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Abstract

In extreme salt stress and anaerobic conditions, Apostichopus japonicus survives by "evisceration."
The species can eject its viscera and create a new organ if the habitat is suitable. The molecular
response of A. japonicus coelomocytes and visceral regeneration is examined. Previous research
found A. japonicus coelomocyte volume recovery 2 h-p-e (two hours post-evisceration) mirrored fast
human hematopoiesis. Coelomocytes returned to pre-evisceration levels 6 h-p-e (six hours
post-evisceration). First, KCL solution was artificially injected at A. japonicus body mass. Subsequently,
evisceration occurred. Immunological tissue coelomocytes were taken at 2 h and 6 h-p-e, and those
from the control group (0 h) were also collected. Coelomocyte transcriptome was sequenced.
Transcriptome sequencing was applied to the collected coelomocytes. At 2 h-p-e, 860 differentially
expressed genes were identified, with 639 upregulated and 221 downregulated. At 6 h-p-e, 1638 genes
were upregulated and 432 downregulated. Immunity genes were predominantly differentially expressed
in the ‘Molecular function’ category, the major category for these immunity - related differentially
expressed genes. Gene differences were analyzed using KEGG annotation. At 2 h-p-e, by comparing
the gene expression of A. japonicus coelomocytes with that of the non - eviscerated control group (Oh),
860 DEGs were identified. These DEGs were associated with 53 pathways, 22 of which were related to
illnesses and the immune system, like the ECM - receptor interaction pathway. 6 h-p-e, 20 major
enrichment routes were selected, and 11 of them, including the Phagosome pathway, were associated
with regeneration. After sequencing data validation, immune genes with substantial alterations were
randomly selected for RT-qPCR validation. This experiment revealed that genes related to the
ECM-receptor interaction pathway were upregulated at both 2 and 6 h-p-e, which were crucial for early
regenerative immunity. Genes in the phagosome pathway were upregulated at different times and play
a key role in early immunity. Genes in the lysosome pathway were upregulated at 2 hours and are
involved in the immune process. Genes in the Notch signaling pathway were upregulated at 6 hours
and may be involved in early vascular regeneration. These findings indicate that coelomocytes and
immunological factors have complex and coordinated effects on the immune system of A. japonicus
after evisceration.
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Introduction

In the event of an enemy encounter, A. organs (such as the digestive tract, respiratory tree,
japonicus has a unique defense mechanism known and gonads). When the environ_mental conditions
as “"evisceration," which allows it to expel internal are favorable, new, fully functional organs can

rapidly regenerate. (Xue et al., 2015). Cell division

and cell mortality are two critical processes that
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Table 1 Primers used in RT-gPCR

Target gene

Nucleotide sequence of primer (5’-3’)

POL4

NEK1

FSIP1

FCN2

NOS1

Novel0428 (A novel gene with significantly expressed levels

obtained from transcriptome sequencing)

Lectin

TACCCGTTGGACAGAGGCTT
AATACCCCGTGGTTTCCTGC
CATTTCAGATGACAGAAGCAGTGG
CTTTCATCAGCAACACTTGGGTCT
CTCAGGGTAACCAGGATGTAAT
CTCACAGAGGGAGTGCTACATA
TTATCGTGATTGGTCTGAGT
CTAAAGGATGAATAGAGGGC
GGTGTGGAAAAGCCTGGAAC
CTACCTTTTCCGAGCAGCGT

TTGATGGTTGTCTGCTGCCTC

TACCTCACTGTGCTTGCCTTG
ACTATTTGTGGTCCTGTTTGTGAGC
TTTTCCTCAGATGAAGTAATGGTGG

processes, including tissue growth and regeneration,
despite the strict regulation of the balance between
cell division and cell mortality. (Chen et al., 2011).

A. japonicus possesses humoral and cellular
immunity; however, the absence of specific immune
tissues and organs renders the coelomocytes and
immune factors in the body cavity fluid crucial to its
defense against exogenous pathogens (Li et al.,
2017). The intruding microorganisms are identified
and eliminated by A. japonicus when it is attacked by
pathogenic bacteria. The damage is repaired
through the organism's humoral and cellular
immunity. (Liu et al., 2012; Chen et al., 2018).

In our previous study, we discovered that the
volume of coelomocytes in A. japonicus returned to
its average level at the 2 h-p-e, and the total number
of coelomocytes returned to its pre-evisceration
state for the first time at the 6 h-p-e. (Li et al., 2018)
This phenomenon was comparable to the rapid
hematopoiesis of human beings (Zhuang et al.,
2007). For this reason, the present study employed
transcriptome sequencing technology to investigate
the scientific questions of which genes are crucial in
regulating the regeneration process of A. japonicus
at 2 and 6 h-p-e, as well as the immune mechanism
involved in this process.

We conducted RNA-Seq analysis of the early
stage of the regeneration process in A. japonicus at
2 and 6 h-p-e to ascertain the changes in the
expression of immune genes and their immune
mechanisms during in A. japonicus. The immune
tissue coelomocytes from the experimental groups
at 2 and 6 h-p-e, as well as those from the
non-eviscerated control group (0 h), were subjected
to transcriptome sequencing. The sequencing
results were spliced to obtain high-quality clean
reads, which were compared with the reference
genome, functionally annotated, and analyzed in
terms of gene expression to explore the overall
effects of evisceration on gene expression in A.
japonicus. We investigated the immune mechanism
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of A. japonicus in the early stages of regeneration
after evisceration by analyzing differentially
expressed genes and screening immune genes.

Materials and Methods

Experimental animals and sampling

The coelomic fluid containing coelomocytes was
carefully extracted from A. japonicus using a sterile
syringe and immediately transferred into 50 mL
RNase-free centrifuge tubes. To prevent RNA
degradation, all tools and tubes were pre-treated
with RNase inhibitors. The samples were kept on ice
throughout the collection process to maintain cell
integrity. The coelomocytes were collected in 50 ml
RNAase-free centrifuge tubes, centrifuged at 5000
r/min for 10 min at 4 °C to remove coelomic fluid,
and the precipitated cells were collected and added
to a 1 ml TRIzol. The precipitated cells were pipetted
50 times, transferred to 1.5 ml of RNAase-free
centrifuge tube, and immediately stored at -80 °C.
For each biological replicate, three biological
replicates and six technical replicates were
established for the samples collected at 0. 2 and 6
hours.

RNA extraction

Sixty A. japonicus were acquired from Dalian
Baofa Marine Precious Products Farming Company.
Following seven days of temporary rearing, they
were placed in a shaded area for 20 minutes and
then weighed. Individuals with a moist weight of
40+5g9 were selected for the experiment. The
investigation was divided into three groups: two
experimental groups (2 and 6 h-p-e) and one control
group (no evisceration, 0 hours). These groups
contained three individuals each. The experimental
group was manually eviscerated by injecting 1 ml of
0.35 mol/L KCL solution, and the evisceration
duration was recorded.



Table 2 The statistics of the number of transcriptomic sequences from the coelomocytes of A. japonicus at 2 and 6

h-p-e and from those of the control group

ltems Groups
2h 6h Control
Statistics of raw reads
Total raw reads 166447150 151093168 152098736
Statistics of clean reads
Total clean reads 162694302 143877890 143975314
Total clean bases(G) 24.41 21.57 21.6
Clean reads ration (%) 97.75 95.22 94.66
Q20 percentage (%) 97.74 96.82 97.02
Q30 percentage (%) 94.66 92.59 92.37
GC percentage (%) 40.19 39.68 39.62
Error rate(%) 0.01 0.017 0.01
Table 3 The statistics of the alignment of clean reads' sequence and reference gene
Items Groups

2h 6h Control
Total mapped reads 94267412 69726365 92699932
Total mapped (%) 64.05% 67.22% 64.44%
Multiple mapped ( %) 5.93% 5.58% 6.8%
Uniquely mapped (%) 58.11% 61.64% 57.64%
To “+” (%) 28.99% 30.65% 28.69%
To "-" (%) 29.12% 30.95% 28.95%

llluminaHiSeq2500™ sequencing and cDNA library
construction

For the samples of the experimental groups at 2
hours and 6 hours post-evisceration, as well as the
samples of the control group (no evisceration, 0
hours), follow-up treatment was carried out. Beijing
Novozymes Science and Technology Co. Ltd.
conducted the extraction, purification, analysis of
quality, and construction of the cDNA library, as well
as the transcriptome sequencing of mRNA. The
lllumina HiSeq2500™ sequencing platform was
employed for the sequencing.

Bioinformatics analysis

For each sample in this study, the sequencing
data amounted to 5 Gigabases. The transcriptome
library obtained from each sample was converted
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into Raw Data through CASAVA base recognition
analysis. Subsequently, the RNA sequences (Clean
data) were obtained by sifting low-quality reads and
removing splices. These sequences were utilized
as the fundamental data for this study.
Simultaneously, the reference genome for
RNA-seq was the entire genome DNA sequence of
A. japonicus, as reported by Yang Hong et al., 2017.
By the RNA-seq protocol (Gotz et al., 2011), the
HISAT2 method (Kim et al., 2015) and the HTSeq
method (Anders et al., 2015) were chosen as the
comparative analysis methods for the expression of
differentially expressed genes at 2 and 6 h-p-e,
respectively, and in the control group (no
evisceration, 0 h). The FPKM (Fragments Per
Kilobase of transcript per Million fragments mapped)
guantification method was also executed.



Table 4 The statistics table of the number of genes in different expression levels

FPKM a3 A6 A9 B3 B4 B5 ca cs cs
Interval
o1 18221 17909 18115 23027 16581 19140 16818 18939 19395
(49.16 %) (48.32%) (48.87%) (62.13%) (44.74%) (51.64%) (45.38%) (51.10%) (52.33%)
s 5096 4989 4851 5321 4824 5924 5137 5960 5765
(13.75%) (13.46%) (13.09%) (14.36%) (13.02%) (15.98%) (13.86%) (16.08%) (15.55%)
g5 8841 8984 8974 5621 9318 7875 8790 7624 7523
(23.85%) (24.24%) (24.21%) (1517%) (2514%) (21.25%) (23.72%) (20.57%) (20.30%)
eeo 3511 3826 3772 1960 4574 2813 4340 3045 2828
9.47%) (10.32%) (10.18%) (5.29%) (12.34%) (7.59%) (11.71%) (8.22%)  (7.63%)
60 1395 1356 1352 1135 1767 1312 1979 1496 1553
(376 %) (3.66%) (3.65%) (3.06%) (477%) (354%) (5.34%)  (4.04%)  (4.19%)
wm 37064 37064 37064 37064 37064 37064 37064 37064 37064
(100%) (100 %)  (100%) (100%) (100 %) (100%) (100%)  (100%) (100 %)

Note: 1. A: 0 hours for control, B: 2 h-p-e, C: 6 h-p-e

2. FPKM: is the most frequently employed method for estimating gene expression levels, and it is defined as the
number of Fragments per million Fragments per kilobase length from a specific gene. This method considers the
impact of sequencing depth and gene length on the count of Fragments.

The HTSeq method was employed in this study
to quantify the expression of differentially expressed
genes using FPKM quantification. The expressed
genes were compared to the GO (Gene Orthology)
database and KEGG (Kyoto Encyclopedia of Genes
and Genomes) database using BLAST2GO (Go6tz et
al., 2011) and KAAS (KEGG Automatic Annotation
Server) (Moriya et al., 2007). The quantification
results were subsequently analyzed using the
DESeqg2 method (G6tz et al., 2011) to obtain the list
of differentially expressed genes. The DESeq2
method (Love et al., 2014) was employed to analyze

system (Applied Biosystems) was employed for
real-time tetrafluorescence quantification. The
relative expression was calculated using 2, with
three technical replicates per sample.

Results

Transcriptome Data Quality Assessment

Adapter sequences were trimmed from the raw
reads, and low-quality reads were removed,
resulting in a total of 21.6 Gb (0Oh), 24.41 Gb (2h),
and 21.57 Gb (6h) of high-quality clean reads. Each

the quantitative results of differential expression and
generate a list of differentially expressed genes
based on the information in the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database.
Subsequently, the GOSeq method (Young et al.,
2010) used a hypergeometric distribution to perform

sample had a Q20 value greater than 96%, a Q30
value greater than 92%, and a GC content greater
than 39%, with a base error rate of less than 0.02%
(Table 2). The sequence information fully adhered to
the lllumina HiSeq sequencing standard.

functional GO enrichment and KEGG pathway Results of Reference Sequence Comparison
enrichment on the differentially expressed genes. Analysis
Then, the GOSeq method was used for GO The HISAT software analyzed genomic

enrichment of differentially expressed genes and
KEGG pathway enrichment (Young et al., 2010).

PCR validation

Primer 5.0 was employed to generate primers
for immunity-related differentially expressed genes
to confirm the accuracy of lllumina sequencing data
(Table 1). The TRIzol method was employed to
extract RNA from three biological replicates of the
samples, and Takara's reagent was employed to
synthesize cDNA. The MonAmpTMchemoHS PCR
Mix (High ROX) reagent from Monad was employed
as a template, and cytochrome b was employed as
an internal reference. The 7500 Real Time PCR
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localization of Clean reads. Table 3 shows key
percentages: 2 h-p-e group: Total mapped 64.05%,
Multiple mapped 5.93%, Uniquely mapped 58.11%;
6 h-p-e group: Total mapped 67.22%, Multiple
mapped 5.58%, Uniquely mapped 61.64%; control
group: Total mapped 64.44%, Multiple mapped 6.8%,
Uniquely mapped 57.64%.In conclusion, the
obtained sequence of the 2 h-p-e group, the 6 h-p-e
group, and the O h-p-e control group exhibited a
genomic localization value of over 64%. Additionally,
the percentage of sequenced sequences with
multiple mapped sites was less than 10%.
Consequently, the sequenced sequences of the
present study were both accurate and reliable.
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Fig. 1a Volcano plot of A. japonicus evisceration 2 h differential genes
Notes:
A: 0 hours for the control group
B: 6 h-p-e
C: 2 h-p-e

Red dots: genes with significant differential expression (up-regulation);

Green dots: genes with significant differential expression (down-regulation);

Blue dots: genes with no significant differential expression;

Horizontal coordinate: gene expression fold change in different samples;

Vertical coordinates: statistical significance of differences in gene expression changes.
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Fig. 1b Volcano plot of A. japonicus evisceration 6 h differential genes
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3. Vertical coordinate: red represents the percentage of differentially expressed genes in the GO term; blue

Note: 1. MF: Molecular function; CC: Cellular component; BP: Biological process.
represents the number of differentially expressed genes in the GO term.

Fig. 2a Gene ontology (GO) analysis of differentially expressed genes in 2 h-p-e
2. Horizontal coordinate: represents the GO term that was enriched.
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Fig. 2b Gene ontology (GO) analysis of differentially expressed genes in 6 h-p-e

Note: 1. MF: Molecular function; CC: Cellular component; BP: Biological process.

2. Horizontal coordinate: represents the GO term that was enriched.

3. Vertical coordinate: red represents the percentage of differentially expressed genes in the GO term; blue
represents the number of differentially expressed genes in the GO term.

Results of gene expression level analysis

The threshold for determining whether a gene
was expressed was set at 1, as indicated by the
FPKM value. In the experimental group at 2 hours
post-evisceration (2 h-p-e), the average number of
expressed genes accounted for 47.17% of the total
number of genes. In the experimental group at 6
hours post-evisceration (6 h-p-e), this proportion was
50.40%, and in the control group, it was 51.22%.
Additionally, in the 2 h-p-e experimental group, the
number of genes with an FPKM value less than 1
accounted for 52.83% of the total number of genes
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in this group. The average proportion of total
expressed genes in the 6 h-p-e experimental group
was 49.6%, and in the control group, it was 48.78%.
(Table 4).

Results of differential expression analysis between
the two groups

The gene expression of A. japonicus was
compared at Oh, 2 h, and 6 h to detect gene
expression in the early post-evisceration period.
Using DESeq software, expression genes with a
significant difference were defined as having a fold



Table 5 Regeneration-related and immune-related expression genes the 2 hours after evisceration coelomocytes
of sea cucumber A. japonicus. The following table lists the fold change of each immune-related or
regeneration-related gene

Gene ID Gene name Description Fold change
ECM-receptor interaction

BSL78_ 20648 COLP3alpha 3alpha procollagen 4.0634
BSL78_ 20847 COLP3alpha 3alpha procollagen 4127
BSL78_ 20650 COLP1lalpha Alpha-1 collagen 3.7387
BSL78_ 00552 COLP1(v) Collagen alpha-1(V) chain 3.2837
BSL78_00551 COLP1(v) Collagen alpha-1(V) chain 2.4801
BSL78_06904 TSP-A Thrombospondin A 2.5862
BSL78_12447 INTL9 Integrin alpha-9 2.8558
Lysine degradation

BSL78_ 16770 HLNASH1 Histone-lysine N-methyltransferase ASH1 -2.3295
BSL78 24277 HLNH3-79 Histone-lysine N-methyltransferase, H3 lysine-79 -6.166
BSL78 03903 HLNMSETD2 Histone-lysine N-methyltransferase SETD2 2.3058
BSL78 23543 HLNM Histone-lysine N-methyltransferase -2.4003
BSL78_09673 HLNM Histone-lysine N-methyltransferase -2.6229
Phagosome

BSL78_22514 CDIHC1 Cytoplasmic dynein 1 heavy chain 1 -2.0879
BSL78_12694 CATL1 Cathepsin L1 2.7781
BSL78_12693 CATL1 Cathepsin L1 2.3185
BSL78_16663 CATL1 Cathepsin L1 2.7197
BSL78_ 25603 C3 Complement component C3 -2.6593
BSL78 06904 TSP-A Thrombospondin A 2.5862
Dorso-ventral axis formation

BSL78_19762 PCET2B Protein c-ets-2-B 3.5195
BSL78_21511 PCET2B Protein c-ets-2-B 3.7307
BSL78_21510 PCET2B Protein c-ets-2-B 4.5824
Fatty acid biosynthesis

BSL78 11659 LCFACSBG2 Long-chain-fatty-acid--CoA ligase ACSBG2 2.984
BSL78 11660 LCFACSBG2 Long-chain-fatty-acid--CoA ligase ACSBG2 5.6199
Lysosome

BSL78_12694 CATL1 Cathepsin L1 2.7781
BSL78_12693 CATL1 Cathepsin L1 2.3185
BSL78_16663 CATL1 Cathepsin L1 2.7197
Novel05820 SAPOSIN Prosaposin 2.3474
BSL78_11172 LAMP2 Lysosome membrane protein 2 2.7929
BSL78 17115 NPC2 NPC intracellular cholesterol transporter 2 homolog 4.932
Notch signaling pathway

BSL78_08346 DELTA Delta protein 2.8178
BSL78_08345 DELTA Delta protein 2.7716
Peroxisome

BSL78_25196 CATOACE Carnitine O-acetyltransferase 2.4599
Novel02032 MPV17 Mpv17-like protein 2.4599
Novel01843 SERPM Serine--pyruvateaminotransferase, mitochondrial -4.7441
Neuroactive ligand-receptor interaction

Novel04662 GAMBRS Gamma-aminobutyric acid type B receptor subunit2  Inf
BSL78_ 29989 DRD1L D(1)-like dopamine receptor 5.2416
BSL78 08110 OPRM Mu-type opioid receptor 5.6136
MRNA surveillance pathway

BSL78_28440 PCF11 Pre-mRNA cleavage complex 2 protein -3.2661
BSL78_25168 PCF11 Pre-mRNA cleavage complex 2 protein -3.1637
BSL78_07201 ERF1 Eukaryotic peptide chain release factor subunit 1 3.1387
Riboflavin metabolism

BSL78_06946 PPAS Tartrate-resistant acid phosphatase type 5 2.8996
Fatty acid degradation

BSL78_ 11659 ACBG2 Long-chain-fatty-acid--CoA ligase ACSBG2 2.984
BSL78_ 11660 ACBG2 Long-chain-fatty-acid--CoA ligase ACSBG2 5.6199
Glycine, serine and threonine metabolism

Novel01843 SERPM Serine--pyruvate aminotransferase, mitochondrial -4.7441
BSL78_07281 TSAL L-threonine ammonia-lyase 3.8249
Glutathione metabolism

BSL78_ 05219 AMPE Glutamyl aminopeptidase 2.7151
BSL78 28916 6 PGD 6-phosphogluconate dehydrogenase, 2.2034

decarboxylating
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Table 6 Regeneration-related differential expression following A. japonicus after evisceration. Fold changes of

regeneration-related gene were listed in the table

Gene ID Gene name Description Fold
change
ECM-receptor interaction
BSL78_20648 COLP 3alpha 3 alpha procollagen precursor 5.3538
BSL78_20847 COLP 3alpha 3 alpha procollagen precursor 5.0722
BSL78_ 22684 ITGBL Integrin beta L subunit precursor 2.4814
Novel02680 ITGBL Integrin beta L subunit precursor 2.5866
BSL78_13567 ITGBL Integrin beta L subunit precursor 3.4367
BSL78_06904 THBS1 Thrombospondin-1 4.2631
BSL78_09256 ITGAP AlphaP integrin precursor 2.9019
BSL78_ 18166 ITGAP AlphaP integrin precursor -2.8734
Phagosome
BSL78 30137 ARP1 Actin related protein 1 4.8908
BSL78 30139 ARP1 Actin related protein 1 5.0561
BSL78 27618 TUBA1 Tubulin alpha-1 chain 2.7541
BSL78_12379 TUBBX1 Tubulin beta chain isoform X 1 2.956
BSL78_12380 TuBB Tubulin beta chain-like 3.458
Novel01876 LAMP1 Lysosome-associated membrane glycoprotein 1 1.8514
BSL78 21834 NOS1 Nitric oxide synthase, brain isoform X 1 Inf
BSL78 21833 NOS1 Nitric oxide synthase, brain isoform X1 6.2537
BSL78_12693 CATL1 CathepsinL 1 3.0398
BSL78_22684 ITGBL Integrin beta L subunit precursor 2.4814
Novel02680 ITGBL Integrin beta L subunit precursor 2.5866
BSL78_13567 ITGBL Integrin beta L subunit precursor 3.4367
BSL78_06904 THBS1 Thrombospondin-1 4.2631
TGFE-beta signaling pathway
BSL78_17205 BMP2/4 Bone morphogenetic protein BMP2/4 precursor 4.8458
BSL78 03567 ACVR1X1 Activin receptor type-1 isoform X 1 2.7298
BSL78_15507 SMADS5 Mothers against decapentaplegic homolog 5 2.268
BSL78_15508 SMADS5 Mothers against decapentaplegic homolog 5 1.9919
BSL78_06904 THBS1 Thrombospondin-1 4.2631
BSL78_01528 TGFB2 Transforming growth factor beta-2 proprotein 2.3929
BSL78_07310 MYC Myc protein 2.2059
Notch signaling pathway
BSL78_08346 DELTA Delta protein 3.6129
BSL78_08345 DELTA Delta protein 3.6006
BSL78_16043 NCSTN Nicastrin 2.3863
Novel03520 NCSTN Nicastrin 2.2241
BSL78 10918 APH-1 Gamma-secretase subunit Aph-1-like 3.3761
Peroxisome
Novel02032 MPV-17L Mpv17-like protein 3.2002
BSL78_ 26236 PACOX1X3 Peroxisomal acyl-coenzyme a oxidase 1 isoform X 3 -2.065
BSL78_06854 PACOX1X3 Peroxisomal acyl-coenzyme A oxidase 3 -3.3592
BSL78_18615 ACSL3 Long-chain-fatty-acid--CoA ligase 1 -2.346
BSL78_0734 ACSL3 Long-chain-fatty-acid--CoA ligase 3 2.1087
BSL78_05022 ECI2 Enoyl-CoA delta isomerase 2, mitochondrial Inf
BSL78_19758 FAR2 Low quality protein: fatty acyl-CoA reductase 1 2.8479
BSL78 27853 PRDX Peroxiredoxin 3.926
BSL78_ 23438 DHRS4 Dehydrogenase/reductase SDR family member 4 -2.0679
BSL78_ 14777 PEX10 Peroxisome biogenesis factor 10 -2.6309
BSL78_12748 CRAT Carnitine O-acetyltransferase -2.6848
Endocytosis
BSL78_01528 TGF beta-2 Transforming growth factor beta-2 proprotein 2.3929
Novel06812 VEGFR1 Vascular endothelial growth factor receptor 1 2.8819
BSL78_20400 HGFR Hepatocyte growth factor receptor 2.339
Novel04537 HGFR Hepatocyte growth factor receptor 2.4926
BSL78_20401 HGFR Hepatocyte growth factor receptor 2.5946
BSL78_24105 CYTH1X1 Cytohesin-1 isoform X1 1.7555
BSL78 02917 HSP70PIV Heat shock 70 kDa protein IV 2.9001
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BSL78_02893 HSP70PIVL Heat shock 70 kDa protein 1V-like 3.2604
BSL78_02892 HSP70PIVL Heat shock 70 kDa protein 1V-like 2.6286
BSL78_16844 HSP71 Heat shock cognate 71 kDa protein 5.0009
BSL78_11973 HSP71 Heat shock cognate 71 kDa protein 2.6897
BSL78_16277 PDCD6IPX2 Programmed cell death 6-interacting protein isoform X2 2.1726
BSL78_ 23140 RAB22A Ras-related protein Rab-22 A 2.7866
Fanconi anemia pathway

BSL78_17657 ATRIPX1 ATR-interacting protein isoform X 1 -2.4166
BSL78 11734 DNARPREVI1L DNA repair protein REV1-like -2.8316
BSL78 11732 DNARPREV1L DNA repair protein REV1-like -2.8072
BSL78 11733 DNARPREVI1L DNA repair protein REV1-like -1.7657
Novel02613 DNARPREV1L DNA repair protein REV1-like -2.2515
Novel01378 LQUNP Low quality protein: uncharacterized protein 2.1693
Sphingolipid metabolism

BSL78_08526 SPTLC2 Serine palmitoyltransferase 2 3.1677
BSL78_02074 SPTLC2 Serine palmitoyltransferase 2 2.3083
BSL78_03847 SGPL1 Sphingosine-1-phosphate lyase 1 3.1733
BSL78_16397 CERS6X1 Ceramide synthase 6 isoform X1 2.9032
BSL78_09248 CERS1 Ceramide synthase 1 2.9096
BSL78_28082 CERGLUB Ceramide glucosyltransferase-B 2.7217
BSL78_14064 SIA1 Sialidase-1 2.4784
BSL78_14008 ARSA Arylsulfatase A 3.3164
BSL78_18602 PNSMASE Putative neutral sphingomyelinase 2.2303
Glycosaminoglycan biosynthesis - heparan sulfate / heparin

BSL78 07271 LQEXTL3 Low quality protein: exostosin-like 3 2.4787
BSL78 07272 LQEXTL3 Low quality protein: exostosin-like 3 2.3822
BSL78_08713 EXT1 Exostosin-1 3.2817
Nicotinate and nicotinamide metabolism

BSL78_04999 PNPX2 Purine nucleoside phosphorylase isoform X 2 2.1046
BSL78_ 24145 PNPX2 Purine nucleoside phosphorylase isoform X 2 3.4407
BSL78_16088 CYTN3 Cytosolic 5'-nucleotidase 3 -4.8616
BSL78_13636 NICOTINIC Nicotinamide/nicotinic acid mononucleotide 2.0335
Jak-STAT signaling pathway

BSL78 24772 PROES2B Protein enhancer of sevenless 2B isoform X1 2.2872
BSL78_17279 SOCS2 Suppressor of cytokine signaling 2 4.4652
BSL78 07310 MYC Myc protein 2.2059

change greater than 2 and a significance level of P <
0.05. At 2 hours, 860 differentially expressed genes
were identified through screening, with 639 being
upregulated and 221 being down-regulated, as
illustrated in Figure l1a. At 6 hours, a total of 2070
differentially expressed genes were identified, with
1638 of them upregulated and 432 downregulated,
as illustrated in Figure 1b. This method allowed for
the inference of the aggregate distribution of
differentially expressed genes.

GO enrichment analysis of differentially expressed
genes

In order to macroscopically characterize the
functional distribution of differentially expressed
genes in A. japonicus at the early stage of
evisceration (2 h, 6 h), functional classification of
differentially expressed genes was conducted in
consultation with the GO database. The GO
enrichment analysis results (Harris et al., 2008)

indicated that the differentially expressed genes in A.

japonicus coelomocytes were significantly enriched
in three main categories: Molecular function, Cellular
component, and Biological processes. The majority

39

of the significant factors were enriched in molecular
function and biological processes. The differentially
expressed genes were further classified into 32
functional groups in the GO secondary classification
at 2 h-p-e and again into 26 functional groups at 6
h-p-e. The differentially expressed genes in each
functional group were statistically analyzed, as
illustrated in Figure 2.

KEGG enrichment
expressed genes
KEGG enrichment analysis was conducted to
extract the differentially expressed genes' pathway
annotations and investigate their biological value
further. The differentially expressed genes in A.
japonicus coelomocytes were statistically analyzed
for the metabolic pathways that might be implicated
by KEGG analysis (Kanehisa et al., 2000). We
chose the 20 pathway entries with the most
significant enrichment at 2 and 6 h-p-e, as illustrated
in Tables 5 and 6, to be included in this figure. The
ECM-receptor interaction (7 genes, the highest
number and highly enriched), Phagosome (6 genes,
significantly enriched), and Lysine degradation

analysis of differentially
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pathway (6 genes, significantly enriched) were
among the genes that were significantly enriched 2
h-p-e. The ECM-receptor interaction (9 genes,
significantly enriched), Phagosome (13 genes, the
most numerous and highly significantly enriched),
and Notch signaling pathway (5 genes, significantly
enriched) were significantly enriched 6 h-p-e (Figure
3). These significantly enriched pathways at different
time points are crucial for immunomodulation,
signaling, cytokine regulation, and regeneration.

RT-gPCR validation

Researchers randomly carried out RT - qPCR
experiments for verification on immune - related
differentially expressed genes. Results showed that
the fold changes in gene expression detected by RT
- qPCR differed from the expression patterns of RNA
- Seq, and RNA - Seq showed different sensitivity
characteristics in the detection of some genes (as
shown in Figure 4).

Discussion
The results of GO enrichment analysis in this

study demonstrated that the differential genes of A.
japonicus coelomocytes were significantly enriched

in three categories: cellular component, molecular
function, and biological processes. Focusing on the
molecular function category, most of the significant
factors were enriched here. This indicates that
among the differential genes related to immune
regeneration post evisceration, those associated
with molecular function are prominent. At 6 h-p-e,
among the genes enriched for molecular function,
protein binding, molecular transducer activity, and
endopeptidase activity showed the most significant
differential expression. Additionally, receptor activity,
molecular function regulator, and enzyme regulator
activity were also highly differentially expressed in
this category. By comparing these functions within
the molecular function category, we can better
understand the role of differentially expressed genes
in the immune regeneration process post
evisceration. For example, protein binding might be
crucial for the interaction of various molecules, while
molecular transducer activity could be involved in
signal transduction pathways, and endopeptidase
activity may play a role in protein processing and
degradation. It is evident that the molecular
transducer activity and receptor activity of
differentially expressed genes are crucial at 2 h-p-e
and 6 h-p-e.

Statistics of Pathway Enrichment
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Fig. 3a KEGG analysis of differentially expressed genes 2 h-p-e

Notes:
Vertical axis: pathway name.

Horizontal axis: Rich factor: The more significant the rich factor, the larger the enrichment degree.

Dot size: the number of differentially expressed genes in the pathway.

Color of dots: corresponds to different Q-value ranges from blue to red. Q-value is the P-value after several
hypothesis tests and corrections, and the value of Q-value ranges from [0,1]. The closer to zero, the more

significant the enrichment.
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Fig. 3b KEGG analysis of differentially expressed genes 6 h-p-e

Notes:

Vertical axis: pathway name.

Horizontal axis: Rich factor: The more significant the rich factor, the larger the enrichment degree.

Dot size: the number of differentially expressed genes in the pathway.

Color of dots: corresponds to different Q-value ranges from blue to red. Q-value is the P-value after several
hypothesis tests and corrections, and the value of Q-value ranges from [0,1]. The closer to zero, the more
significant the enrichment.

The differentially enriched genes with the
highest number of genes at 6 h-p-e compared to non
- eviscerated controls were integrin beta - like 1 (with
6 genes), DNA Repair Protein REV1 - Like (with 4
genes), and hepatocyte growth factor receptor (with
3 genes). These genes were enriched in the
Lysosome pathway, the Phagosome pathway, the
ECM - receptor interaction pathway, and the
Dorso-Ventral Axis Formation pathway, respectively.
Furthermore, the differential gene Collagen - Like
Protein 3 alpha was enriched in the ECM - receptor
interaction pathway at 2 h-p-e and 6 h-p-e. The
transcriptome analysis indicated that we screened
four pathways in the KEGG pathway that were
significantly enriched (Figure 5).

ECM - receptor interaction

We hypothesize that the extracellular matrix -
receptor interaction pathway may be a significant
factor in the early regeneration immunity after
evisceration in A. japonicus. The extracellular matrix
is reconstructed during the regeneration process,
which is a critical biological process (Yannas et al.,
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1989; Kim et al., 1997). In multicellular organisms,
the extracellular matrix is a critical biological
component of the regenerative process. It not only
supports and maintains the integrity of cells and
tissues but also plays a biological role in guiding the
process of cellular genesis and regeneration but
also plays a vital role in physiological activities that
maintain the structural and functional integrity of the
adult body, such as immune response and trauma
repair (Zhang et al., 2014). Immunity and various
diseases are linked to extracellular matrix (ECM)
gene abnormalities. Cell - specific interactions with
the ECM directly or indirectly regulate cellular
activities, including cell adhesion, migration,
differentiation, proliferation, and apoptosis (Sun et
al., 2019). This study identified the regulatory genes
in the ECM - receptor interaction pathway
associated with the 2 h and 6 h rapid recovery
periods following evisceration of A. japonicus.
Integrins are critical transmembrane
glycoprotein receptors of the ECM - receptor
interaction pathway. They facilitate bidirectional
signaling between cells and the ECM by binding to



2 h-p-e

[
I

FSIP1

Relative fold change

Novel

I RNA-seq
gRT-PCR

6 h-p-e

Lectin

Fig. 4 Verification of the selected DEGs by RT-gPCR as compared with RNA-seq data for 2 h-p-e and 6 h-p-e (two
hours post-evisceration and six hours post-evisceration)

Notes:

1. POL4: Retrovirus-related Pol polyprotein from transposon 4

. FSIP1: Fibrous sheath-interacting protein 1

. FCN2: Ficolin-2

. NEK1: Serine/threonine-protein kinase Nek1l
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ligands and mediating cell - cell and cell - ECM
mutual adhesion. (Lin et al., 2017) Shingo S, Kaori H,
and Nobuchika Y reported in 2018 that integrin a9
subunit blockade exhibits minimal systemic
immunomodulatory effects while inhibiting collagen -
induced arthritis. (Sugahara et al., 2018) Integrin a9
is a component of integrin a9B1, which is essential
for the development of lung, lymphatic, and venous
valves, wound healing, and cell adhesion and
migration. (Wu et al., 2012) In the interim, integrin
a9B1 is essential for the regulation of cell
proliferation and differentiation in various signaling
pathways. (Hgye et al., 2012) Integrin a9f1 interacts
with platelet-responsive protein 1 through the
presence of numerous ligands. (Mostovich et al.,
2011) The integrin receptor promotes the
development and progression of thyroid cancer in
numerous ways after binding to platelet reactive
protein and corresponding ligands, including
extracellular matrix collagen, intercellular adhesion
molecule 1, and vascular cell adhesion molecule.
(Wang et al., 2013)

Phagosome pathway

We hypothesized that the Phagosome pathway
may be crucial in the early immunity of A. japonicus
during regeneration after evisceration. Phagocytosis
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is a critical immune system process that is
dependent on actin. Initially, immune cells identify
exogenous particles and bind to receptors.
Subsequently, the cortical cytoskeleton in the cell
membrane is reorganized, allowing the particles to
be phagocytosed and internalized, resulting in the
formation of phagosomes. The phagocytic response
in animals is designed to protect against the invasion
of pathogenic microorganisms. (May et al., 2001) It
has been reported that the immune defense function
of A. japonicus is primarily composed of non-specific
immune responses dependent on coelomocyte
chemotaxis and phagocytosis. Thus, the cells in the
coelom that exhibit phagocytosis have the most
direct relationship with the immune defense. (Fang
et al., 2009; Wang et al., 2009; Ning et al., 2014;
Yang et al., 2014)

In this study, the regulatory genes in the
Phagosome pathway involved inthe 2 - hand 6 - h
rapid recovery periods after evisceration of A.
japonicus were identified. Actin - related proteins,
microtubules, and other related proteins play
important roles in various cellular processes.
However, their specific functions in A. japonicus
need further study. (Yao et al., 2020) discovered in
2020 that Arpl - deficient strains may be more
susceptible to mortality by ROS - producing immune
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cells, such as macrophages and neutrophils. They
also suggested that Arpl is involved in the
maintenance of genome stability, which may
suggest the existence of potential cell cycle - related
morphological regulatory mechanisms. (Yao et al.,
2020) Microtubules are essential for the
maintenance of cell morphology, the facilitation of
cell growth and differentiation, and the transportation
of materials and signals. (Mitsopoulos et al., 2003)
Intracellular microtubule proteins are perpetually in a
state of depolymerization and assembly. B1
microtubule proteins are crucial for the maturation of

megakaryocytes and the induction of
thrombopoiesis. The gene THBS1 is involved in
platelet polymerization, coagulation, and the

regulation of vascular endothelial cell functions.
Additionally, it affects tumor progression. (Insalaco L
et al., 2012; Roka - Moya et al., 2014; Kuzmanov A
et al., 2012; Farberov et al., 2014) NOS is the
primary rate - limiting enzyme of NO biosynthesis
and is involved in many physiological processes.
(Shah et al., 2004) The relationship between THBS1
and NOS in A. japonicus needs further investigation.

Lysosome pathway

We hypothesized that the Lysosome pathway
could be instrumental in the immunization of A.
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japonicus by restoring the corpora cavernosa to its
normal state during the initial phase of the period
following the evisceration of the coelom. The
utilization of specific substances, as well as
apoptosis, autophagy, and defense. The
evisceration process of A. japonicus invariably
involves the apoptosis of damaged cells. Lysosomes
are crucial organelles that are involved in apoptosis
and can process a variety of apoptotic signals that
are triggered by various external stimuli. (Chen,
2004) Studies have reported that lysosomes are
implicated in immunomodulation in A. japonicus.
(Gao, 2015)

The regulatory genes in the Lysosome pathway
that were involved in the 2 - hour rapid recovery
period post evisceration in A. japonicus were histone
L1 (CATL1), lysosomal membrane protein 2
(LYSMP2), sphingolipid (Saposin), and protein
NPC2 homolog (PNPC2H). Lysozyme is a defense
protein with innate immunity that plays a significant
role in the defense of aquatic organisms against
bacterial pathogens in the lysosomal pathway.
(Wang et al., 2011) Lysozyme is a critical
component of A. japonicus' immune system. (Li,
2016) Saposin is an activating protein that is present
in lysosomes and is associated with immune
diseases. It is hypothesized that saposin is involved
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in the early immunity after evisceration of A.
japonicus. An eosinophilic lysosomal protein
hydrolase, protease L, is found in a variety of normal
tissue cells and tumor cells in the human body and is
significantly expressed in the lysosomal pathway.
(Chen, 2004) In 2008, Xu Saitao reported that the
proteinase L gene was similar to the one used in the
construction and sequence analysis of the sea
cucumber cDNA library and the cloning of the
histone L gene. (Xu, 2008)

Notch signaling pathway

These findings indicate that the Notch signaling
pathway may be involved in the vascular
regeneration process of A. japonicus during the
early evisceration period and may play a critical role
in vascular repair. Notch is a group of receptor
proteins that are highly conserved and are
ubiquitously present on the cell surface. They are
responsible for intercellular signaling. The Notch
signaling pathway is crucial for the development of
vertebrates and invertebrates, as it controls the fate
of cells, the formation of organs, and the
development of the nervous system. It also plays a
critical function in the immune system, particularly
tumorigenesis. (Sun L et al., 2010)

In this investigation, the regulatory genes in the
Notch signaling pathway that were implicated in the
6 - hour rapid recovery period following the
evisceration of A. japonicus were Delta protein
(DELTA), Nicastrin (NCSTN), Gamma - secretase
subunit Aph - 1 - like (APH - 1), and A. japonicus -
like (APH - 1). It has been reported that the Notch
signaling pathway plays a significant regulatory role
in the regeneration of the biliary perivascular plexus
following biliary ischemia - reperfusion injury. (Su,
2015) Delta - like ligand 4 (DIl4) is a critical
component of the Notch signaling pathway, which
forms blood vessels in both embryonic and adult
animals. Additionally, it is involved in the repair of
damaged blood vessels and tumor vasculogenesis
following ischemia. (Wang et al., 2018) Nicastrin and
APH - 1 are both components of y - secretase. The
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transcription of Notch target genes is initiated by y -
secretase (y - secretase), which plays a critical role
in the activation of Notch signaling following ligand -
receptor binding. HERP - 1 and HERP - 3 are
smooth muscle - specific effectors in the vascular
system, while HERP - 2 acts on the endothelium and
smooth muscle layer. The arterial wall is primarily
composed of vascular smooth muscle cells, which
are responsible for the regulation of arteriogenesis
and vascular maturation. (Sun et al., 2013) reported
that the Notch signaling pathway is substantially
expressed in initiating the regeneration of the
digestive tract of A. japonicus and plays a vital role in
the animal's regeneration process. (Zhang et al.,
2018).

In conclusion, we investigated the mechanisms
associated with early immunity during the
regeneration process following evisceration in A.
japonicus. We also summarized the differentially
expressed genes and related pathways involved in A.
japonicus' regenerative immunity. Additionally,
similar to A. japonicus, the genes and proteins in the
coelomocytes of a variety of organisms, including
shellfish, are involved in wound repair.
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