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ARTICLE INFO ABSTRACT

The clarification of host immune responses to causative bacteria of spotting disease in the sea urchin
Strongylocentrotus intermedius is vital to preventing and controlling this disease, especially to selective breeding
for disease resistance. For this purpose, sea urchins were challenged with the causative bacterium Vibrio sp. to
obtain spotting diseased and undiseased samples. We conducted next-generation sequencing to assess the key
genes/pathways in control (CG), diseased (DG), and undiseased (UG) groups. A total of 454.1 million clean reads
were obtained and assembled into 23,899 UniGenes with an N50 of 1359 bp, with 86.11% of them matching the
genome sequence of the sea urchin S. purpuratus. A total of 8415 UniGenes were mapped to the non-redundant
database. Salmon expression analysis revealed 725 significantly differentially expressed genes (DEGs) among
CG, DG, and UG. These DEGs were enriched into 72 Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways, including a core set of immune correlated pathways notably in the phagosome, vitamin digestion and
absorption, Wnt signaling, and Notch signaling pathways. DG was evidently upregulated in these immune
pathways and could enhance phagocytosis directly or indirectly. Thus, phagocytosis was the main coelomic
cellular immune response in S. intermedius challenged by spotting disease causative bacterium. The expression
patterns of 10 DEGs were confirmed via RT-qPCR, and the expression levels were consistent with the results of
RNA-seq. Furthermore, 9899 SSRs were identified, and 123,692, 151,827, and 114,368 candidate SNPs were
identified from CG, DG, and UG, respectively. These results provide basic information for our understanding of
sea urchin antibacterial immunity.
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1. Introduction

The sea urchin Strongylocentrotus intermedius is originally found off
the coast of North Japan and Far Eastern Russia and was introduced
from Japan to China in 1989 [1]. S. intermedius has been exploited
along the northern coast of the Yellow Sea in China in the last decades
for its highly valued gonads [2]. To date, S. intermedius is the only large-
scale long-line-cultured sea urchin species in China. Recently, the
market demand for sea urchin has increased rapidly in large and de-
veloped cities in China. Thus, the aquaculture of S. intermedius plays an

increasingly important role in mitigating the contradiction between
market demand and the overfishing of natural sea urchin populations.
However, the frequent outbreaks of diseases are constantly threatening
sea urchin aquaculture. Infectious diseases lead to mass mortality oc-
casionally in either juveniles in hatcheries or adults in aquaculture
farms [3-9].

Spotting disease is a commonly observed disease in S. intermedius
[3,4,7,9]. This disease outbreaks in summer when the water tempera-
ture exceeds 20 °C. The infected sea urchins have single or multiple
spotting lesions with red, purple, or blackish color on the body wall
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followed by the detachment of local spines. The expansion of the lesions
will cause ulceration on the test plates and finally lead to death. Two
bacteria, namely, Flexibacter sp. and Vibrio sp., were recognized as the
pathogen of spotting disease by Tajima et al. [4] and Wang et al. [8,9],
respectively. Wang et al. [8] emphasized that extracellular products,
such as casein and gelatinase of Vibrio sp., play a key role in causing
spotting disease. We recently isolated a new causative bacterium from
S. intermedius with spotting disease and identified that it belongs to the
genus Vibrio but was different from the bacterium isolated by Wang
et al. [9] (unpublished data). To date, the method through which the
immune system works to protect the host from infection of spotting
disease causative bacteria is rarely studied, although our previous study
found that several important pathways are downregulated in in-
dividuals with spotting disease [10]. The host immune responses to
causative bacteria of spotting disease in the sea urchin S. intermedius
must be clarified to prevent and control spotting disease, especially to
improve disease resistance via selective breeding.

In the present study, sea urchins were artificially infected using
Vibrio sp. to obtain spotting diseased and undiseased samples. We
constructed nine transcriptome libraries from coelomocytes of diseased,
undiseased, and control S. intermedius. RNA-seq was subsequently per-
formed using an Illumina Hiseq 4000 platform to examine the differ-
ences in immune-related gene expression. We aimed to clarify the signal
transduction pathways involved in immune defense against the infec-
tion of the causative bacterium of spotting disease at the transcriptome
level. This process might help us understand sea urchin antibacterial
immunity and could be valuable for developing disease control strategy
in aquaculture and in the selective breeding of sea urchins.

2. Materials and methods
2.1. Experimental bacteria and sea urchin

Pathogenic bacteria were isolated from the lesions of sea urchin
with natural spotting disease in 2017 (described by our previous study
[10]). One dominant bacterium (BAC1) was considered the pathogen of
spotting disease in artificial infection experiment and was identified to
belong to Vibrio (unpublished data). BAC1 was incubated for 14 h to the
mid-logarithmic stage in 2216 E medium at 25 °C, harvested via cen-
trifugation at 3500 rpm, and re-suspended to a final concentration of
1 x 107 colony-forming units mL ™' in phosphate-buffered saline (PBS)
(NaCl 136.89 mM, KCI 2.67 mM, Na,HPO, 8.1 mM, KH,PO, 1.76 mM,
pH 7.4). All of the experimental sea urchins were bred by Dalian Haibao
Fishery, Co., Ltd. and cultured in longline in the Longwangtang sea area
(38°48’38” N, 121°23’51” E) in Dalian, Liaoning Province, China. On
October 30, 2018, 18 healthy specimens of S. intermedius, which are
approximately 2 years old, with an average test diameter of
4.34 = 1.77 cm and an average body weight of 33.81 = 4.10 g were
selected and transported to the Key Laboratory of Mariculture and
Stock Enhancement in North China's Sea, Ministry of Agriculture and
Rural Affairs, Dalian Ocean University. The sea urchins were main-
tained in 500 L aquarium tanks with flowing natural seawater for 2
weeks. The sea urchins were provided with the green algae Ulva pertusa.
The water temperature was 16.0°C + 0.5°C, pH was 8.2 + 0.2, and
salinity was 30.5 + 0.5 ppt.

2.2. Challenge experiment and RNA preparation

Sea urchins were randomly divided into 2 groups: 14 individuals for
the bacteria-challenged group and 4 individuals for the PBS CG. Sea
urchins in the bacteria-challenged group were individually injected
with 0.5 mL of BAC1 suspension, whereas individuals in the CG group
were injected with 0.5 mL of PBS. Thereafter, the seven bacteria-chal-
lenged specimens and the four specimens in CG were separately cul-
tured in three 100 L tanks. Seawater was heated from 16 °C to 23°C in 7
days (1°C per day) and maintained at 23°C until the end of the
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Fig. 1. Spotting disease lesion occurrence after BAC1 infection.

experiment to simulate the water temperature condition that promotes
spotting disease outbreaks. The experimental sea urchins in each tank
were fed with Ulva lactuca pre-washed with sand-filtered seawater. The
seawater in each tank was completely changed once every 3 days with
sand-filtered seawater pre-heated to the same temperature. At 12 days
after injection, 11 individuals in the bacteria-challenged group showed
typical symptoms of spotting disease (Fig. 1), and they were assigned
under the diseased group (DG). The three individuals that did not show
any spotting disease lesions were assigned to the undiseased group
(UG). The coelomic fluid of each specimen was collected and cen-
trifuged immediately at 1000 X g for 10 min at 4 °C to harvest the coe-
lomocytes. The samples were snap-frozen in liquid nitrogen im-
mediately and then stored at —80 °C.

Total RNA was extracted using a Trizol reagent (Invitrogen, CA,
USA) following the manufacturer's instruction. The RNA quantity and
purity were analyzed using a Bioanalyzer 2100 and an RNA 1000 Nano
LabChip kit (Agilent, CA, USA) with RIN number > 7.0.

2.3. ¢DNA library construction and sequencing

A specimen with single-value coelomocyte concentration within
each group was recognized as abnormal and was not used for cDNA
library construction. One and three specimens were discarded in the CG
and DG, respectively. The specimens and their RNA levels in each ex-
perimental group for the cDNA library construction are listed in
Table 1. The poly(A) mRNA from the samples of each group was iso-
lated with poly-T oligo-attached magnetic beads using two rounds of
purification. Then, mRNA was fragmented into small pieces using

Table 1
cDNA library construction method.

Experimental Library Containing RNA amounts RNA amounts
group name specimens per specimens per library
(ug) (g
CG CG-1 CG-1 10 10
CG-2 CG-2 10 10
CG-3 CG-3 10 10
DG DG-1 DG-1 3.33 10
DG-2 3.33
DG-3 3.33
DG-2 DG-4 3.33 10
DG-5 3.33
DG-6 3.33
DG-3 DG-7 5 10
DG-8 5
UG UG-1 UG-1 10 10
UG-2 UG-2 10 10
UG-3 UG-3 10 10
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divalent cations under elevated temperature. The cleaved RNA frag-
ments were reverse-transcribed to create the final cDNA library in ac-
cordance with the protocol for an mRNA-Seq sample preparation kit
(Illumina, San Diego, USA). The average insert size for the paired-end
libraries was 300 bp ( = 50 bp). Then, paired-end sequencing was
performed on an Illumina Hiseq 4000 at the LC Sciences (USA) fol-
lowing the vendor's recommended protocol.

2.4. Transcriptome assembly

First, Cutadapt [11] and Perl scripts in house were used to remove
the reads that contained adaptor contamination, low-quality bases, and
undetermined bases. Second, sequence quality, including the Q20, Q30,
and GC-content of the clean data, was verified using FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). All of the
downstream analyses were based on high-quality clean data. De novo
assembly of the transcriptome was performed using Trinity 2.4.0 [12].
Trinity group transcripts were clustered on the basis of shared sequence
content. Such a transcript cluster was loosely referred to as a “gene.”
The longest transcript in the cluster was chosen as the “gene” sequence
(UniGene).

2.5. Gene annotation

The assembled UniGenes were aligned against the non-redundant
(Nr) protein database (http://www.ncbi.nlm.nih.gov/), gene ontology
(GO) (http://www.geneontology.org), SwissProt (http://www.expasy.
ch/sprot/), Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://
www.genome.jp/kegg/), and eggNOG (http://eggnogdb.embl.de/) da-
tabases using DIAMOND [13] with a threshold of E-value < 0.00001.

2.6. Differential expression analysis

Salmon [14] was used to determine the expression levels of Uni-
Genes by calculating TPM [15]. The differentially expressed UniGenes
were selected with log2 (fold change) > 1 or log2 (fold change) < —1
and with statistical significance (P value < 0.05) using the R package
edgeR [16]. GO and KEGG enrichment analyses were again performed
on differentially expressed UniGenes using Perl scripts in house.

Table 2
List of primers used for RT-qPCR validation.
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2.7. Validation of differentially expressed genes (DEGs) via RT-qPCR

Ten DEGs were selected for RT-qPCR validation (Table 2). RNA
samples used for RT-qPCR amplification were the same as those used to
construct the cDNA library. On the basis of the transcriptome se-
quences, the gene-specific primers were designed using Primer Premier
5.0 and are listed in Table 2. DEG analysis was performed using an ABI
7500 real-time PCR detection system. Real-time PCR amplification was
performed in a 20 pL reaction containing 10 uL of 2 X SYBR Green Mix
(TaKaRa), 2 pL of diluted cDNA (1:5), 0.8 uL of each primer (10 mM),
0.4 pL of ROX, and 6 pL of H,0O. The following qPCR parameters were
used: (1) denaturing step at 95 °C for 5 min; (2) 40 cycles of 95 °C for
5s, and (3) 60 °C for 32s. The relative quantities of the target genes
were calculated using f-actin from S. intermedius as an endogenous
control gene in accordance with the 2-AACT method [17].

2.8. Discovery of SSR and SNP

MISA software (http://pgrc.ipk-gatersleben.de/misa/) was used to
detect putative SSRs from the assembled transcriptome. The parameters
were adjusted to identify mono-, di-, tri, tetra-, penta-, and hexa-nu-
cleotide motifs with a minimum of 12, 6, 5, 5, 4, and 4 repeats, cor-
respondingly. The candidate SNPs were analyzed with the Bowtie
software.

3. Results
3.1. Sequencing and UniGene assembly

Nine S. intermedius cDNA libraries with three CGs, three DGs, and
three UGs were constructed. A total of 463, 416, 308 raw reads were
obtained using the Illumina Hiseq 4000 system. After discarding the
low-quality reads, 454, 139, 494 clean reads were obtained and used for
de novo assembly (Table 3). The high-quality reads were deposited in
the short-read archive of NCBI under the accession numbers
SRR7701130, SRR7701131, SRR7701132, SRR7701133, SRR7701134,
SRR7701135, SRR7701136, SRR7701137, and SRR7701138.

A total of 108,568 transcripts ranging from 201 bp to 33,255 bp
with an N50 of 945 bp were assembled. A total of 23,899 UniGenes
ranging from 201 bp to 33,255 bp with an N50 of 1359 bp were as-
sembled (Table 4). The detailed length distribution of the transcripts is
illustrated in Fig. 2.

Gene name (abbreviation) Gene name (official full name) Forward primer (5’-3") and Reverse primer (5-3") T™ (°C) Amplicon length (bp)

AGRN serine protease inhibitor dipetalogastin-like ACGAGAAGAACGCCGAGAG 57.4 203
CGGGATGACACAACCAAAG 54.0

CPA4 carboxypeptidase B-4 TTCCGTGTCACCCCTAAA 53.0 236
GTCCCAGCCCTCTCCTCA 59.9

nas-13 zinc metalloproteinase nas-13 AGATGGGTAAACGGTGTGG 54.7 295
TTCGTGTCTGTTCGTGGTG 55.3

ACE angiotensin-converting enzyme CGTTCCATACCCTGACCTACC 57.5 191
CGTGACACACCACATCTCTCC 58.3

cyb5r2 NADH-cytochrome b5 reductase 2-like TGTGCCAGTGGTTGTAGG 55.0 181
ACGGAAGCGACGGGTAT 56.6

SI sucrase-isomaltase, intestinal GGCAGCATTCTTCCCTATCTTC 55.7 185
GTCTAACCACTGTCCACCCATC 57.7

Clec4g C-type lectin lectoxin-Thrl CCTGTTTCTCCTTGCCTCCA 57.5 280
GCCTTCGTATTCCCTGTCATTT 55.0

amy alpha-amylase ATCTCACCCCCTAATGAACACA 55.4 189
CTCGTAAGACCAAGCAGCCA 57.6

Selp P-selectin-like CGTTGTATCCTCCCCTCCTG 57.7 250
TCCTATCCCGCTCTCCTGTC 58.7

C3-pre complement component C3 precursor AGAATGGTGCTGTGAGGGTGC 60.7 120
CCGTGATACTACTTGGAGTGGAGA 57.8

B-actin B-actin AGAGGCGTAGAGGGAAAGAC 56.4 92

ACAGGGAAAAGATGGCACAGA 56.4
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Table 3

Summary of the nine S. intermedius transcriptome.
Sample Raw_Reads Valid_Reads Valid%
CG_1 55,621,500 54,900,502 98.70
CG_2 55,571,766 54,776,102 98.57
CG_3 47,779,884 47,088,752 98.55
DG_1 50,878,140 49,151,680 96.61
DG_2 52,471,666 51,479,712 98.11
DG_3 55,581,708 54,473,894 98.01
UG_1 49,868,700 48,786,118 97.83
UG.2 41,656,942 40,723,422 97.76
UG_.3 53,986,002 52,759,312 97.73
Total 463,416,308 454,139,494

Table 4

Basic information of assembled transcriptome.

Index All GC% Min Length Median Length Max length N50
Transcript 108,568 40 201 443 33,255 945
Gene 23,899 40 201 610 33,255 1359
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Fig. 2. Length distribution of assembled transcripts for all UniGenes.

3.2. Functional annotation of UniGenes

All of the UniGenes against GO, KEGG, Pfam, Swissprot, eggNOG,
and Nr databases were conducted via the DIAMOND method. A total of
23,899 UniGenes had a significant hit on at least one target database
(Table 5). The statistics of E-value, similarity, and target species for all
Unigenes are presented in Fig. 3. The UniGenes with 0 E-value ac-
counted for 7.12% of the total UniGenes. In the present study, 65.67%

Table 5
Statistics of annotation results of Unigenes.

DB Num Ratio (%)
All 23,899 100

GO 6459 27.03
KEGG 4028 16.85
Pfam 5909 24.72
Swissprot 5016 20.99
EggNOG 9211 38.54

NR 8415 35.21
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of the UniGenes had between 90% and 100% similarity with the target
sequences. A total of 8415 UniGenes matched the Nr database, and
most of them (86.11%) were aligned to the genome sequence of S.
purpuratus, which belongs to the same genus of Strongylocentrotus with
S. intermedius.

A total of 19,905 transcripts were annotated by GO analysis with
one or more GO terms. All of the GO terms were divided into three
subcategories: “biological process,” “cellular component,” and “mole-
cular function” (Fig. 4). GO annotation showed that 5258, 5545, and
5370 UniGenes were assigned terms in the biological process, cellular
component, and molecular function, respectively. Most biological pro-
cess-related genes were involved in the biological process, translation,
oxidation reduction, and transcription regulation, DNA-templated.
Most cellular component-related genes were involved in the cytoplasm,
nucleus, and integral components of the membrane. Most molecular
function-related genes were involved in protein binding, structural
constitution of ribosome, and poly(A) RNA binding.

KEGG categories were also analyzed to characterize the functions of
transcripts. A total of 7929 transcripts were mapped to 307 pathways.
The pathway maps showed that six KEGG categories (i.e., organismal
systems, metabolism, human diseases, genetic information processing,
environmental information processing, and cellular processes) were
annotated in S. intermedius transcriptomes (Fig. 5). The most abundant
UniGenes (2061) was associated with metabolic pathways. The next
largest category was the genetic information processing pathway with
1324 UniGenes.

3.3. Analysis of DEGs

A total of 725 DEGs were found among CG, DG, and UG. Gene ex-
pression comparisons between DG and CG identified 155 DEGs, in-
cluding 142 upregulated and 13 downregulated DEGs. Gene expression
comparisons between UG and CG identified 246 DEGs, including 133
upregulated and 113 downregulated DEGs. Gene expression compar-
isons between UG and DG identified 324 DEGs, including 63 upregu-
lated and 261 downregulated DEGs (Fig. 6). The distribution of DEGs
and non-DEGs are plotted in Fig. 7. The heatmap analysis of hier-
archical clustering was used to determine DEG profiles (Fig. 8).

3.4. GO and KEGG enrichment analysis of DEGs

GO and KEGG functional enrichment analyses were performed to
identify the main molecular functions of the DEGs involved. The GO
pathways that changed significantly between DG and CG, UG and CG,
and UG and DG are listed in Supplementary Tables 1-3. The GO func-
tional enrichment analysis of DEGs was classified into three categories,
namely, biological process, cellular component, and molecular func-
tion. The level-3 GO terms in the three categories are depicted in Fig. 9.
In DG versus CG GO enrichment, the transport, integral membrane
component, and extracellular space were mostly enriched. In UG and
CG, GO enrichment, an integral component of plasma membrane,
proteinaceous extracellular matrix, and receptor activity were mostly
enriched. In the UG versus DG, GO enrichment, extracellular space,
integral membrane component, and cytoplasm were mostly enriched.
The KEGG pathway analysis revealed that 37, 20, and 49 pathways
were enriched in the DG versus CG, UG versus CG, and UG versus DG,
respectively. A total of 72 pathways were significantly enriched in
DEGs. In the DG versus CG, the KEGG enrichment, vitamin digestion
and absorption, phagosome, protein digestion, and absorption path-
ways were mostly enriched. In the UG and CG, the KEGG enrichment,
phagosome, peroxisome, and lysine degradation pathways were mostly
enriched. In the UG versus DG, the KEGG enrichment, Wnt signaling
pathway, phagosome, and Notch signaling pathway were mostly en-
riched (Fig. 10; Supplementary Tables 4-6).
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Fig. 4. Functional annotation of genes based on GO categorization.

3.5. RT-qPCR validation 3.6. Discovery of molecular markers
We analyzed the expression of 10 genes, namely, serine protease A total of 9899 SSRs were identified from the assembly sequences.
inhibitor dipetalogastin-like (AGRN), carboxypeptidase B-4 (CPA4), The most abundant type of repeat motifs was mono-nucleotide repeats
nas-13, Cytb5r2, ACE, SI, C-type lectin lectoxin-Thrl (Clec4g), amy, (5626), followed by di- (2708), tri- (1421), quad- (113), penta- (25),
Selp, and complement component C3 precursor (C3-pre), from the and hexa-nucleotide repeats (6) (Fig. 12). A total of 123,692, 151,817,
transcriptome data using RT-qPCR to validate the DEGs identified by and 114,368 candidate SNPs were identified from the CG, DG, and UG,
RNA-seq. Only one product was detected for each primer set via the correspondingly (Fig. 13). For the CG, 72,175 were transitions, and
dissolve curve analysis. The fold changes in DG versus CG and UG 51,517 were transversions. For the DG, 90,152 were transitions, and
versus DG of RT-qPCR were compared with the RNA-seq expression 61,665 were transversions. For the UG, 67,692 were transitions, and
profiles. All of the trends of RT-qPCR were correlated with the RNA-seq 46,676 were transversions. The numbers of A-G and C-T within the
results, thereby indicating the reliability and accuracy of the assembly transition types were similar in all of the four groups. Within the
transversion types, A-T was the most abundant, whereas C-G was the

and RNA-seq expression analysis (Fig. 11).
least for all of the four groups.
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4. Discussion

In this study, 23,899 UniGenes were assembled with a minimum
length of 201 bp, a maximum length of 33,255 bp, and an N50 of 1359
bp (Table 4). The number of UniGene is lower in the present study than
in our previous study [10]; this result can be attributed to the upgraded
overlap parameters from 10 bp to 20 bp during assembly. The goal is to
reduce the probability of mismatch. Using this strategy, we obtained a
UniGene number (23,899) that is close to the gene number of S. pur-
puratus genome (23,300) [18] and a long N50. This N50 is moderate in
length among the results from other studies in S. intermedius [10,19,20].
In comparison with our previous work [10], the present study obtained
large proportions of UniGenes that are longer than 2000 bp (9.53%)
and between 500 and 2000 bp (48.62%) and a less proportion of Uni-
Genes that are shorter than 500 bp. The proportion of UniGenes aligned
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to the genome sequences of S. purpuratus (86.11% of 8415 UniGenes) is
comparable with previous studies in S. intermedius [10,19,20]. All of the
abovementioned results suggest that the quality of transcriptome is
high.

We aimed to clarify the genes involved in immune defense against
infection from spotting disease at the transcriptome level. We success-
fully obtained diseased (DG) and undiseased (UG) samples via the ar-
tificial injection of the causative bacterium Vibrio sp. The gene ex-
pression comparisons between DG and CG, UG and CG, and UG and DG
identified 155, 246, and 324 DEGs (Figs. 6 and 7), which account for
0.6%, 1.0%, and 1.4% of the total UniGenes, respectively. These pro-
portions were lower than or comparable with our previous study (1.7%)
[10]. However, more upregulated DEGs (142/155 in DG vs. CG) are
present in artificially challenged sea urchins than naturally diseased sea
urchins (689/1557) in the present study [10]. This difference could not
be caused by the different infection methods because the injected BAC1
was the dominant bacterium isolated from individuals naturally in-
fected with spotted disease. Moreover, another bacterium BAC2 was not
dominant and could not cause spotting disease. This difference might be
attributed to the different stages that experienced by the naturally
diseased individuals and the artificially diseased ones. Spotting disease
infection is a dynamic progression. The division method of progression
of spotting disease can refer to that used in skin ulceration syndrome in
sea cucumber Apostichopus japonicus [21]. In our previous study, dis-
eased sea urchins with large lesions could belong to mid- or end-stage
spotting disease, whereas, in the present study, the DG with small le-
sions could belong to early-stage spotting disease. Thus, the large
proportion of upregulated DEGs in the DG in the present study in-
dicated a positive immune response in S. intermedius during early-stage
spotting disease. Most DEGs in the DG were upregulated in other
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aquatic animals, such as sea cucumber A. japonicus challenged with
Vibrio sp. [21] and a backcross catfish progenies challenged with Ed-
wardsiella ictaluri [22]. A total of 324 DEGs were observed in the UG
versus the DG. These DEGs might include genes correlated with spotting
disease resistant to a certain extent.

Several immune-related genes, such as C3-pre, complement C3,
Clec4g, CPA4, and AGRN, were annotated. The DEG enrichment in the
three comparison groups revealed several important pathways, such as
the phagosome, peroxisome, Notch signaling, and Wnt signaling path-
ways (Fig. 10; Supplementary Tables 4-6). In these pathways, the

DG vs CG
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v L
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1720
o0
Zod
190
£9d
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phagosome pathway was also enriched in the sea urchins with naturally
acquired spotting disease in our previous study [10], thereby suggesting
that the phagosome pathway plays an important role in the immune
process of S. intermedius as a defense to spotting disease. This phe-
nomenon might explain the reason for phagocytic amebocytes ac-
counting for more than 60% of the total coelomocytes [23] and provide
evidence for the common view that phagocytosis is the major form of
the antibacterial immunity in echinoderms [24-26]. Other pathways,
such as the peroxisome, Notch signaling pathway, and Wnt signaling
pathway were not enriched in sea urchins with natural spotting disease

UG vs CG

Fig. 8. Heatmap analysis of hierarchical clustering of DEGs in DG and CG, UG and CG, and UG and DG groups. Clusters were obtained via the hierarchical method
based on 725 DEGs. Each column represents a CG, DG, or UG sample, and each row represents a gene. Different colors indicate differences in expression. Negative
numbers mean downregulation, and positive numbers indicate upregulation. The high-definition figures were attached as Supplementary Figs. 1-3. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. Length distribution of SSRs based on the number of repeat units of S.
intermedius. The x-axis is the SSR types.

[10], whereas the NOD-like receptor pathway and intestinal immune
network for IgA production pathway were insignificantly enriched in
the artificially infected ones. We demonstrated that the naturally dis-
eased sea urchins in our previous study had mid- or end-stage spotting
disease, and the artificially infected sea urchins in the present study had
early-stage spotting disease. Thus, the immune system of S. intermedius
might respond in accordance with the different strategies at various
spotting disease infection stages.

In the present study, the phagosome pathway was significantly
changed among the DG, UG, and CG. The gene expression of comple-
ment C3 and Clec4g was significantly upregulated in the DG and UG. C3
is the central component of the cascade and acts as an opsonin for
pathogen phagocytosis and killing [26,27]. In sea urchin S. purpuratus,
C3 promotes phagocytosis by physically tagging target cells for inges-
tion [28]. C-type lectin also shows opsonin functions with the ability to
promote phagocytosis of coelomocytes in invertebrates [29,30]. The
upregulated expression of C3 and Clec4g in bacterially challenged
groups (DG and UG) indicated that S. intermedius augmented phago-
cytosis to kill the spotting disease causative bacterium Vibrio sp. The C3
and Clec4g expression level in the UG group was low, thereby
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In comparison with the CG, the vitamin digestion and absorption
pathways were promoted in the DG. Protein SpAN and blastula protease
10 (BP10) were upregulated. In mammals, SpAN and BP10 are secreted
by the ileum and function as intrinsic factor (IF), which is essential to
vitamin B;, digestion [31]. Vitamin B;5 can maintain the hematopoietic
function. Thus, the upregulated IF gene expression in diseased sea
urchins was attributed to phagocytic amebocyte after killing Vibrio sp.
It was essential to regenerate phagocytic amebocytes to maintain the
stability of the immune system. This upregulation in the vitamin di-
gestion and absorption pathway in diseased sea urchins indirectly en-
hanced their phagocytosis.

In comparison with DG, the function of the Wnt/Ca®** pathway,
which is a non-classical Wnt signaling pathway, was downregulated
among sea urchins in the UG [32]. The Wnt signaling pathway was
initially found to play critical roles in embryonic development and
morphogenesis of animals [33]. An increasing number of studies have
found that the Wnt signaling pathway was involved in stem cell dif-
ferentiation and various diseases [34,35]. In the present study, four
DEGs were enriched in the Wnt signaling pathway. They entered into
K04515 orthology and belonged to calcium/calmodulin-dependent
protein kinase II (CaM KII) family. CaM KII can enhance the pro-
liferation of T cell and immune macrophages [36]; thus, the prolifera-
tion of coelomocytes among undiseased sea urchins may have been
reduced. The proliferation of the coelomocytes among undiseased sea
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urchins might have been decreased via the Notch signaling pathway.
The three DEGs that entered into the K 02599 orthology belonged to the
Notch gene family downregulated their expression. The optimally
characterized function of the Notch signaling pathway is its role in
immunocytogenesis [37]. The function of the phagosome pathway
among sea urchins in the UG was also downregulated as mentioned
above. These downregulations in the UG suggested that the phagocy-
tosis function among undiseased sea urchins was downregulated in-
directly and directly. This phenomenon might also be due to the in-
jected bacteria that had been effectively controlled or cleared. In
comparison with the DG, 63 DEGs in the UG were upregulated and
might contain genes correlated with disease resistance. However, most
of them (49) failed to be annotated, and few could be used in the KEGG
pathway enrichment. Annotations of the genome sequence are neces-
sary to investigate genes or pathways involved in disease resistance in
S. intermedius.

Abundant SSRs and SNPs were identified in the present study. More
importantly, some SSRs and SNPs were located in the coding region or
5’-UTR or 3’-UTR of the DEGs including phagosome, vitamin digestion
and absorption, Wnt signaling and Notch signaling pathways. Further
studies should be conducted to reveal the relationship between these
markers and disease resistance in S. intermedius, and it was expected
that these SSRs and SNPs would play a tremendous role in marker-as-
sisted selection for improving spotting disease resistance traits in S.
intermedius.

In conclusion, we performed transcriptome-wide gene expression
profiling of control, diseased, and undiseased S. intermedius challenged
with Vibrio sp. and identified 725 DEGs. The reliability and accuracy of
the assembly and RNA-seq expression analysis were confirmed via RT-
qPCR results. Important immune pathways, such as phagosome, vi-
tamin digestion and absorption, Wnt signaling pathway, and Notch
signaling pathway were upregulated. These upregulations could en-
hance phagocytosis directly or indirectly. Consequently, phagocytosis
should be the main coelomic cellular immune response in sea urchin S.
intermedius challenged with the spotting disease causative bacterium
and in early-stage disease. Our study clarified signal transduction
pathways involved in antibacterial immunity at the transcriptome level.
These data should be valuable to develop disease control strategy in
aquaculture and selective breeding of sea urchins.
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