
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

JInghui Fang,
Yellow Sea Fisheries Research Institute
(CAFS), China

REVIEWED BY

Jianmin Zhao,
Yantai Institute of Coastal Zone
Research (CAS), China
Min Wan,
Ocean University of China, China

*CORRESPONDENCE

Mingzhu Li
ldulimingzhu@163.com

†These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Marine Fisheries, Aquaculture and
Living Resources,
a section of the journal
Frontiers in Marine Science

RECEIVED 30 May 2022
ACCEPTED 28 June 2022

PUBLISHED 27 July 2022

CITATION

Fang Y, Yang X, Zhang S, Chen X,
Lin G, Zhang Y, Wang M and Li M
(2022) Transcriptome study on
immune response against Vibrio
parahaemolyticus challenge in gill of
abalone Haliotis discus hannai Ino.
Front. Mar. Sci. 9:956317.
doi: 10.3389/fmars.2022.956317

COPYRIGHT

© 2022 Fang, Yang, Zhang, Chen, Lin,
Zhang, Wang and Li. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 27 July 2022

DOI 10.3389/fmars.2022.956317
Transcriptome study on
immune response against Vibrio
parahaemolyticus challenge in
gill of abalone Haliotis discus
hannai Ino

Yan Fang1†, Xiyun Yang1†, Shujuan Zhang1, Xuyang Chen1,
Gang Lin2, Yuqing Zhang1, Mengjiao Wang1 and Mingzhu Li1*

1College of Agriculture, Ludong University, Yantai, China, 2Institute of Quality Standards and Testing
Technology for Agricultural Products, Chinese Academy of Agricultural Sciences, Beijing, China
Abalone (Haliotis discus hannai Ino) is one of the most vital economic shellfish

cultured in China. However, bacterial and viral infection often leads to its high

mortality and serious economic losses. In this study, transcriptome sequencing

was performed on gill of abalone challenged by Vibrio parahaemolyticus for 0 h

(control group, A0h), 8 h (A8h), and 48 h (A48h), respectively. Each library has

an average of 53,361,675 clean reads. Approximately 85.71% reads were

mapped to the reference genome of Haliotis discus hannai Ino. In

comparison with A0h group, 7,656 and 2,789 genes were differentially

expressed in the A8h and A48h groups, respectively. The differentially

expressed genes (DEGs) were mostly enriched in oxidation–reduction

process and oxidoreductase activity from GO analysis as well as immunity

and metabolism-related pathways from Kyoto Encyclopedia of Genes and

Genomes analysis. Cluster analysis demonstrated that all DEGs were

categorized into eight subclusters by adopting the gene expression model.

Specifically, a total of 1,070 significantly downregulated genes from two

clusters were related to some metabolic pathways, ABC transporters, and

cell adhesion. Moreover, 212 upregulated genes in one subcluster were

enriched in several immune-related pathways, including nucleotide-binding

oligomerization domain (NOD)-like receptor signaling pathway and apoptosis.

Some members of the pattern recognition receptors family, which can initiate

inflammatory signaling and induce apoptosis, were stimulated to upregulate in

gill after challenge including C1q, perlucin, and low-density lipoprotein

receptor–related protein. In addition, caspase-dependent apoptosis pathway

was inactive, whereas caspase-independent apoptosis pathway was

stimulating in response to Vibrio challenge. To eliminate invading pathogen,

the immune effectors such as interleukin-17, matrix metalloproteinase,
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lysozyme, superoxide, and ferritin were also stimulated in gill. Moreover, this

study also provides more information for comprehending the immunity and

defense mechanisms against V. parahaemolyticus infection in abalone.
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Introduction

Haliotis discus hannai Ino is a precious marine shellfish with

high nutritional and economic value in China. According to the

statistical analysis from China Fisheries Yearbook 2020, the yield

of abalone in mariculture was 180,267 tons in 2019. However,

abalone is susceptible to bacteria (Cai et al., 2008), virus, and

parasites (Chang et al., 2005), especially under stressed

conditions. This will lead to the high mortality and generate

the serious economic loss. Among the conditioned pathogens,

Vibrio parahaemolyticus is one of the main bacteria causing

diseases for mollusks (Yu et al., 2013; Mok et al., 2019).

Therefore, understanding the immune response of abalone

against V. parahaemolyticus stress has great significance for its

aquaculture production.

Similar to most invertebrates, abalone mainly depends on

innate immunity to defense the infection of bacteria or virus due

to the lack of adaptive immunity (Nam et al., 2016). Innate

immune system consists of cellular and humoral immunity in

organism. The first step to stimulate the immune system is to

recognize the pathogen-associated molecular patterns (PAMPs)

of pathogens via pattern recognition receptors (PRRs) of

immune cells. Then, PRRs trigger a series of extracellular

cascades, thereby stimulating signal transduction pathways and

ultimately activating the effector response system (Janeway and

Medzhitov, 2002). Recently, some PRRs have been identified in

abalone including C-type lectins (CTLs) (Zhang et al., 2014),

galectin (Maldonado-Aguayo et al., 2014), perlucin (Weiss et al.,

2000), toll-like receptor (TLR) (Priyathilaka et al., 2019), and

peptidogly (Premachandra et al., 2014).

In recent years, transcriptome analysis has become an

efficient method to investigate the underlining mechanism of

the immunity activation stimulated by pathogens challenge in

aquatic species. Some results have been reported in mollusks

including Pacific oyster Crassostrea gigas (de Lorgeril et al.,

2011), pearl oyster Pinctada martensii (Wang et al., 2016),

razor clam Sinonovacula constricta (Zhao et al., 2017), Manila

clam Ruditapes philippinarum (Ren et al., 2021), surf clam

Mactra veneriformis (Fang et al., 2013), hard clam Meretrix

petechialis (Yu et al., 2019), Yesso scallop Patinopecten yessoensis

(Jiang et al., 2018), and soft-shell clam Mya arenaria (Araya
02
et al., 2010). Moreover, there are also some research studies

concerning the response of abalone against Vibrio challenge

(Silva-Aciares et al., 2013; Nam et al., 2016). However, there is

no transcriptome analysis about the immunity response against

V. parahaemolyticus challenge in gill of abalone. Gill is the first

line of defense for substance exchange between internal and

external environment, which is of great importance for abalone

immunity. Moreover, the results in this study can help us to well

comprehend the underlining mechanism about gill immune

defense against V. parahaemolyticus invasion in abalone.
Materials and methods

Abalone culture and bacterial challenge

Juvenile abalones (Haliotis discus hannai Ino) were

purchased from HaiYi hatchery Co. (Yantai, China) and fed

with the formulated diet in a closed circulating water system

within 24-h dark photoperiod for 100 days. The production of

the manufactured feed (formula in Supplementary Table 1) and

challenge method were previously described (Meng et al., 2019).

Briefly, 150 abalones with the average shell length of 42.40 mm

and the average weight of 5.80 g were averagely divided into

three aquariums (15 L) with 50 individuals in each. Before

challenge, pooled gills from five abalones in each aquarium

were collected and immediately frozen in liquid nitrogen

(recorded as A0h). Then, the rest of abalones were Vibrio

challenged by both muscle injection (100 ml of bacterial

suspension at the final concentration of 4 × 107 CFU/ml) and

bath treatment (3 ml of bacterial suspension in each aquarium).

After exposure for 8 and 48 h, pooled gill samples were collected

from each aquarium (recorded as A8h and A48h) and frozen

immediately. All gill samples were stored at −80°C for RNA

extraction and transcriptome sequencing.
Library construction and sequencing

Total RNA was extracted from pooled gills of control group

(A0h) and challenged groups (A8h and A48h), respectively, using
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TRIzol reagent. The RNA quality and purity were checked by

agarose gel electrophoresis and Nano Photometer®

spectrophotometer (IMPLEN, USA). Then, mRNA was purified

from total RNA using poly-T oligo-attached magnetic beads and

subsequently broken into short fragments with fragmentation

buffer. The RNA fragments purified with AMPure XP system

(Beckman Coulter, Beverly, USA) were reversely transcribed to

produce double-strand cDNA using random hexamer primers,

which were then ligated to an adapter. The ligation products were

amplified by PCR with Phusion High-Fidelity DNA polymerase,

Universal PCR primers and Index (X) Primer to construct the

cDNA sequence library. Then, the library quality was assessed on

the Agilent Bio analyzer 2100 system before it was sequenced on

an Illumina Hiseq platform.
Transcriptome data analysis

Raw data (raw reads) of fastq format were firstly processed

through in-house perl scripts. The filtering criteria are presented

as follows: (1) reads with adapters were removed; (2) reads

containing N (N means that the base information could not be

determined) were removed; and (3) low-quality reads were

removed. Meanwhile, Q20, Q30, and guanine and cytosine

(GC) content of the clean data were calculated. All the

downstream analyses based on the clean data with high

quality. All clean reads were mapped to the abalone reference

genome (GenBank accession: PRJNA317403) using HISAT2

v2.0.4 with default parameters (Kim et al., 2015). H. discus

hannai reference genome and gene model annotation files

were downloaded from http://gigadb.org/dataset/100281.

HTSeq v0.9.1 was applied to count the reads numbers mapped

to each gene. Fragments per kilo base of transcript per million

fragments mapped (FPKM) value was used to represent expression

abundance of the genes as it simultaneously considered the effect of

sequencing depth and gene length for the reads count (Trapnell

et al., 2010).
Identification and analysis of differentially
expressed genes

Differential expression analysis of two groups (A8h vs. A0h

and A48h vs. A0h) with three biological replicates per group was

performed using the DESeqR package (1.18.0). Genes with an

adjusted P-value (Q-value) < 0.05 and log2 (fold change) > 1

were assigned as differentially expressed (Wang et al., 2010).

To further understand the differentially expressed genes

(DEGs) and affected pathways responsive to V. parahaemolyticus

challenge, Gene Ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) enrichment analysis were performed by

adopting the GOseq R package and KOBAS software, respectively

(Mao et al., 2005). GO enrichment analysis is conducive to
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unigenes to functional categories, whereas the KEGG enrichment

analysis is useful to map unigenes onto known signaling pathways.

GO terms and KEGG pathways with corrected P < 0.05 were

considered significantly enriched by DEGs.

Moreover, cluster analysis is used to judge the expression

patterns of DEGs under different experimental conditions using

the Novomagic, which is an online platform for data analysis

(https://magic.novogene.com). Then, KEGG enrichment

analysis was further performed on the basis of the clustered

genes to reveal the possible functional pathway of DEGs with

similar expression model.
Validation by quantitative real-time PCR

To confirm the RNA sequencing (RNA-seq) data, eight

immune-related DEGs were selected for quantitative real-time

PCR (qRT-PCR). The forward and reverse primers of the

selected genes were shown in Table 1. Ribosomal Protein S9

(RPS9, EU247757.1) was selected as the internal reference gene.

RNA was extracted from polled gill samples of abalone and then

reversely transcribed into cDNA template. qRT-PCR with 20-µl

volume was performed using the SYBR® Green Premix Pro Taq

HS qPCR Kit (Accurate Biology, China) in ABI 7500 Real-Time

PCR System (USA) in line with the introduction. qRT-PCR

procedure was set as 95°C for 30 s, 40 cycles of 95°C for 5 s and

55°C for 30 s, followed by the melting curve determination. All

samples were performed in triplicates. The relative expressions

of immune related genes were calculated by adopting the 2−DDCT

method (Livak and Schmittgen, 2001).
Results

Illumina sequencing and data filtering

RNA-seq was performed on polled gill samples of A0h, A8h,

and A48h groups with three replicates. A total of 57,370,009,

54,270,629, and 53,927,281 raw reads (average) in gill were

obtained, respectively. The raw data were uploaded to

Sequence Read Archive (SRA) of NCBI with the accession

number PRJNA743940. After filtering the low-quality raw

reads, the libraries produced 56,104,350, 52,083,027, and

51,897,647 clean reads on average, respectively. Q20 and Q30

of all samples were above 97% and 93%, respectively. The

transcriptome data analysis was summarized in Table 2.

HISAT software was selected to perform genomic

localization analysis of the spliced reads (Kim et al., 2015). If

the reference genome is selected appropriately and the

experiment is free of contamination, then the percentage of

reads generated by the experiment that are localized (total

mapped reads or fragments) will normally be higher than 70%,
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and reads with multiple localizations (multiple mapped reads or

fragments) are usually no more than 10%. As shown in the

results, a total of 411.12 M reads were mapped to the H. discus

hannai reference genome (GenBank accession: PRJNA317403).

Total mapping rates were ranging from 78.87% to 87.94%, and

the multiple mapping rates were 5.1% to 5.86%. The detailed

information was summarized in Table 3.
Analysis of DEGs

The transcriptome results were applied as a reference to explore

the overall gene expression in gill of abalone challenged by V.

parahaemolyticus at 8 and 48 h in comparison with unchallenged
Frontiers in Marine Science 04
group. Altogether, 7,656 genes were differently expressed in the

comparison of A8h vs. A0h, including 3,453 upregulated genes and

4,203 downregulated genes (Figure 1A). In addition, 2,789 DEGs

were identified in the comparison of A48h vs. A0h containing 1,096

upregulated genes and 1,693 downregulated genes (Figure 1B). The

Venn diagram showed that a total of 8,322 genes were significantly

differentially expressed in the gill of abalone after V.

parahaemolyticus challenge. Among them, 2,123 genes were

significantly expressed both at 8- and 48-h treatments

(Figure 1C). Some DEGs were involved in various processes of

immune defense against pathogens and were classified into various

functions, such as PRRs, apoptosis, cytokines and cytokine

receptors, signaling transduction, and oxidative stress

(Supplementary Table 2).
TABLE 1 Primers used for verification of DEGs in real-time PCR.

Gene Name Primer Sequences 5′-3′ Product Size (bp)

RPS9 F: CGTGTGCTCATCAGACAGAGACATATC 167

R: GTTCCCTTCTTGGCGTTCTTCCTC

NFkBIa F: TTGCTTGCCTCTCGACATGCTATG 177

R: GCCGAACTGTGAGTGGTTAAACATTAC

TLR6 F: GGTGGTTGTTGGAGCCGTATGTAG 274

R: TGCCTCTGGTAACCTCTGTACTTCC

ferritin F:CAGTATTTCAAGAAGGCATCCGAGGAG 249

R: GCTCTCAAGGAAGTCGCACATCTG

caspase 8 F: GTTGAGTCTGATGCTGTGGCTGAG 238

R: GCCGCCCAATCTTATTGAACATTTCC

MMP1 F: TCTCTCCATGTCCCAACCGAACTC 154

R: CACTTATTACCGCACAGTACAACAAGG

TNFa F: GACCTACCGTAGCCAAAGCCAAAG 206

R: ATTCATCCATCCATCCATCATCCATCC

Glutamine synthetase F: GGATCGAGATCGCAGGGTGTAATG 221

R: TGACTTCGTGCTGTAGTTGGTGTG

IRF1 F: TCTTTGAACTGTGGGCTACGCATAC 287

R: AATCGTGGTCTCTTCCTCCTCCTC
RPS9, Ribosomal Protein S9; NFkBIa, inhibitor of NF-kBa; TLR6, Toll-like receptor 6; MMP1, matrix metalloproteinase 1; TNFa, tumor necrosis factor a; IRF1, interferon regulatory
factor 1.
TABLE 2 Summary of transcriptome data quality.

Sample Raw Reads Clean Reads Q20 (%) Q30 (%)

A0h_1 49,956,086 48,345,146 97.80 93.78

A0h_2 60,683,246 59,898,532 97.87 93.80

A0h_3 61,470,694 60,069,372 97.92 93.99

A8h_1 51,587,050 50,699,510 97.92 94.03

A8h_2 52,928,692 49,932,234 97.59 93.30

A8h_3 58,296,146 55,617,338 97.99 94.16

A48h_1 56,932,668 55,630,668 97.81 93.76

A48h_2 53,354,632 49,324,524 97.97 94.06

A48h_3 51,494,542 50,737,750 98.01 94.12
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GO and KEGG analysis of DEGs

To further understand the function of DEGs, GO and KEGG

enrichment were analyzed on the basis of 8,399 DEGs. In terms

of the GO analysis, all DEGs are classified into three GO

categories: biological process, molecular function, and cellular

component, respectively. The 30 most enriched terms under

bacterial challenge were shown in Figure 2A. Most DEGs under

these terms were associated with the oxidation–reduction

process or other oxidative stress processes. The redox

of cell membranes and intracellular molecules leads to

structural or conformational changes and exerts an important

regulatory function in signal transduction and gene

transcription, which makes a significant impact on cellular

life activities.

In KEGG pathway analysis, a total of 8,399 DEGs were

mapped to 152 KEGG pathways. The scatter plots of top 20

KEGG enrichment pathways were performed in Figure 2B.

Among all pathways, metabolism was the predominantly

enriched group. Afterward, some immune-related pathways,

such as apoptosis, NOD-like receptor signaling pathway,

and phagosomes, are significantly enriched in gill of

abalone after Vibrio challenge (P < 0.05) (Table 4). The

GO and KEGG analysis can make us comprehensively

understand the immune response of abalone gill facing with

V. parahaemolyticus challenge.
Cluster analysis of DEGs

The clustering of genes with the same or similar

expression patterns into classes can be applied to infer the

functions of genes. Different clustering algorithms divided the

differential genes into several clusters. The genes in the

same cluster had similar expression trends under different

conditions. The DEGs of abalone after Vibrio challenge were

selected and explored. The results showed that the expression

profiles of all the DEGs could be divided into eight subclusters
Frontiers in Marine Science 05
(Figure 3), displaying different kinds of expression pattern.

Moreover, 1,070 downregulated genes in subcluster_1 and 8

(Figure 4A) and 212 upregulated gens in subcluster_7 were

separately enriched to different pathways (Figure 4B). Generally,

some metabolic pathways, ABC transporters, and cell adhesion

were inhibited after Vibrio infection, whereas several immune-

related pathways, containing NOD-like receptor signaling

pathway and apoptosis, were stimulated upregulated in gill of

abalone for immune defense of Vibrio invasion.
Validation of DEGs by qRT-PCR

To verify the expression of genes in transcriptome data, eight

immune-related DEGs were selected for qRT-PCR, including

matrix metalloproteinase 1 (MMP1), inhibitor of NF-kBa
(NFkBIa), caspase 8, ferritin, toll-like receptor 6 (TLR6),

glutamine synthetase, tumor necrosis factor a (TNFa), and
interferon regulatory factor 1 (IRF1). As displayed in Figure 5,

the expressions of MMP1, NFkBIa, glutamine synthetase, and

ferritin were upregulated, whereas the expressions of caspase 8,

TNFa, TLR6, and IRF1 were downregulated. The gene

expression result obtained by qRT-PCR basically conformed to

transcriptome data at each challenge time points.
Discussion

Invertebrates mainly rely on innate immunity against

pathogen invasion due to the lack of antibodies or specific

immune cells. The PRRs on the surface of natural immune

cells can recognize and interact with PAMPs of pathogens to

stimulate the immune response. In this study, we found that the

expressions of some genes related to phagocytosis, apoptosis,

and immune effectors were significantly affected by Vibrio

challenge, which might indicate their specific function in the

immune response of gill in abalone.
TABLE 3 The percentage of reads mapped to the reference genome.

Sample Total Reads Total Mapped Multiple Mapped

A0h_1 48,345,146 40,960,453 (84.73%) 2,585,974 (5.35%)

A0h_2 59,898,532 47,271,765 (78.87%) 3,057,117 (5.10%)

A0h_3 60,069,372 51,308,853 (85.42%) 3,193,775 (5.32%)

A8h_1 50,699,510 44,201,227 (87.18%) 2,894,019 (5.71%)

A8h_2 49,932,234 43,167,081 (86.45%) 2,769,778 (5.55%)

A8h_3 55,617,338 48,707,626 (87.58%) 3,187,629 (5.73%)

A48h_1 55,630,668 48,144,675 (86.54%) 3,061,959 (5.50%)

A48h_2 49,324,524 42,774,477 (86.72%) 2,749,763 (5.57%)

A48h_3 50,737,750 44,618,648 (87.94%) 2,975,023 (5.86%)
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A

B

C

FIGURE 1

(A) Volcano plot of differentially expressed genes (DEGs) distribution trends between A8h vs. A0h sample. (B) Volcano plot of DEGs distribution
trends between A48h vs. A0h sample. Each dot in the volcano plot represents a detected gene. Genes with significant differential expression are
denoted by red dots (upregulated) and green dots (downregulated). Genes without significant differential expression are indicated by blue dots.
Horizontal ordinate signifies the fold change of DEGs, whereas vertical ordinate stands for statistical significance of DEGs between A8h vs. A0h
and A48h vs. A0h groups. (C) Venn diagrams of DEGs. There are 7,656 and 2,789 DEGs between A8h vs. A0h and A48h vs. A0h, respectively.
Among all DEGs, a total of 2,123 differential genes were overlapped expressed both in A48h and A8h groups compared with unchallenged
group.
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FIGURE 2

(A) Gene ontology (GO) enrichment analysis of differentially expressed genes (DEGs). Significantly enriched GO term was highlighted with star (*)
inside the graph (adjusted P < 0.05). (B) Scatter plot of Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of DEGs. The
vertical axis represents the pathway terms, whereas the horizontal axis signifies the rich factor. The size of the dot represents the number of
DEGs in this pathway, and the color of the dot is consistent with different Q-value ranges.
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Abalone initiates phagocytosis to
eliminate invading Vibrio

Phagocytosis is a critical step in the host defense mechanism

with the purpose of eliminating pathogens. After phagosomes

combined with lysosomes, the pathogens can be degraded by

various hydrolases existing in lysosomes. Cathepsin, a kind of

lysosomal protease, is a vital regulator in the process of antigen

presentation and processing as well as inflammatory response

(Turk et al., 2002). The expression of cathepsin L was

significantly increased in gill of abalone after Vibrio challenge,

which was consistent with the results reported in Pacific abalone

(Haliotis discus hannai) (Shen et al., 2015), pearl oyster

(Pinctada fucata) (Ma et al., 2010), freshwater mussel

(Cristaria plicata) (Hu et al., 2014), and sea cucumber

(Apostichopus japonicus) (Yang et al., 2016). Nevertheless,

cathepsin B was significantly decreased, which was consistent

with the transcriptome result from Nile tilapia (Zhu et al., 2017)

but contradictory to the findings from golden pompano
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(Trachinotus ovatus) (Shen et al., 2021), flounder (Paralichthys

olivaceus) (Zhang et al., 2008), and razor clam (Sinonovacula

constricta) (Niu et al., 2013). The contradictory results may be

associated with the challenge time or species dependence.

Moreover, further studies need to be conducted to explain the

detailed immune function of cathepsin family in shellfish.

Previous studies have found that C1q is an activation ligand

for phagocytosis (Bohlson et al., 2007). C1q belongs to the

members of defense collagen family that is characterized by a

globular carboxyl terminal portion with the function of

recognizing PAMPs of pathogens and the collagen-like N-

terminal domain linking the invading organism to phagocyte

effector mechanisms of the immune system. Three C1q domain

containing (C1qDC) proteins were reported to be strongly

induced by both Gram-negative and Gram-positive bacterial in

abalone, indicating their involvement in immune response

against invading pathogens (Bathige et al., 2016). In addition,

C1qDC protein can act as a PRR to mediate phagocytosis against

pathogen invasion in Crassostrea gigas (Li et al., 2019) and
TABLE 4 Significantly enriched KEGG pathway of DEGs in gills of abalone under Vibrio challenge.

Pathway Input DEGs Number Background DEG Number P-Value

Ubiquitin-mediated proteolysis 73 137 3.34E-07

Apoptosis 53 98 9.49E-06

Arachidonic acid metabolism 31 49 8.11E-05

Linoleic acid metabolism 18 23 0.000426

Ribosome biogenesis in eukaryotes 39 78 0.000456

Carbon metabolism 54 123 0.000531

Metabolic pathways 379 1,269 0.000743

Glutathione metabolism 28 50 0.000759

Beta-alanine metabolism 20 33 0.002082

Glycine, serine, and threonine metabolism 24 46 0.003524

Ribosome 52 135 0.005903

Retinol metabolism 21 41 0.007152

Other glycan degradation 15 25 0.007733

Fatty acid degradation 21 43 0.010628

Valine, leucine, and isoleucine degradation 23 49 0.010963

Fatty acid metabolism 25 57 0.015323

NOD-like receptor signaling pathway 22 48 0.015427

Adherens junction 39 104 0.02114

Mucin type O-glycan biosynthesis 14 27 0.023734

Pyruvate metabolism 20 45 0.025503

Tryptophan metabolism 21 49 0.029567

RNA transport 53 155 0.030431

Cysteine and methionine metabolism 19 44 0.035373

Peroxisome 33 89 0.035609

Metabolism of xenobiotics by cytochrome P450 18 42 0.041848

Drug metabolism - cytochrome P450 17 39 0.042391

Lysine degradation 25 65 0.046178

Phagosome 54 164 0.04722

Amino sugar and nucleotide sugar metabolism 23 59 0.049068
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FIGURE 3

Cluster analysis of all differentially expressed genes (DEGs) between challenged groups (8 h and 48 h) and control group (0 h).
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FIGURE 4

Scatter plot of Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment of differentially expressed genes (DEGs) by performing cluster
analysis. (A) Enriched KEGG pathways of DEGs from subcluster_7. (B) Enriched KEGG pathways of DEGs from subcluster_1 and 8.
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Pinctada fucata martensii (Liang et al., 2022). According to our

results, C1q, C1qDC, C1q, TNF-related protein, and C1q

subcomponent subunit B were all upregulated after challenge,

indicating that they may promote phagocytosis against Vibrio

invasion as a kind of PRR in gill of abalone.

In addition to promoting phagocytosis, C1q also triggers

superoxide production following the interaction of C1q

collagenous tails with C1q-receptoron the surface of phagocytes

to eliminate the invading pathogens (Tenner, 1999). Nicotinamide
Frontiers in Marine Science 11
adenine dinucleotide phosphate (NADPH) oxidase is responsible

for the production of superoxide in organisms. The appearance of

superoxide will activate antioxidation enzymes including

superoxide dismutase (SOD), glutathione peroxidase (GPx), or

catalase (CAT), aiming to reduce the damage caused by

peroxidation (Bhagat et al., 2016). On the basis of our result,

Vibrio challenge significantly increases the expressions of GPx and

NADPH oxidase, which may indicate the superoxide production

in gill of abalone for bacterial elimination. Briefly, abalone can
FIGURE 6

Graphic representation of the immune response in gill of abalone against Vibrio Parahemolyticus invasion.
FIGURE 5

Expression patterns of selected differentially expressed genes (DEGs) at challenge time of 8 and 48 h compared with control group (A0h) with
triplicates by qRT-PCR and RNA-seq analysis. The bars above the horizontal axis show that genes whose expression levels have increased after
challenge, whereas those below the axis indicate the genes with decreased expression after Vibrio treatment.
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stimulate the phagocytosis and superoxide productions mediated

by C1q and increase the hydrolases activities of phagolysosome to

eliminate invading bacteria.
Abalone promote apoptosis and
clearance of apoptotic cells to eliminate
the invading Vibrio

Apoptosis, called as programmed cell death process, can

eliminate injured or infected cells and play a vital role in the

stability of intracellular groups, immunity, and morphogenesis

(Edinger and Thompson, 2004). TNFa is a cytokine naturally

produced by various cells in response to pathogen infection or

other stresses (Goetz et al., 2004; De Zoysa et al., 2009). TNFa
interacts with the transmembrane receptors on the membrane of

infected cell to stimulate the apoptotic signal mediated by TNF

receptor-associated death domain (TRADD) and FAS-

associated death domain (FADD) and triggers downstream

caspase cascade reaction (Sheikh and Huang, 2003). The

activated caspase-3 cleaved DNA fragmentation factor 45

(DFF45) into DFF40 that cleaved DNA into fragments (Zhang

and Xu, 2000). Moreover, this is the process of exogenous

apoptosis inside organisms. Unexpectedly, there are also some

factors inhibiting apoptosis such as inhibitor of apoptosis family

of proteins (IAP) (Uren et al., 1998). According to the obtained

results, Vibrio infection significantly decreased the gene

expressions of TNFa, caspase-3, and caspase-7, whereas

increased the mRNA level of c-IAP1 in gill of abalone. It

seems like that the caspase-dependent apoptosis in gill of

abalone tends to be suppressed after Vibrio attack. Studies

have demonstrated that lipopolysaccharide, a component of

the outer membrane of Gram-negative bacteria, can directly

bind and inhibit caspase and eventually inhibit cell apoptosis

(Günther et al., 2020). This may be the reason why the

expressions of caspases are decreased and caspase-dependent

apoptosis is inactive after V. parahaemolyticus challenge in gill

of abalone.

Interestingly, caspase-independent apoptosis is found to be

involved in the immune defense of abalone as identified in the

result. Apoptosis-inducing factor (AIF) is a conservative

flavoprotein that exists in the mitochondria intermembrane

space. When stimulated by apoptosis, AIF is hydrolyzed into

mature proteins with apoptotic potential (Polster et al., 2005).

Then, mature AIF proteins translocate into the nucleus, which

can lead to chromatin condensation and large-scale DNA

fragmentation, resulting in the occurrence of apoptosis (Joza

et al., 2001). The involvement of AIF in the innate immune

response has already been reported in abalone (Elvitigala et al.,

2015) and oyster (Qiao et al., 2021).Voltage-dependent anion

channel (VDAC), a kind of porin present in the mitochondrial

outer membrane of all eukaryotes, is responsible for transport of

low–molecular weight metabolites across the outer membrane of
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mitochondria (Benz, 1994). Studies have shown that VDAC is a

key element in mitochondria-mediated apoptosis and can

control the release of several apoptosis-related factors

(Shoshan-Barmatz et al., 2010). As shown in our result, the

expressions of AIF and VDAC were significantly upregulated in

gill of abalone after challenge, suggesting the possibility of AIF

release into nucleus to initiate the caspase-independent

apoptosis. In general, it is extremely interesting to find that the

caspase-dependent apoptosis pathway was passive and inactive,

whereas caspase-independent apoptosis pathway was active and

stimulating in gill of abalone after Vibrio challenge. Specific

experiment is needed for approval in the future.

Many researchers have found that C1q plays a prominent

role in the rapid clearance of apoptotic cells (Taylor et al., 2000;

Ogden et al., 2001; Vandivier et al., 2002). C1q binds to

apoptotic cells and cellular debris through its globular heads

recognizing apoptotic cell-associated molecular patterns

(ACAMPs) to promote the clearance of apoptotic cells

(Gregory, 2000; Navratil et al., 2001). It appears that C1q is a

crucial immune element in respond to Vibrio invasion in gill of

abalone, which is worthy of investigation in the future.
The immune response of some PRRs and
cytokines induced by Vibrio challenge

Perlucin, a typical CTLs protein, was reported to have

important function in process of non–self-recognition and disease

resistance in abalone (Yao et al., 2021). Recently, Bi et al. reported

that perlucin can influence the phagocytosis and the expressions of

antimicrobial peptides in white shrimp by binding and

agglutinating the bacteria (Bi et al., 2020). As shown in our

results, the expressions of perlucins (3 and 5) were significantly

upregulated after Vibrio challenge (Supplementary Table 2),

verifying its involvement in the immune response in gill of

abalone as a kind of PRR.

Low-density lipoprotein receptor–related protein (LRP) is

reported to be an indispensable molecule in the recognition of

innate immunity. In addition, it can regulate signal transduction,

cytokine secretion, phagocytosis, and cell migration of the

immune system (Li et al., 2001; Strickland and Ranganathan,

2003; May, 2013). LRP was reported to recognize and eliminate

the invading pathogens in immune defense of scallop (Liu et al.,

2014) and amphioxus (Gao et al., 2017). According to our result,

LRP-1 was significantly upregulated, whereas other types of LRP

(4, 6, and 12) showed the downregulated model after bacterial

challenge (Supplementary Table 2). This may indicate that LRP-

1 acts as a PRR to recognize and eliminate invading pathogens in

abalone immune system, providing a new theoretical foundation

for the role of LRP in the immunity of aquatic invertebrates.

Interleukin-17 (IL-17) is one of the leading signaling

cytokine involved in the immune response of invertebrates

and plays an important role in inducing inflammation and
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clearing extracellular bacteria. The expression of IL-17 was

significantly upregulated in gill of abalone after challenge in

our study, which was similar with the results from oysters

(Roberts et al., 2008), mussels (Saco et al., 2020), and sea

urchins (Buckley et al., 2017). Moreover, IL-17 can also

stimulate the production of various pro-inflammatory

mediators including MMP. MMP is a calcium-dependent

endopeptidase, which exerts a vital role in apoptosis and

tumor progression (McCawley and Matrisian, 2001). Chen

et al. found that MMP-1 was involved in the regulation of

phagocytosis, apoptosis and humoral immunity in Haliotis

discus hannai and MMP1 silencing could lower the expression

of some immune genes (Chen et al., 2019). As displayed in our

result, MMP1 was also significantly upregulated after Vibrio

challenge, suggesting that it plays a vital role in the innate

immunity of abalone against V. parahaemolyticus.

Lysozyme is extensively regarded as a kind of antimicrobial

peptide that takes part in the innate immune response against

pathogen infection in animals. Lysozyme was reported to have

antibacterial activity against Gram-negative or Gram-positive

bacteria inWhite Shrimp (de-la-Re-Vega et al., 2006) and Pacific

oyster (Itoh et al., 2010). The expression of lysozyme was

significantly upregulated in abalone after infection by V.

harveyi (Yao et al., 2021). In our result, the expression of G-

type lysozyme was dramatically increased, whereas C-type

lysozyme showed a decreased expression model in gill after

challenge. The expression difference of the two types of lysozyme

needs to be further investigated in future.

Ferritin is a soluble histone that stores iron in the body. The

involvement of ferritin in the immune defense against pathogens

was reported in some aquatic species, containing sea cucumber

(Ren et al., 2014), Japanese scallop (Zhang et al., 2013), tiger

prawn (Maiti et al., 2010), soft-shell clam (Araya et al., 2010),

and abalone (He et al., 2016; Qiu et al., 2016). Moreover, this is

consistent with our result that the expression of ferritin was also

upregulated after challenge.

ATP-binding cassette transporter (ABC transporter) is a

transporter on the cytoplasmic membrane, which can control the

pumping and output of external substances and nutrients (Pradel

et al., 2009). It was approved to be the first defensive barrier against

pathogens in bivalves (Luckenbach and Epel, 2008). After Vibrio

challenge, the expression of most ABC transporters in the gill of

razor clam (Sinonovacula constricta) was downregulated. This

reduced the import and export of substances and also contributed

to the negative regulation of immune response (Zhao et al., 2017).

In our result, the mRNA level of ABCA3 was also downregulated

after V. parahaemolyticus challenge. Currently, the research studies

of ABC transporter in shellfish are extremely limited. Therefore, the

mechanism of ABC transporter in the immune defense of abalone

remains to be explored in near future.
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Conclusion

To conclude, this study confirmed that gill is not only a

filtering tissue but also a sort of immune recognition tissue.

Various PRRs have been demonstrated to be sensitive to V.

parahaemolyticus invasion in our study including C1q, perlucin,

and LRP. It is worth mentioning that C1q may play a

predominant role in recognition, triggering and effector

functions in gill of abalone. The defensive response against V.

parahaemolyticus challenge in gill of abalone contains

promoting the recognition of PAMPs by PRRs, initiating

apoptosis and clearance of apoptotic cells, activating

phagocytosis, as well as releasing some cytokines to

comprehensively eliminate the invading pathogen (Figure 6).

The obtained findings underscore the importance of gill as the

main defensive tissue besides hemocytes, improving our

knowledge of the efficient and complex innate immune system

of abalone.
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