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Transcriptome and digital gene
expression analysis reveal
immune responses of mantle
and visceral mass pearl
culturing in Hyriopsis cumingii

Xiaoya Shen1,2,3†, Yige Chen1,2,3†, Liang Jia1,2,3, Wang He1,
Xiaofeng Chen1, Yiwen Chen1, Xingrong Xuan1, Jiale Li1,2,3,
Zhiyi Bai1,2,3* and Wenjuan Li1,2,3*

1Key Laboratory of Freshwater Aquatic Genetic Resources, Ministry of Agriculture and Rural Affairs,
Shanghai Ocean University, Shanghai, China, 2Shanghai Engineering Research Center of Aquaculture,
Shanghai Ocean University, Shanghai, China, 3Shanghai Collaborative Innovation Center for
Cultivating Elite Breeds and Green-culture of Aquaculture Animals, Shanghai, China
Biomineralization is a widespread phenomenon in marine mollusks and is

responsible for the production of shells and pearls. However, the regulatory

mechanisms governing the adaptive immune responses in the mollusk mantle

and visceral mass during mineralization remain unclear. In this work, we examined

the mantle and visceral mass immune responses of Hyriopsis cumingii during pearl

culture using high-throughput sequencing techniques. A mantle transcriptome

database was established using transcriptome sequencing technology and

reference to the major databases. Digital gene expression profiling was used to

identify the differentially expressed genes of mantle and visceral mass at different

insertion periods. Moreover, quantitative real-time PCR was used to verify the

expression of five immune-related genes. Transcriptome sequencing results

showed 257,457 unigenes were identified. Digital gene expression profiles showed

1389, 3572, 1888, and 2613 differentially expressed genes (DEGs) in the mantle and

visceral mass at 5, 20, 50, and 90 d after insertion, respectively, with the highest

number at 20 d and the lowest at 5 d after insertion (q < 0.05). A cluster analysis of

the DEGs showed similar clustering and expression features in the mantle to the

control group, and at 5, 50 and 90 d, after mantle insertion. The DEGs in the visceral

mass showed similar clustering and expression features to the control group and at

5, 20 and 50 d after insertion. We also screened 22 immune-related DEGs in the

mantle and visceral mass during the same pearl culture period, including serine/

threonine-protein kinase NLK, C-type lectin, and galectin. The greatest number of

DEGs was found 90 d after insertion. Compared with the mantle, more immune-

related DEGs were down-regulated than up-regulated in the visceral mass during

pearl culture, indicating that the immune regulatorymechanisms in the visceral mass

and themantle differ during pearl culture, and that the visceralmass is liable to higher

infection and mortality rates. Quantitative real-time PCR results showed that the

expression of five immune-related genes was consistent with DGE results. Our

findingswill further knowledge of the immune systems that are present in themantle

and visceral mass during pearl culture.

KEYWORDS

Hyriopsis cumingii, pearl culture, mantle, visceral mass, immune-related differentially
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1 Introduction

Biomineralization is a widespread phenomenon in marine

mollusks. Their shells and pearls are important products of this

process and their formation is regulated at the genetic level (Jin

et al., 2019; Liu et al., 2019). During the pearl culture process, pieces

of the mantle are inserted into the surrounding shell causing the

cells at the nucleus insertion site to proliferate and divide to form

pearl sacs, which secrete nacre to produce pearls (Hua and Neves,

2011). Research into practical ways to produce the same effect in the

viscera, imitating the mantle process, has made gradual progress in

mass pearl culture, but the technology is still far from perfect.

Studies have shown that both the mantle and visceral mass nucleus

insertion sites cause extensive immune responses in pearl culture

conditions (Huang et al., 2019). At the organizational level, pearl

oyster Pinctada fucata mortality occurred after nucleation of the

mantle during the resting period (Weng et al., 2012). In the

triangular sail mussel Hyriopsis cumingii the hemocyte density

increased significantly and there was a relative increase in the

number of granulocytes and a relative decrease in the number of

hyaline cells after nucleation of the visceral mass, as immune defense

responses to external stimulation (He et al., 2010). Shi et al. found that

the regulation of immune defenses was enhanced inHyriopsis cumingii

after nucleation of the visceral mass, with significant changes in the

function of the immune-related enzymes acyl carrier protein (ACP)

and sodium dismutase (SOD) in the blood (Li et al., 2010). Huang et al.

found that blood uric acid levels were significantly higher after

implantation of the visceral mass compared to the control group

(Hang et al., 2013). Additionally, after nucleation during pearl

culture, there were comparable variations in the levels of immune-

related gene expression. After implantation of the visceral mass in

Hyriopsis cumingii the expression of the immune-related factor gene

alpha-2 macroglobulin (a2M) increased significantly (Li et al., 2010),

the expression of tumor necrosis factor receptor-associated factor 6

(TRAF6) fluctuated significantly in the pearl sac, gills, and hemocytes

after mantle nucleation (Huang et al., 2018), and the expression levels

of galectin, allograft inflammatory factor-1 (AIF-1) were similarly

changed in the pearl sacs (Bai et al., 2016; Li et al., 2016). In

summary, further studies on the immunomodulatory mechanisms

during nucleus insertion into the mantle and visceral masses during

pearl culture are still required.

In this study, we analyzed the immune regulation process in the

mantle and visceral mass of Hyriopsis cumingii at the mRNA level

during pearl culture by constructing a transcriptome platform and

digital gene expression profiles, and by analyzing the DEGs related to

immune responses in the mantle and visceral mass during the different

stages of pearl culture. The study of the adaptive immunomodulatory

processes of the mantle and visceral masses of mollusks during pearl

culture will have a theoretical foundation thanks to the work

presented here.
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2 Materials and methods

2.1 Preparation of tissue

Healthy Hyriopsis cumingii (2 years old and of consistent

individual size) were purchased from the Weimin Pearl Farm in

Jinhua City, Zhejiang Province, China. The mantles of five of the

mussels, where the pearls were cultivated, were removed, put in

liquid nitrogen and kept at −80°C. In addition, 200 mussels were

temporarily kept in the laboratory ready for the next

nucleation experiment.
2.2 RNA isolation and transcriptome
sequencing

According to the manufacturer’s instructions, individual

mantles were lysed in 1 ml of Trizol Reagent (TaKaRa, Tokyo,

Japan) for total RNA extraction. On 1% agarose gels, RNA

deterioration and contamination were observed. Using a

NanoDropND-2000C (Thermo, Waltham, MA, USA), RNA

purity was examined. A Qubit1RNA Assay Kit (Life

Technologies, Carlsbad, CA, USA) Fluorometer was used to

measure the amount of RNA. An RNA Nano 6000 Assay Kit was

used in a Bioanalyzer 2100 system (Agilent Technologies, Santa

Clara, CA, USA) to assess the RNA Integrity Number (RIN).

Transcriptome analysis was then performed on samples prepared

using an Illumina kit (Illumina Inc., San Diego, CA, USA),

following the manufacturer’s instructions. Finally, the library was

sequenced using an Illumina HiSeq TM2000 (Illumina, San Diego,

CA, USA).
2.3 Analysis of transcriptome
assembly results

Trinity (https://github.com/trinityrnaseq/trinityrnaseq/wiki)

was used to connect distinct contigs into scaffolds, where

ambiguities (Ns) were used to indicate unknown bases between

adjacent contigs. To obtain sequences with the fewest Ns that could

not be expanded on either end and were referred to as unigenes,

gaps in the scaffolds were filled with paired-end reads. Finally, we

used BLASTX (with an E-value of 10-5) to search our unigenes

against various protein databases, including Nr, Nt, Pfam, KOG/

COG, Swiss-Prot, KEGG, and GO. The sequence direction of the

unigenes was determined using the best hits. When a unigene did

not align with any of the entries in these databases, ESTScan v.3.0.3

was used to predict its coding regions and to determine its

sequence direction.
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2.4 Preparation and sequencing of the
digital gene expression library

Two hundred mussels of uniform size were randomly selected

from those temporarily reared in the laboratory. Twenty were

assigned to a control group without insertion and 180 were

assigned to the experimental group with insertion, and both were

cultured in the same conditions in natural water in a nearby river.

The insertion surgery was performed using the ‘bead nucleus with

small pieces’ method. In the experimental group, the mussel was

secured to the stand so that the back was facing to the right and the

sail was down; the shell was pried up slightly with a shell opener,

3 cm diameter bead nuclei were autoclaved and dried, and then

inserted into the visceral mass and the posterior part of the mantle,

and then small pieces of the outer surface of the mantle were

attached over the surface of the nucleus. The mussels were stood up

in buckets for temporary rearing, and two days later were

suspended in the pond. At 3-5 d after the insertion of the

nucleus, we can judge whether the mussel spits out the nucleus,

dies or heals the wound; at 20-30 d after the insertion of the nucleus,

the pearl sac is basically established; at 50-60 d after the insertion of

the nucleus, the pearl sac stabilizes and produces the nacre; at 90 d

after the surgery, the comprehensive coverage of the surface of the

nucleus with the initial completion of the nacre (Wang et al., 2022).

Therefore, we chose these periods of insertion for our study. Six

mussels at 5, 20, 50 and 90 d post-insertion and six in the control

group were selected, and 80 –100 mg of samples were collected from

the insertion sites in the mantle and visceral mass, treated with

Trizol, and stored in a refrigerator at −80°C. Total RNA was

extracted from the samples and stored in refrigerator at −80°C.

The cDNA library produced after total RNA extraction was

sequenced using an Illumina HiSeqTM2000. Base calling was

used to convert the raw image data into sequence data.
2.5 Sample RNA extraction and
quality testing

Total RNA was collected from 10 samples from the mantle and

visceral mass of each mussel at five time points. All of the samples

were homogenized separately for RNA isolation. Total RNA was

extracted, analyzed qualitatively and quantitatively as described

in 2.2.
2.6 Construction and sequencing of the
differentially expressed gene database

Tag library construction for the 10 Hyriopsis cumingii samples

(M_Con, M_5 d, M_20 d, M_50 d, M_90 d, V_Con, V_5 d, V_20 d,

V_50 d and V90 d, where M and V denote the mantle and viscera)

was performed in parallel, and sequencing was performed as

described in 2.2.
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2.7 Data processing and mapping

The data obtained after high-throughput sequencing were

termed the raw data. Clean reads were obtained after removing

reads with adapters, poly-N, and low-quality reads, and subsequent

analysis was based on these. The guanine-cytosine (GC) content,

Q20, and Q30 values of the clean reads were also calculated. The

mussel transcriptome data measured in our laboratory were selected

as the reference sequence. The clean reads of each sample were

mapped to reference sequences using Bowtie v.0.12.9. and the

results of the comparison are then tallied using RSEM.
2.8 Screening and clustering of DEGs

The access data for the DEGs are the read-count data obtained

from the gene expression level analysis. DEG analysis was

performed using DESeq v.1.12.0 and genes with corrected p

values < 0.05 were identified as DEGs. The relative expression

level values log2 (ratio) of DEGs were clustered using H-cluster, K-

means, and SOM.
2.9 Gene Ontology and Kyoto
Encyclopedia
of Genes and Genomes enrichment
analysis of DEGs

Gene Ontology-enrichment analysis of DEGs was performed

using GOSeq Release v.2.12. GO terms with corrected p values <

0.05 were identified as enrichment terms for DEGs. KOBAS v.2.0

was used to complete the KEGG enrichment analysis of DEGs, and

identify the most important biochemical metabolic pathways and

signal transduction pathways associated with the DEGs. Similarly,

pathways with corrected p values < 0.05 were identified as enriched

for DEGs.
2.10 Differential expression analysis of
immune-related genes

To investigate the mechanisms governing immune regulation at

different insertion sites during pearl formation, we analyzed the

immune-related DEGs in the culture sites in the mantle and visceral

mass at the different time points, and in the mantle and visceral

mass during the same time period.
2.11 Quantitative real-time PCR

To validate the DEGs results, we randomly selected five

immune-related genes for quantitative real-time reverse

transcription PCR (qRT-PCR) analysis. cDNA was synthesized
frontiersin.org
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using a Superscript III first-strand synthesis system (Invitrogen,

ThermoFisher, Waltham, MA, USA) according to the

manufacturer’s protocol. Specific primers for qRT-PCR were

designed using Premier Primer 5.0 (Table 1). The amplification

was performed in triplicate on a Bio-Rad CFX96 (Bio-Rad,

Hercules, CA, USA) using TB Green ® Premix Ex Taq ™

(TaKaRa, Tokyo, Japan). Cycling parameters were 95°C for

5 min, then 40 cycles of 95°C for 5 s and 57°C for 20 s. Melting

curve analyses were performed following the amplifications to

verify specific amplification. Relative gene expression data was

analyzed using the 2−DDCT method to obtain the expression of

each sample relative to the internal reference gene EF1a (Livak and

Schmittgen, 2001; Schmittgen and Livak, 2008). All reactions were

performed in three replicates using six biological samples. The data

were analyzed using the t-test software in SPSS v.26.0 with p < 0.05.
3 Results

3.1 Sequencing and assembly of
the transcriptome

Illumina sequencing yielded 65.3 million raw reads, and 63.6

million reads remained after filtering out those with adapters, low

quality, and N ratios greater than 10%. The error rate was 0.03%,

and the Q20 and Q30 percentages were 96.95% and 90.68%,

respectively. For the clean reads, 40.38% of the content was GC.

A total of 257,457 unigenes with a length of 193 million

nucleotides were created from the filtered reads (Table 2). The

mean length of a unigene was 751 nucleotides and lengths ranged
Frontiers in Marine Science 04
from 18–20,429 bp. Among these unigenes, 165,546 (64.30%) of the

clean unigenes were smaller than 500 bp in length, 41,398 (16.08%)

were between 500–1,000 bp, 25,838 (10.03%) were between 1,000–

2,000 bp, and 24,675 (9.58%) were longer than 2,000 bp. The length

distribution of the assembled unigenes is shown in Figure 1.
3.2 Annotation of unigene functions

The unigene sequences were aligned using BlastN and BlastX

searches with an E-value of less than 10-5 against the Nt, Nr, Swiss-

Prot, KO, GO, KOG, and PFAM databases. Of the 257,457

unigenes, 67,821 (26.34%) were annotated to at least one database

using BLAST matches and 2114 (0.82%) were annotated across all

of the databases consulted. The GO database, which has

annotations for 19.49% of all unigenes, was followed by

annotations for 19.13% of unigenes in the PFAM database,

17.40% in the Nr database, and just 4.29% of unigenes in the

Nt database.
3.3 Sequencing quality analysis of DEGs

The DEG sequencing was performed on the mantle and visceral

masses of the mussels at the 5, 20, 50, and 90 d points after surgery

and on the control group, and 10 DEG databases were obtained.

More than 7 million raw reads were included in each database, and

after filtering out splice sequences, duplicate sequences, and low

quality reads, more than 7 million clean reads remained, with Q20

and Q30 both above 95% (Table 3). The results showed that the
TABLE 1 Primer sequences used in this study.

Gene Sequence (5′-3′) Product length (bp);

C3 F ATGAGCTAGAGACACAAA 160

R ACTGGCTTACCATACACG

Lyso F ACCTGGGGTCACTCTCAT 224

R AGTCGTACATCCATTCGG

Masp2 F CAGTGGTGTTGTGGGTGA 176

R GAGTTTTAGGATTGGGGG

CLEC F GGCGGAAGCCAAGAAATA 206

R TGAAAACGGTACAGAAGC

SOD1 F TGTGGCTGAGTCAAGAAA 196

R GTAGAAGAAGTGCGGTGT

EF1a F GGAACTTCCCAGGCAGACTGTGC 191

R TCAAAACGGGCCGCAGAGAAT
TABLE 2 Data for the de novo assemblies for the mantle transcriptome of Hyriopsis cumingii.

Items Total number Total length (bp) Mean length (bp) N50

Unigenes 257,457 193,448,860 751 1,796
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sequencing results were reliable and could be safely analyzed in the

next step.
3.4 Analysis of DEGs

We evaluated the two DEG libraries from the various tissues at

the same time point in order to determine the differentially

expressed and non-differentially expressed genes in the mantle

and visceral mass at various stages of pearl culture. As shown in

Figure 2, a total of 2172 DEGs (1048 upregulated and 1124

downregulated, q < 0.05) were identified in the control group,

compared with the visceral mass and mantle membrane. Five days
Frontiers in Marine Science 05
after insertion, a total of 1389 DEGs (583 up-regulated and 806

down-regulated, q < 0.05) were identified, the lowest numbers

recorded. The greatest number of DEGS were identified after

20 d, with a total of 3572 (1367 up-regulated and 2205 down-

regulated, q < 0.05). After 50 and 90 d, 1888 (1086 up-regulated and

802 down-regulated, q < 0.05) and 2613 DEGs (1614 up-regulated

and 999 down-regulated, q < 0.05) were identified, respectively. As

shown in Figure 3, the clustering and expression features of DEGs

obtained from the control group were similar to the mantle at 5, 50,

and 90 d, while for the visceral masses, they were similar to the

control group at 5, 20, and 50 d. These results indicate that the gene

expression patterns of the mantle and visceral mass during pearl

culture were different during the same time period.
TABLE 3 Data output quality data.

Sample name Raw reads Clean reads Clean bases Error rate(%) Q20 (%) Q30 (%) GC content(%)

M_Con 7837796 7814673 0.39G 0.01 98.33 95.56 39.18

M_5 d 9550451 9508246 0.48G 0.01 99.27 97.6 39.44

M_20 d 11026304 10967540 0.55G 0.01 99.21 97.43 42.82

M_50 d 10579823 10513083 0.53G 0.01 99.32 97.62 40.58

M_90 d 11054096 10963853 0.55G 0.01 99.31 97.64 40.26

V_Con 8050492 8011704 0.4G 0.01 98.34 95.58 39.51

V_5 d 8935844 8899712 0.44G 0.01 99.27 97.59 39.81

V_20 d 9883363 9839827 0.49G 0.01 99.26 97.58 40.55

V_50 d 12809602 12729865 0.64G 0.01 99.35 97.71 41.46

V_90 d 12602014 12462158 0.62G 0.01 99.32 97.63 42.03
FIGURE 1

Data for the length distributions of unigenes The X-axis indicates the sequence length (bp), and the Y-axis indicates the number of assembled unigenes.
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3.5 GO clustering analysis of DEGs

A differential significance enrichment analysis was performed

by comparing the DEGs found in the data from two mantle and
Frontiers in Marine Science 06
visceral mass samples taken at the same time point. Figure 4 shows

the top 10 significant clusters in the three GO categories; biological

processes (BP), cellular components (CC), and molecular functions

(MF). Two clusters were highly significant: carbohydrate derivative

metabolic process (CP), and extracellular region (CC). The three

clusters calcium ion binding, carbohydrate binding, and chitin

binding (MF) were also significant. In addition, there were more

DEGs at 20 and 90 d after nucleation in most of the enrichment

clusters. Moreover, in the first ten important clusters in each GO

category, many were related to immunity, such as the response to

oxidative stress (BP), extracellular matrix (CC), and actin

cytoskeleton, and peroxidase activity (MF).
3.6 Pathway enrichment analysis of DEGs

Different genes perform their biological functions in organisms

in coordination with each other. And the most crucial biochemical

metabolic and signal transduction pathways in which DEGs

participate can be found using significant pathway enrichment

analysis. Scatter plots were used to present the results of the

KEGG enrichment analysis. The 20 most significantly enriched

pathways that we choose to display, but if there were less than 20, all

were shown (Figure 5). Five days after nucleation, DEGs were

mainly involved in viral myocarditis, tight junctions, proteoglycans

in cancer, phagosomes, pathogenic E. coli infection, and focal

adhesion. At 20 d after nucleation, DEGs were involved in these

same pathways, except for focal adhesion and those associated with

ribosomes. At 50 d after nucleation, DEGs were enriched in the

same major pathways as the control group, while at 90 d the DEGs

included those associated with viral myocarditis, tight junctions,

ribosomes, phagosomes, and pathogenic E. coli infection, as well as

bacterial invasion of epithelial cells, Vibrio cholerae infection,
FIGURE 2

Statistics of differentially expressed genes between mantle and visceral mass at different days of nucleation.
FIGURE 3

Overall reads per kilobase of transcript per million mapped reads
(rpkm) hierarchical clustering map. Clustering was performed using
log10RPKM values. Red indicates high expression genes and blue
indicates low expression genes. Color gradations from blue to red
indicate log10 (RPKM) transitions from small to large.
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shigellosis, Hippo signaling pathway, phototransduction, leukocyte

transendothelial migration, adhesion junctions, gap junctions,

Parkinson’s disease, influenza A, oxidative phosphorylation,

arrhythmogenic right ventricular cardiomyopathy (ARVC),

complement and coagulation cascades, and myocardial

contraction. All these pathways are related to immunity except

for photoconduction.
Frontiers in Marine Science 07
3.7 Identification and analysis of
immune-related DEGs

3.7.1 Analysis of DEGs at different time points
in the same tissue

In order to better understand the immune system regulation in

the mantle and visceral mass during pearl culture, we analyzed the
FIGURE 4

GO functional annotation of the DEGs between the mantle and visceral mass of Hyriopsis cumingii at different days after insertion.
B

C D

A

FIGURE 5

KEGG pathway enrichment analysis of DEGs in the mantle and visceral mass of Hyriopsis cumingii at different times after insertion. The vertical axis
shows the pathway name and the horizontal axis shows the Rich factor. The size of the dots indicates the number of DEGs in that pathway, and the
color of the dots corresponds to different q-value ranges. The parts of the diagram show KEGG pathway enrichment analysis of DEGs between the
mantle and visceral mass: (A) 5 d after insertion; (B) 20 d after insertion; (C) 50 d after insertion; and (D) 90 d after insertion.
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differential expression of immune-related genes at different times at

the same insertion site. As shown in Figure 6, the immune-related

genes were up-regulated to a greater degree in the mantle during

pearl culture compared with the control group, and, in contrast,

more down-regulated in the visceral mass. These results indicate

that immune system regulation differs between the mantle and the

visceral mass during pearl culture.
Frontiers in Marine Science 08
3.7.2 Analysis of immune-related DEGS in the
mantle and visceral mass during the same
time period

We screened for immune-related DEGs among those identified

between the mantle and visceral mass, as shown in Figure 7 (q <

0.05), including ras-related C3 botulinum toxin substrate 1, alpha-

2-macroglobulin, prothrombin, plasma kallikrein, IgGFc-binding
B

A

FIGURE 6

Analysis of DEGs at different time points in the same tissue in Hyriopsis cumingii. The horizontal axes represent Log2 (r_V/M/r_Con), where r_V and
r_M are the read count values of a gene in the mantle and visceral mass tissues after insertion, r_Con are control group. (q < 0.05) (A) Mantle.
(B) Visceral mass.
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protein, hemolymph lipopolysaccharide-binding protein, myosin-

10, complement component C3, galectin, C-type lectin, mannan-

binding lectin serine protease 2, lysozyme, lipopolysaccharide-

binding protein, actin, serine/threonine-protein kinase NLK,

superoxide dismutase [Cu-Zn] 1, serine protease inhibitor

dipetalogastin (Fragment), paramyosin myosin heavy chain, non-

muscle, antileukoproteinase (Fragment), myosin-10, nuclear factor

NF-kappa-B p105 subunit, receptor tyrosine-protein kinase erbB-

2.The highest expression of immune-related DEGs was at 90 d after

insertion, with 35 unigenes (Figure 7E), followed by 32, 32, and 31

unigenes at 50 d (Figure 7D), control group (Figure 7A), and 20 d

(Figure 7C), respectively, and the lowest at 5 d after insertion, with

20 unigenes (Figure 7B). Moreover, the expressions of immune-

associated DEGs were more down-regulated than up-regulated in
Frontiers in Marine Science 09
the visceral mass relative to the mantle, at different times in both the

control and experimental groups.
3.8 Expression validation of immune-
related DEGs

Based on the DEG data, we used qRT-PCR to validate five

immune-related genes: C-type lectin (CLEC), complement

component C3 (C3), lysozyme (Lyso), mannan-binding lectin

serine protease 2 (MASP2), and superoxide dismutase [Cu-Zn]

(SOD1). The results showed that the expression of 5 genes in

different nucleation periods of mantle and visceral mass was

consistent with DGE analysis. Compared with the mantle, the
B

C D

E

A

FIGURE 7

Analysis of immune-related DEGs after nucleation of the mantle and visceral mass insertions in Hyriopsis cumingii. The horizontal axes represent
Log2 (r_V/r_M), where r_V and r_M are the read count values of a gene in the mantle and visceral mass tissues after insertion, respectively. (q <
0.05). (A) Control group. (B) 5 days after insertion. (C) 20 days after insertion. (D) 50 days after insertion. (E) 90 days after insertion.
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expression of C3 was up-regulated at 20 days after nucleation in

visceral mass (Figure 8A), MASP2 was down-regulated at 50 days

after nucleation in visceral mass (Figure 8C), Lyso (Figure 8B),

CLEC (Figure 8D) and SOD1 (Figure 8E) were down-regulated at

all time periods after nucleation in visceral mass.
4 Discussion

In this study, we used DGE techniques to identify DEGs in the

mantle and visceral mass of Hyriopsis cumingii at different times

after nucleus insertion. The formation of pearls is a

biomineralization process with immune regulation. When the

nucleus and the small pieces of the mantle of the donor mussel

enter the mantle or the visceral mass of the host mussel, the host

cells are stimulated to secrete nacre to form a pearl sac, and the

deposited nacre wraps the foreign body and gradually forms a pearl.

The nucleus insertion process promotes a transplantation tolerance

reaction, prompting an immune rejection of the small piece of tissue

and nucleus in the donor shell (Wang et al., 2016). The mantle is
Frontiers in Marine Science 10
commonly used as a pearl production site, but most of the pearls it

produces are small and of poor quality. The visceral mass facilitates

the cultivation of large, nucleated pearls due to its larger size.

However, insertion into the visceral mass in large scale pearl

production can increase the infection rate (Li et al., 2010) and

reduce the survival rate of the mussels, as well as lowering the rate of

production of nucleated pearls (Liang et al., 2015).

The cluster analysis of DEGs showed different gene expression

patterns in the mantle and visceral mass, indicating that the two

tissues were differently regulated during pearl culture. In addition,

the GO cluster analysis results showed that there were more DEGs

at 20 d and 90 d after insertion, which may be due to the fact that

these two periods occurred relatively early and late in the process of

pearl formation, respectively (Bai et al., 2017), indicating that the

regulatory mechanisms of mantle and visceral mass pearl formation

were different during these two important periods. The KEGG

cluster analysis results showed that DEGs were clustered into

immune-related pathways. Therefore, we screened the immune-

related DEGs of the mantle and visceral mass at different periods

after insertion, in order to verify the cluster analysis results and
B

C D

E

A

FIGURE 8

Quantitative real-time PCR was used to analyze the relative expression levels of five immune-related genes in the mantle and visceral mass of
Hyriopsis cumingii on different days after nucleation. * indicates p < 0.05. (A) Complement component C3 (C3). (B) Lysozyme (Lyso). (C) Mannan-
binding lectin serine protease 2 (Masp2). (D) C-type lectin (CLEC). (E) Superoxide dismutase [Cu-Zn] (SOD1).
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explore the immune regulatory mechanism of the visceral mass

after insertion, laying a groundwork for greater understanding of

the formation of visceral pearl clusters.

The immune system of invertebrates differs from that of

vertebrates in that they only show innate immunity and no

acquired immunity. As invertebrates, mollusks have no specific

immune cells and corresponding antibodies and rely on humoral

factors and hemocytes in the hemolymph to defend against foreign

invasion, so-called ‘humoral and cellular immunity’ (Li et al., 2022a;

Roch, 1999). One of the earliest immune system components, the

complement system is crucial to both innate and acquired

immunity (Hajishengallis et al., 2017). One of the more well

researched complement activation pathways is the lectin pathway,

which is crucial for pathogen conditioning, chemotaxis, leukocyte

activation, direct pathogen killing, and inflammation regulation

(Kinoshita, 1991). C3, mannose-binding lectin (MBL), and MASP

are essential components in the lectin pathway (Matsushita, 2018).

A novel MBL has been identified in Pacific oysters Crassostrea gigas

and has been reported to bind to MASP-1, promoting C3 cleavage

and thus activating the complement system, which is involved in the

perforation and growth inhibition of bacteria (Sun et al., 2021).

Complement C3 and Masp2 are both enriched in the complement

and coagulation cascades pathway, along with two other enriched

DEGs, Prothrombin and plasma kallikrein. Prothrombin not only

plays a role in hemostasis and coagulation, but also induces a series

of inflammatory responses (Luyendyk et al., 2019). Prothrombin

has also been demonstrated to degrade fibrinogen to create fibrin

clots, which inhibit the spread of pathogens in vertebrates (Sun,

2005). Plasma kallikrein plays an important role in the

inflammatory response after tissue injury and is considered to be

an important new drug target in ant i - inflammatory

immunopharmacology (Wang et al., 2019). In this study, both C3

and Masp2 were downregulated after visceral mass nucleation

relative to the mantle. In contrast, Prothrombin and plasma

kallikrein were upregulated.

Cultured pearl formation has been linked to wound healing and

increased immunity to invading pathogens (Huang et al., 2018). An

accurate immune recognition mechanism and a perfect immune

regulation system are necessary for effective defense against

invading invaders. Both cellular and humoral immunity rely

heavily on lectins. Lectins on the surface of mollusks help cells to

recognize pathogens and activate cell chemotaxis so that they can

move towards pathogens, and adsorp and eventually engulf them

(Kuchel et al., 2010). It has been found that the galectin HcGal1 of

Hyriopsis cumingii and the C-type lectin HdClec of the Halitosis

discus hannai both play a role in promoting hemocyte phagocytosis

of pathogenic bacteria (Bai et al., 2016; Lv et al., 2022). In this study,

we found that, C-type lectins and galectins in the mantle were

differentially expressed at each stage after insertion and were more

down-regulated than up-regulated. IgGFc-binding protein was

identified as the Fc part of the binding site of the Ig G molecule,

which may play a role in cell protection and anti-inflammatory

processes in tissues (Xiong et al., 2014). We found that expression of

the gene for the Fc gamma binding protein (FcGBP) was lower in

the visceral mass than in the mantle after nucleus insertion. FcGBP
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may play a role in cell protection and anti-inflammatory responses

during formation of the pearl sac.

In addition to the above, the humoral immunity of mollusks

includes oxidative enzymes, hydrolytic enzymes, and other immune

functional proteins, which play an important role in resisting

foreign invasion and inflammatory reactions (Teng et al., 2003).

One of the most crucial lysosome enzymes is lyso. By destroying

and dissolving microscopic bacteria, it plays a part in filtering

saltwater microorganisms and avoiding diseases. Lyso cannot only

dissolve pathogen cell walls, but also partially or completely inhibit

their survival or normal development. It has been discovered that

lyso plays a crucial part in how mollusks respond to inflammation.

(Cajaraville and Pal, 1995). Liu et al. reported that Lyso can dissolve

the cell walls of pathogens and partially or completely inhibit their

growth and reproduction (Li et al., 2021; Gonzalez et al., 2022).

SOD1 is an important antioxidant enzyme that can remove oxygen

free radicals and protect organisms from free radical attacks. Studies

have shown that its activity is strongly tied to the immune ability of

aquatic organisms, and it is crucial for enhancing the defensive

abilities of phagocytic cells and, by extension, the body’s overall

immune system. (Xie et al., 2018; Liu et al., 2022). Li et al. found that

SOD1 activity in the hemolymphatic system of Hyriopsis cumingii

increased significantly compared with a control group after visceral

mass insertion (Li et al., 2022b). In this study, we found that these

immune-related genes were mostly down-regulated in the visceral

mass after nucleation, relative to the mantle.

The regulation of the release of inflammatory mediators and

apoptosis may be beneficial to the healing of epithelial cells and the

formation of the pearl sac after insertion (Li et al., 2022a). In this

study, the lipopolysaccharide-binding protein, serine/threonine-

protein kinase NLK, antileukoproteinase (fragment), nuclear

factor NF-kappa-B p105 subunit, and fibrillin-1 were related to

inflammatory responses and cell apoptosis and were differentially

expressed. Through the heterodimer p65-p50, the typical NF-kB
signaling pathway controls hundreds of distinct genes, including

those that produce pro-inflammatory cytokines, chemokines,

adhesion molecules, and enzymes. The NFKB1 gene produces the

protein p105, which the proteasome can cleave into p50. The p50

protein most often binds to p65, and together they form the

heterodimer that drives pro-inflammatory gene expression.

Increased activation of NF-kB signaling leads to increased

deposition of extracellular matrix at the site of injury and

con t r i b u t e s t o i n j u r y r e p a i r ( B e s t e t a l . , 2 0 1 9 ) .

Antileukoproteinase regulates inflammation and immune

responses after bacterial and intracellular parasitic infections. It

plays a role in regulating NF-kB activation and inflammatory

responses, preventing tissue damage and promoting wound

healing by limiting protease activity (Klimenkova et al., 2014).

The toll-like receptor signaling pathway, which can control NF-B-

related molecules and take part in inflammatory reactions, contains

a protein called lipopolysaccharide-binding protein (Won et al.,

2021). Fibrillin-1 regulates inflammatory responses by participating

in the TGF-b signaling pathway (Lien et al., 2019). The serine/

threonine protein kinases NLK play a critical role in determining

cell fate and control cell death. They control several transcription
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factors, take part in a number of signaling pathways, including

Notch, MAPK, andWnt, etc. (Zhang et al., 2015; Shi et al., 2019). In

this study, the expression levels of these genes in the visceral mass

tissue after nucleation were mostly down-regulated compared with

the mantle.

In summary, we identified key immune-related differential

genes during insertion into the mantle and the visceral mass

using transcriptome sequencing and digital gene expression

analysis, and found that the expression of immune-related genes

was mostly down-regulated after insertion into the visceral mass,

compared with the mantle. This may be related to the fact that the

mantle, as the first line of autoimmune defense in Hyriopsis

cumingii, is the main immune system organ. Moreover, we also

confirmed thatHyriopsis cumingii was more susceptible to infection

and even death after visceral mass nucleation. We hypothesize that

the immunomodulatory mechanism after insertion into the viscera

is different from that of the mantle. Nonetheless, these efforts are

insufficient and the hypotheses that have been derived require

further research and validation. Molecular biology techniques,

such as overexpression or knockdown, are needed to verify the

functions of relevant genes after nucleation and to gain a deeper

understanding of the immune molecular mechanisms of the pearl

formation process. In the case of visceral mass cultured pearls, the

expression of immune-related genes can be regulated to reduce the

rate of pearl spitting and infection, and to improve the yield of

visceral mass cultured pearls.
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