 2.46 445E-04 121 ko04145
AOA210Q793  Integrin beta pat-3 (Integrin p3) Up 6.66E-03 2.33 6.22E-04 1.22 ko04145
AOA210PH61  V-type proton ATPase subunit G 1 (V-ATPase) Up 2.29E-01 1.31 1.24E-04 137 ko04145
AOA210QC09  Calnexin Up 4.16E-02 2385 4.82E-04 125 ko04145; ko04612
AOA210PQX0  Cathepsin B Up 1.67E-02 242 5.66E-04 1.23 ko04142; ko04612
AOA210QXK9  Cathepsin L Up 7.93E-03 234 2.50E-03  1.36 ko04145; ko04142;
ko04612
AOA210PG74  Cation-dependent mannose-6-phosphate receptor Up 1.58E-02 3.07 9.33E-04 1.34 ko04145; ko04142
(M6PR)
AOA210Q6B2  Ganglioside GM2 activator (GM2A) Up 4.94E-02 5.11 1.77E-06 3.18 ko04142
AOA210QH63  Lysosomal protective protein (LPP) Up 442E-02 2.14 2.61E-03 1.23 ko04142
AO0A210PWQ3  Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase  Down 4.11E-02 0.69 3.59E-02 0.82 ko04666
2 (SHIP2)
AOA210PC53 Myc box-dependent-interacting protein 1 (BIN1) Down 2.04E-02 0.51 1.72E-04 0.70 ko04666
AOA210PF28 Protein kinase C delta type (PKC) Down 1.44E-02 0.33 6.03E-04 0.82 ko04666
AO0A210Q2L3  Serine/threonine-protein kinase PAK 1 (PAK1) Down 2.98E-02 0.50 1.15E-04 0.83 ko04666
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Fig. 6. Protein-protein interaction (PPi) network of DEPs in diseased and healthy
Yesso scallops. Red circles represent upregulated DEPs, the blue squares represent
downregulated DEPs, and the size of the two graphs indicates the number of
interacting proteins. The width of the lines indicates the protein interaction
evaluation score. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

tein levels in diseased Yesso scallops suggested that TLR6 or/and
Integrin, rather than FcyRs, probably serve as the main receptors
recognizing Polydora infection. They might cooperate with each
other to enhance phagocytosis, considering the complex phago-
cytic targets that occur during Polydora infection. However, the
mechanism of cooperation between these two receptors requires
further investigation in scallops.

ER-mediated phagocytosis, despite being a recently proposed
model, seems to be a general mechanism of phagocytosis [30,31],
but has never been reported in molluscs. ER has been proven to
be an important source of membrane involved in phagosome bio-
genesis, which is required to overcome the consumption of cell
surface membrane during phagocytosis [30,31,49]. One of the
strongest pieces of evidence for this model is the discovery of sev-
eral ER-resident proteins (such as Calnexin) in phagosomes
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ones, although significant differences were only detected in protein
expressions. The results indicate that acidification of phagosomes
mediated by V-ATPase might also occur in the phagocytosis of scal-
lops, which is essential for killing pathogens. Besides, the GO func-
tions and KEGG pathways related to lysosomes were significantly
enriched, and many lysosomal proteins, such as Cathepsin B,
Cathepsin L, LPP, M6PR and GM2A, were significantly upregulated
in both mRNA and protein levels in diseased Yesso scallops. This
hints that there is involvement of lysosomes in phagocytosis in
scallops. The fusion with lysosomes will provide essential enzymes
for phagosomes to ingest and degrade pathogens [31,49]. Cathep-
sins are a group of important proteolytic enzymes containing many
different members, such as Cathepsin A, B, D, L, S and Z, which have
been detected in phagosomes [31,49,54-57]. In this study, Cathep-
sin B and L probably played important roles in pathogen killing as
there were significantly upregulated mRNA and protein expression
levels of these two genes in diseased Yesso scallops.

Besides phagocytosis, the melanization response of the mantle
probably also plays a vital function in Polydora-infected Yesso scal-
lops. Firstly, melanizaition of the shell is an obvious trait of Poly-
dora-infected individuals (Fig. 1). Further, melanization-related
GO functions of ‘melanosome (G0:0042470) and the KEGG path-
ways of ‘tyrosine metabolism (ko00350) and ‘melanogenesis
(ko04916) were significantly enriched for upregulated DEPs,
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which supports this assumption molecularly. Melanization is a
normal process during shell formation in molluscs, but it is also
an important mechanism involved in wound healing and encapsu-
lation of foreign entities in invertebrates [13], and mantle epithelia
have been shown to be mainly responsible for melanization [13].
The Roseovarius oyster disease (ROD) and brown ring disease
(BRD) in clams are two other cases where mantle tissues produce
copious amounts of melanins to wall off pathogens [58-59]. Mela-
nin biosynthesis is highly regulated by a diverse group of enzymes
generally named phenoloxidases [13,60]. Laccase is one of these
enzymes, which has been shown to be upregulated in the mantle
of clams affected by BRD [61]. Similar results were also found in
the present study: a significant increase in the protein expression
level of a laccase was detected in Polydora-infected scallops. Some-
times, melanization is accompanied by a biomineralization mech-
anism to embed melanized invaders in new calcified shell layers,
leading to major rearrangements of the shell matrix, as found in
ROD and BRD [13,58,59,61]. In the present study, some biominer-
alization directly associated proteins, such as Cartilage matrix pro-
tein, Temptin, Periostin, Collagen, Calmodulin, Calumenin-A and so
on, were markedly upregulated. This probably indicates that there
is accelerated secretion of shell matrix in mantle tissues to resist
Polydora infection or repair damaged shell structures.

In addition, inhibition of apoptosis and neural modulation may
be also involved in the response mechanism. Apoptosis is a vital
mechanism in regulating cell numbers throughout the life of all
metazoan animals. The most fundamental biochemical event in
apoptosis is the participation of caspases, which exist in two main
groups: initiators and executioners [62-64]. In the present study,
the apoptosis pathways were enriched among the downregulated
DEPs, which were mainly caused by the significantly downregu-
lated caspases, including caspase 2, caspase 9 as activators, and
caspase 3 and caspase 7 as executioners [64]. Molecularly, the
results suggest inhibition of the apoptosis process in the mantle
tissues of infected Yesso scallops, which is probably closely associ-
ated with the obviously increased mucous cells in the mantle, as
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observed in our previous study [14]. Finally, the nervous system
may participate in the modulation of Yesso scallops’ response to
Polydora infection. There were significantly enriched synaptic GO
functions and KEGG pathways among the DEPs, and the protein
expression levels of some nervous system-related proteins were
differentially regulated. Extraordinarily developed nervous fibres
are distributed in the mantle of scallops, making the tissue sensi-
tive to external intrusion and able to regulate a rapid response
[14].

5. Conclusion

In the present study, a systematic proteome analysis of the
mantle tissues of Polydora-infected and healthy Yesso scallops
was performed by TMT technology. DEPs were detected and fur-
ther analysed by GO and KEGG enrichment analysis. The results
indicate that the phagocytosis pathway was significantly upregu-
lated in the diseased group. DEPs involved in different stages of
phagocytosis were discovered and further verified by qRT-PCR,
suggesting an important role of this pathway in response to Poly-
dora infection. Besides, proteins involved in melanization, apopto-
sis and nervous modulation were also found to be significantly
regulated and enriched, indicating their involvement in the infec-
tion response. Finally, a PPi network was constructed to provide
a global view of the interaction relationships of the DEPs. This
study provides insights into the molecular mechanism of the Yesso
scallop in response to Polydora infection, which will help to better
comprehend the innate immune mechanisms of molluscs and lay a
significant theoretical foundation for Polydora disease control.
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