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Grouper has become an essential mariculture species in China, while vibriosis caused by 
Vibrio harveyi significantly impacts its culture. Our previous study confirmed the V. 
harveyi formalin-killed cells vaccine (FKC) combined with chitosan oligosaccharide 
(FKC+COS) effectively prevents vibriosis. As an adjuvant, COS could significantly enhance 
FKC effectiveness against V. harveyi in grouper. In the present study, we performed 
transcriptome analysis of grouper spleens tissue 14 days post-immunization of PBS and 
FKC+COS, respectively. After assembly and annotation, 2,503 differentially expressed 
genes (DEGs) were obtained, including the upregulated 1,894 DEGs and downregulated 
609 DEGs between the PBS group and FKC+COS group. To explore the relevance of DEGs 
in immunity, enrichment analysis in the KEGG database revealed that the main pathways 
of DEGs distribution associated with immunity were antigen processing and 
presentation, lysosome, the intestinal immune network for IgA production and 
FcγR-mediated phagocytosis. In conclusion, transcriptome analysis of spleens was 
performed to explore the potential mechanism of COS as an adjuvant enhancing the 
protection effectiveness of FKC against vibriosis in grouper. 

INTRODUCTION 

Chinese aquaculture industry accounts for the largest share 
of the world’s fishery production and is becoming increas-
ingly important in providing a principal source of protein 
for the surging population.1,2 Groupers are a very diverse 
family of predatory fish with high commercial value and 
widely distributed throughout the tropical and subtropical 
seas in the world.3 Giant grouper (Epinephelus lanceolatus) 
is the largest species of grouper, with a maximum weight up 
to 400 kg.4 Tiger grouper (E. fuscoguttatus) is a popular mar-
iculture species in China because of its fast growth rate.5 

Hybridization of the two species (♀E. fuscoguttatus×♂E. 
lanceolatus) becomes one of the best candidates for aqua-
culture farmers in China due to the fast growth, favorable 
taste, and large size. 

Vibrio harveyi is a marine fluorescent gram-negative bac-
terium,6,7 and is a core species of Vibrio that requires for 
sodium ions for growth and widely scattered in natural 
aquatic systems.8‑11 V. harveyi is a pathogen causing vibrio-

sis in extensive marine fish and shellfish and leading to the 
huge economic loss in the marine aquaculture industry.12,

13 The increasing resistance to various chemotherapeutic 
drugs and drug residue become a direct threat to human 
health and safety.14 Vaccination has been shown to be one 
of the most effective alternatives in disease control strate-
gies.15 

Chitosan oligosaccharides (COS), the degraded products 
of chitosan, have been thoroughly proven as the versatile 
biological functions, including antioxidant, anti-coagulant, 
anti-inflammatory, anti-microbial, neuroprotective, and 
matrix metalloproteinases inhibitory effects.16 In addition, 
strong efficacy, low cost, and low side effects are also char-
acteristics. Because of its abundant advantages, COS is 
widely applied as a feed additive and vaccine adjuvant.17 

Some studies have shown that injecting COS or adding oral 
COS into diets effectively enhances the immune resistance 
against pathogens in teleost.18,19 

Inactivated vaccines comprise killed pathogens losing 
pathogenicity and retaining antigenicity, activating a hu-
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moral immune response against the corresponding 
pathogens.20,21 Our previous study showed that COS as an 
adjuvant of the Vibrio harveyi formalin-killed cells (FKC) 
vaccine notably enhanced the immune protective effect of 
FKC.22,23 However, the mechanism of COS enhancing FKC 
effectiveness against V. harveyi in grouper is unclear. In 
this study, the grouper spleen vaccinated with FKC+COS or 
PBS was collected, and transcription was analyzed to clarify 
the change in the related-immune gene expression levels. 
The results enriched the theoretical basis for the molecular 
mechanism of COS enhancing the immune resistance of in-
activated vaccines by further activating the fish’s immune 
system. 

MATERIALS AND METHODS 
FISH 

Healthy hybrid groupers (average body weight 30.0 ± 3.0 g) 
were purchased from the local commercial fish farm (Zhan-
jiang, Guangdong, China) and kept in an aerated tank filled 
with sand-filtered seawater of 25±1.0°C. Fish were fed with 
commercial diets twice daily and acclimatized for two 
weeks. All animal experiments were conducted in accor-
dance with the ethical standards approved by the Guang-
dong Provincial Key Laboratory of Aquatic Animal Disease 
Control and Healthy Culture. 

PREPARATION OF FKC AND ADJUVANT 

V. harveyi strain ZJ0603 was isolated from the diseased 
grouper and preserved in our laboratory. FKC was prepared 
according to the method of Wei et al.23 in our previous 
study. Adjuvant COS was provided by Yuanye Bio-Technol-
ogy Co., Ltd (Shanghai, China). The FKC was suspended at 
a concentration of 2.8 × 109 cfu/ml in a COS solution (FKC 
+ COS) at 4 mg/ml. 

VACCINATION AND TOTAL RNA EXTRACTION 

The fish were randomly divided into 2 groups (40 fish per 
group). A group was injected intraperitoneally with 100 μl 
FKC + COS, and the other group was injected with 100 μl 
PBS. Two weeks later, the spleen tissue of fish was col-
lected from the PBS group and FKC + COS group and stored 
at -80°C until use. Total RNA was extracted using. Total 
RNA was analyzed by agarose gel electrophoresis and Nan-
odrop (Bio-DL, Shanghai, China) to detect RNA purity 
(OD260/OD280 ratio). The Qubit system accurately quanti-
fied the RNA concentration, and the integrity of RNA was 
accurately detected by Agilent 2100 (Agilent Technologies). 
High-quality RNA samples were used for library construc-
tion. 

LIBRARY PREPARATION AND SEQUENCING ANNOTATION 
AND CLASSIFICATION OF GENES 

The RNA extraction libraries were constructed using PacBio 
single-molecule real-time (SMRT) technology. Novogene 
Technology Co., LTD (Guangzhou, China) performed high-
quality, full-length transcript sequencing. In DEGs, 10 im-

Table 1. Place the table title in the first row of the           
table.5  

Primers Primer sequnce（5’-3’） 

Bad-F 
Bad-R 
CTSB-F 
CTSB-R 
AEP-F 
AEP-R 
MARCKS-F 
MARCKS-R 
HSP70-F 
HSP70-R 
β-actin-F 
β-actin-R 

GGATGAGCGACGAGTTTG 
CTCCTGGTGACTGAAGAGGT 
CAGCAATGGCAAAGTCAG 
GATGTTCACAGGGAGGGA 
GAGAAGGGCTACCGAATG 
GGCTGCTGCTGATACTGG 
AAATGGAACAGCCGAACC 
GCGAGATGCCCTTGAACT 
AGGAATCTCATCTGGGACG 
CGACAAGGCTGTGAAGGA 
GGACAGCTACGTTGGTGATGA 
TGGTCACAATACCGTGCTCAATG 

mune-related genes were selected for quantitative real-
time PCR (qRT-PCR) analysis to verify the reliability of the 
results of RNA-seq analysis. 

ANNOTATION AND CLASSIFICATION OF GENES 
QUANTITATIVE REAL-TIME PCR VALIDATION 

After sequencing, the raw data are corrected and de-re-
dundantly processed to obtain high-quality data. To obtain 
functional annotations, non-redundant sequences were an-
notated in NR (NCBI non-redundant protein sequences), 
NT (NCBI nucleotide sequences), SwissProt (A manually 
annotated and reviewed protein sequence database), KEGG 
(Kyoto Encyclopedia of Genes and Genomes), KOG (Clusters 
of Orthologous Groups of proteins), GO (Gene Ontology) 
and Pfam (Protein family) databases. All differentially ex-
pressed genes (DEGs) were enriched and analyzed in GO 
(Gene Ontology: http://www.geneontology.org/) and KEGG 
(Kyoto Encyclopedia of Genes and Genomes: 
http://www.genome.jp/kegg/). 

QUANTITATIVE REAL-TIME PCR VALIDATION 

The qRT-PCR was carried out using TB Green® Premix Ex 
Taq™ II (Takara) in LightCycler 96® Real-Time System 
(Roche, CH). All data were analyzed with β-actin as an in-
ternal reference by the 2-ΔΔCt method. The reaction was 
performed under the following conditions: 95 °C for 5 min, 
95 °C for 30 s,60 °C for 30 s and 72 °C for 30 s for 40 cycles. 
All primers were designed according to the corresponding 
sequences and are listed in Table 1 . 

RESULTS 
TRANSCRIPTIONAL SEQUENCES ANNOTATION 

Transcriptome sequencing of the samples was performed 
(Figure 1  and Figure 2 ), and 47,714,744 and 50,615,040 raw 
reads were obtained in the samples injected with PBS and 
KFC+COS. To obtain gene function information, 236,341 
non-redundant transcripts were annotated in 7 databases: 
63,703 unigens in NR, 57,150 unigens in SwissProt, 61,955 
unigens in KEGG, 43,445 unigens in KOG, 44,382 unigens 
in GO, 80,674 in unigens in NT, 44,382 unigens in Pfam and 
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Figure 1. Venn diagram of the number of unigens annotation in group KFC+COS of the databases               

29,865 unigens in all 7 databases. The 44,382 unigens an-
notated in GO (Gene Ontology) were classified into 3 cate-
gories: molecular function, biological process, and cellular 
component. The 43,445 unigens were classified into 26 cat-
egories in KOG, and 8,204 unigens belonged to R (General 
function prediction only), 7636 unigens belonged to T (Sig-
nal transduction mechanisms), 6090 unigens belonged to O 
(Posttranslational modification), and 17 unigens were clas-
sified as X (Unnamed). 

DEGS ANALYSIS 

To further understand the effect of FKC+COS on the im-
mune response of grouper, we analyzed DEGs of transcrip-
tome sequencing data using FDR < 0.05 and |log2 (fold-
change)| >2 as screening conditions (Figure 3 ). The results 
showed 2,503 unigenes with 1,894 upregulated genes and 
609 downregulated genes. All DEGs were annotated in GO 
and KEGG for the function analysis. The three ontologies 
are classified into the biological process (BP), molecular 
function (MF), and cellular component (CC) according to 
GO annotation. GO database was further assigned to 48 
functional terms, with 20 in BP, 20 in MF, and 8 in CC (Fig-
ure 3c ). In KEGG analysis, the top 20 enriched pathways, 
the fish immune-related ones, were Antigen processing and 

presentation, Lysosome, Intestinal immune network for IgA 
production, and FcγR-mediated phagocytosis. 

VALIDATION OF RESULTS BY QRT-PCR 

The qRT-PCR analysis was performed to confirm the RNA-
seq data. The expression levels of 5 selected genes (Bad, 
CTSB, AEP, MARCKS, and HSP70) were measured and nor-
malized to the expression of β-actin. As shown in Figure 4 , 
the expression levels of 5 genes analyzed by qRT-PCR were 
mainly in agreement with the data of RNA-seq. The qRT-
PCR analysis results confirmed that the data of RNA-seq 
were reliable. 

DISCUSSION 

Of the superior palatability and nutritional value, hybrid 
grouper (♀ E. fuscoguttatus × ♂ E. lanceolatus) has become a 
very popular fish species among farmers and consumers.24 

V. harveyi, which has been proven to be a highly pathogenic 
pathogen in marine fish, frequently threatens the health of 
grouper under the synergistic effect of an over-dense farm-
ing environment.25 Antibiotics and parasitic agents may be 
very effective, but their resistance and environmental dam-
age are not tolerated. Effective vaccines have been the way 
to solve the disease problem, and many highly successful 
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Figure 2. Statistical diagrams of unigens of group KFC+COS. (a) GO statistical diagram of unigens; (b) KEGG                
statistical diagram of unigens.     

vaccines have been developed for aquaculture.26 COS is wa-
ter-soluble, non-cytotoxic, well-biocompatible, and easily 
absorbed by the intestine.27 It has been shown to activate 
the immune system against pathogens, making it an at-
tractive immune booster.14 Our previous study showed that 
the immune protection rate of a single FKC vaccine against 
grouper was 52%, while the immune protection rate of an 
FKC+COS combined vaccine against grouper was 80%. This 
proves that COS is an efficient immunostimulant to en-
hance the FKC effectiveness against V. harveyi in grouper 
against V. harveyi.23 However, the mechanism of COS en-
hancing the immune protective effect of FKC against vib-
riosis is unclear. To explore the role of COS as an adjuvant 

of FKC, we performed transcriptome analysis with grouper 
spleens tissue 14 days post-immunization of PBS and 
FKC+COS, respectively. 

It is evident that understanding the immune response of 
grouper after vaccination is of great significance for select-
ing the vaccine strategy for grouper. We performed tran-
scriptome sequencing of the spleen of the grouper, which 
was injected with FKC+COS and PBS. The 2,503 DEGs were 
obtained, including 2153 upregulated and 616 downregu-
lated genes. KEGG analysis of DEGs found that the path-
ways highly related to immunity were antigen processing 
and presentation, lysosome, and intestinal immune net-
work for IgA production and FcγR-mediated phagocytosis 
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Figure 3. Differentially expressed genes analysis. (a) Volcano map for differentially expressed genes analysis; (b)              
KEGG pathway enrichment scatter plot of differentially expressed genes; (c) GO enrichment diagram of               
differentially expressed genes.    
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Figure 4. Comparison of relative fold changes between       
RNA-seq and qRT-PCR results of group KFC+COS        

among the top 20 pathways with the highest enrichment. 
These results suggested that COS as an adjuvant of FKC 
could further enhance the grouper’s innate and adaptive 
immune. 

Antigen processing and presentation are indispensable 
for adaptive immunity in teleost fish. Studies have shown 
that the functions of major histocompatibility complex II 
(MHC II) like molecules in this pathway in fish were similar 
to those in mammals.28‑30 MHC II could interact with CD4+ 
T lymphocytes31,32 when antigen-presenting cells present 
motifs of extracellular danger signal from pathogens to 
specialized T cells (CD4±type) the MHC II mediated immu-
nity is activated.33 In this study, the expressions of AEP and 
CTSB in MHC II are significantly upregulated. Asparaginyl 
Endopeptidase (AEP) is a lysosomal cysteine protease con-
served in diverse cell types.34 it is involved in antigen pre-
sentation within MHC II positive cells and pro-protein pro-
cessing.35 Cathepsin B (CTSB) has exopeptidase and 
endopeptidase activities and plays a vital role in various 
physiological degradation, apoptosis, and inflammatory re-
sponse of many diseases.36 These results indicate that MHC 
II is activated in the grouper vaccinated with the combi-
nation vaccine. Similar responses also occurred in bacterial 
stress on Verasper variegates, Nile tilapia,w, and Paralichthys 
olivaceus.37‑39 Active MHC II positively affects the recogni-
tion and clearance of pathogenic bacteria. 

The terminology of FcγR-mediated phagocytosis medi-
ating phagocytosis in KEGG is extremely important. Phago-
cytosis is an evolutionarily conserved process utilized by 
many cells to ingest microbial pathogens and apoptotic and 
necrotic corpses.40,41 

Phagocytosis by macrophages can be initiated by the Fcγ 
receptors (FcR) in membranes which combine with Fc re-
gions of immunoglobulin G (IgG).42 FcγR may also partici-
pate in the phagocytosis of mIgM lymphocytes.43 

Notably, the expression of some lysosomal genes was 
significantly upregulated. Lysosomes are essential and 
well-equipped subcellular organelles in animals’ immune 
response, and contain a mass of hydrolases. Pathogenic mi-

croorganisms can be transported to lysosomes to be killed 
and degraded by various acids after autophagy or endo-
cytosis.44,45 In addition to mediating the elimination of 
pathogens and harmful substances, lysosomes can still effi-
ciently repair damaged plasma membranes during bacterial 
infections.46,47 

This research also found that inflammatory bowel dis-
ease (IBD) expression levels dramatically increased. The 
NOD2, which was found to be significantly upregulated in 
IBD, is the founding member of the intracellular NOD-like 
receptor family and is mainly expressed by two cell types 
that are exposed to this component under physiological 
conditions: antigen-presenting cells (APCs) and epithelial 
cells.48 As a microbial sensor, NOD2 proteins operate could 
recognition of specific PG (peptidoglycan) constituents of 
bacteria and significantly activate NF-κB, IFNβ, and MAPK 
signaling pathways.49‑51 The decreased NOD2 function 
could promote the invasion of bacteria and eventually lead 
to chronic intestinal inflammation. Its high expression in 
this study suggests that hybrid grouper NOD2 may play an 
essential part in the innate immune system.52 

In summary, we analyzed the transcriptomic response 
of grouper vaccinated with FKC+COS and PBS based on 
high-throughput sequencing. We found some genes in the 
adaptive system associated with phagocytosis-associated 
antigen processing and presentation. FcγR-mediated 
phagocytosis mediating phagocytosis was significantly up-
regulated in the FKC+COS group versus the PBS group. Fur-
thermore, the significantly high expression levels of some 
genes in an innate system associated with phagocytosis, 
lysosomes, and IBD were found in the FKC+COS group ver-
sus the PBS group. These results provide clues to explore 
the potential mechanism of COS as an adjuvant enhancing 
the protection effectiveness of FKC against vibriosis in 
grouper. 

DECLARATION OF COMPETING INTEREST 

The authors declare that the research was conducted with-
out any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

ACKNOWLEDGMENT 

This work was funded by the Natural Science Foundation 
of Shenzhen City (JCYJ20190813114409506 and 
JCYJ20210324130003009) and the Natural Science Founda-
tion of Guangdong Province (No. 2021A1515010532). 

Submitted: April 11, 2023 CST, Accepted: July 18, 2023 CST 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-NC-ND-4.0). View this license’s legal deed at https://creativecommons.org/licenses/by-nc-nd/4.0 and legal code at 

https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode for more information. 

Transcriptome Analysis of the Cultured Hybrid Grouper (♀Epinephelus fuscoguttatus×♂E. lanceolatus) Immu…

Israeli Journal of Aquaculture - Bamidgeh 6

https://ija.scholasticahq.com/article/88370-transcriptome-analysis-of-the-cultured-hybrid-grouper-epinephelus-fuscoguttatus-x-e-lanceolatus-immunized-with-_vibrio-harveyi_-formalin-killed/attachment/182754.png


REFERENCES 

1. Zhang Y, Bleeker A, Liu J. Nutrient discharge from 
China’s aquaculture industry and associated 
environmental impacts. Environ Res Lett. 
2015;10(4):045002. doi:10.1088/1748-9326/10/4/0450
02 

2. Cai SH, Huang YC, Lu YS, et al. Expression and 
immunogenicity analysis of accessory colonization 
factor A from Vibrio alginolyticus strain HY9901. Fish 
& Shellfish Immunology. 2013;34(2):454-462. doi:10.1
016/j.fsi.2012.11.051 

3. Rahimnejad S, Bang IC, Park JY, Sade A, Choi J, Lee 
SM. Effects of dietary protein and lipid levels on 
growth performance, feed utilization and body 
composition of juvenile hybrid grouper, Epinephelus 
fuscoguttatus×E. lanceolatus. Aquaculture. 
2015;446:283-289. doi:10.1016/j.aquaculture.2015.0
5.019 

4. Fan B, Yang S, Wang L, et al. Hybridization of tiger 
grouper (Epinephelus fuscoguttatus ♀) x giant 
grouper (Epinephelus lanceolatus ♂) using 
cryopreserved sperm. Cryobiology. 2020;95:84-89. do
i:10.1016/j.cryobiol.2020.06.001 

5. Afero F, Miao S, Perez AA. Economic analysis of 
tiger grouper Epinephelus fuscoguttatus and 
humpback grouper Cromileptes altivelis commercial 
cage culture in Indonesia. Aquacult Int. 
2010;18(5):725-739. doi:10.1007/s10499-009-9295-x 

6. Shen GM, Shi CY, Fan C, et al. Isolation, 
identification and pathogenicity of Vibrio harveyi, the 
causal agent of skin ulcer disease in juvenile hybrid 
groupers Epinephelus fuscoguttatus × Epinephelus 
lanceolatus. J Fish Dis. 2017;40(10):1351-1362. doi:1
0.1111/jfd.12609 

7. Bassler BL, Wright M, Showalter RE, Silverman MR. 
Intercellular signalling in Vibrio harveyi: sequence 
and function of genes regulating expression of 
luminescence. Mol Microbiol. 1993;9(4):773-786. do
i:10.1111/j.1365-2958.1993.tb01737.x 

8. Dorsch M, Lane D, Stackebrandt E. Towards a 
phylogeny of the genus Vibrio based on 16S rRNA 
sequences. Int J Syst Bacteriol. 1992;42(1):58-63. doi:1
0.1099/00207713-42-1-58 

9. Lin H, Yu M, Wang X, Zhang XH. Comparative 
genomic analysis reveals the evolution and 
environmental adaptation strategies of vibrios. BMC 
Genomics. 2018;19(1). doi:10.1186/s12864-018-453
1-2 

10. Yoshizawa S, Tsuruya Y, Fukui Y, et al. Vibrio 
jasicida sp. nov., a member of the Harveyi clade, 
isolated from marine animals (packhorse lobster, 
abalone and Atlantic salmon). International Journal Of 
Systematic And Evolutionary Microbiology. 
2012;62(Pt_8):1864-1870. doi:10.1099/ijs.0.025916-0 

11. Montánchez I, Kaberdin VR. Vibrio harveyi: A 
brief survey of general characteristics and recent 
epidemiological traits associated with climate 
change. Marine Environmental Research. 
2020;154:104850. doi:10.1016/j.marenvres.2019.1048
50 

12. Fukui Y, Sawabe T. Improved one-step colony PCR 
detection of Vibrio harveyi. Microb Environ. 
2007;22(1):1-10. doi:10.1264/jsme2.22.1 

13. Sivaram V, Babu MM, Immanuel G, Murugadass S, 
Citarasu T, Marian MP. Growth and immune response 
of juvenile greasy groupers (Epinephelus tauvina) fed 
with herbal antibacterial active principle 
supplemented diets against Vibrio harveyi infections. 
Aquaculture. 2004;237(1-4):9-20. doi:10.1016/j.aquac
ulture.2004.03.014 

14. Wu C, Dai Y, Yuan G, Su J, Liu X. 
Immunomodulatory Effects and Induction of 
Apoptosis by Different Molecular Weight Chitosan 
Oligosaccharides in Head Kidney Macrophages From 
Blunt Snout Bream (Megalobrama amblycephala). 
Front Immunol. 2019;10. doi:10.3389/fimmu.2019.008
69 

15. Munang’andu HM, Evensen Ø. Correlates of 
protective immunity for fish vaccines. Fish & Shellfish 
Immunology. 2019;85:132-140. doi:10.1016/j.fsi.201
8.03.060 

16. Ngo DH, Vo TS, Ngo DN, et al. Biological effects 
of chitosan and its derivatives. Food Hydrocolloids. 
2015;51:200-216. doi:10.1016/j.foodhyd.2015.05.023 

17. Liu X, Zhang H, Gao Y, Zhang Y, Wu H, Zhang Y. 
Efficacy of chitosan oligosaccharide as aquatic 
adjuvant administrated with a formalin-inactivated 
Vibrio anguillarum vaccine. Fish & Shellfish 
Immunology. 2015;47(2):855-860. doi:10.1016/j.fsi.20
15.10.012 

18. Cui L, Xu Q, Ai W, Wang QH, F D, S MK. Effects of 
dietary chitosan oligosaccharide complex with rare 
earth on growth performance and innate immune 
response of turbot, Scophthalmus maximus L. 
AQUACULTURE RESEARCH. 2013;44(5):683-690. do
i:10.1111/j.13652109.2011.0-3072.x 

Transcriptome Analysis of the Cultured Hybrid Grouper (♀Epinephelus fuscoguttatus×♂E. lanceolatus) Immu…

Israeli Journal of Aquaculture - Bamidgeh 7

https://doi.org/10.1088/1748-9326/10/4/045002
https://doi.org/10.1088/1748-9326/10/4/045002
https://doi.org/10.1016/j.fsi.2012.11.051
https://doi.org/10.1016/j.fsi.2012.11.051
https://doi.org/10.1016/j.aquaculture.2015.05.019
https://doi.org/10.1016/j.aquaculture.2015.05.019
https://doi.org/10.1016/j.cryobiol.2020.06.001
https://doi.org/10.1016/j.cryobiol.2020.06.001
https://doi.org/10.1007/s10499-009-9295-x
https://doi.org/10.1111/jfd.12609
https://doi.org/10.1111/jfd.12609
https://doi.org/10.1111/j.1365-2958.1993.tb01737.x
https://doi.org/10.1111/j.1365-2958.1993.tb01737.x
https://doi.org/10.1099/00207713-42-1-58
https://doi.org/10.1099/00207713-42-1-58
https://doi.org/10.1186/s12864-018-4531-2
https://doi.org/10.1186/s12864-018-4531-2
https://doi.org/10.1099/ijs.0.025916-0
https://doi.org/10.1016/j.marenvres.2019.104850
https://doi.org/10.1016/j.marenvres.2019.104850
https://doi.org/10.1264/jsme2.22.1
https://doi.org/10.1016/j.aquaculture.2004.03.014
https://doi.org/10.1016/j.aquaculture.2004.03.014
https://doi.org/10.3389/fimmu.2019.00869
https://doi.org/10.3389/fimmu.2019.00869
https://doi.org/10.1016/j.fsi.2018.03.060
https://doi.org/10.1016/j.fsi.2018.03.060
https://doi.org/10.1016/j.foodhyd.2015.05.023
https://doi.org/10.1016/j.fsi.2015.10.012
https://doi.org/10.1016/j.fsi.2015.10.012
https://doi.org/10.1111/j.13652109.2011.0-3072.x
https://doi.org/10.1111/j.13652109.2011.0-3072.x


19. Niu J, Lin HZ, Jiang SG, et al. Comparison of 
effect of chitin, chitosan, chitosan oligosaccharide 
and N-acetyl-D-glucosamine on growth performance, 
antioxidant defenses and oxidative stress status of 
Penaeus monodon. Aquaculture. 2013;372-375:1-8. d
oi:10.1016/j.aquaculture.2012.10.021 

20. Bemben NM, Berg ML. Efficacy of inactivated 
vaccines in patients treated with immunosuppressive 
drug therapy. Pharmacotherapy. 2022;42(4):334-342. 
doi:10.1002/phar.2671 

21. Tlaxca JL, Ellis S, Remmele RL Jr. Live attenuated 
and inactivated viral vaccine formulation and nasal 
delivery: Potential and challenges. Advanced Drug 
Delivery Reviews. 2015;93:56-78. doi:10.1016/j.addr.20
14.10.002 

22. Salgado-Miranda C, Loza-Rubio E, Rojas-Anaya E, 
García-Espinosa G. Viral vaccines for bony fish: past, 
present and future. Expert Review of Vaccines. 
2013;12(5):567-578. doi:10.1586/erv.13.38 

23. Wei G, Cai S, Wu Y, Ma S, Huang Y. Immune effect 
of Vibrio harveyi formalin-killed cells vaccine 
combined with chitosan oligosaccharide and 
astragalus polysaccharides in ♀Epinephelus 
fuscoguttatus×♂Epinephelus lanceolatus. Fish & 
Shellfish Immunology. 2020;98:186-192. doi:10.1016/
j.fsi.2020.01.015 

24. Song SG, Chi SY, Tan BP, et al. Effects of fishmeal 
replacement by Tenebrio molitor meal on growth 
performance, antioxidant enzyme activities and 
disease resistance of the juvenile pearl gentian 
grouper (Epinephelus lanceolatus ♂ × Epinephelus 
fuscoguttatus ♀). Aquaculture Research. 
2018;49(6):2210-2217. doi:10.1111/are.13677 

25. Zhang XH, He X, Austin B. Vibrio harveyi: a 
serious pathogen of fish and invertebrates in 
mariculture. Mar Life Sci Technol. 2020;2(3):231-245. 
doi:10.1007/s42995-020-00037-z 

26. Plank C, Zelphati O, Mykhaylyk O. Magnetically 
enhanced nucleic acid delivery. Ten years of 
magnetofection—Progress and prospects. Advanced 
Drug Delivery Reviews. 2011;63(14-15):1300-1331. do
i:10.1016/j.addr.2011.08.002 

27. Zhang Y, Tan H, Wei G, Huang Y, Jian J, Cai S. The 
effect of chitosan oligosaccharide as an immune 
enhancer against Vibrio harveyi in pearl gentian 
grouper (♀ Epinephelus fuscoguttatus × ♂ Epinephelus 
lanceolatus ). Aquac Res. 2021;52(2):541-546. doi:10.1
111/are.14912 

28. Zhao Y, Liu X, Sato H, Zhang Q, Li A, Zhang J. 
RNA-seq analysis of local tissue of Carassius auratus 
gibelio with pharyngeal myxobolosis: Insights into 
the pharyngeal mucosal immune response in a fish-
parasite dialogue. Fish & Shellfish Immunology. 
2019;94(99-112). doi:10.1016/j.fsi.2019.08.076 

29. Yang J, Tian T, Xiao K, Zeng Q, Tan C, Du H. 
Pathogenic infection and immune-related gene 
expression of Chinese sturgeon (Acipenser sinensis) 
challenged by Citrobacter freundii. Developmental & 
Comparative Immunology. 2021;114:103872. doi:10.10
16/j.dci.2020.103872 

30. Yamaguchi T, Dijkstra JM. Major 
Histocompatibility Complex (MHC) Genes and 
Disease Resistance in Fish. Cells. 2019;8(4):378. doi:1
0.3390/cells8040378 

31. Yang D, Liu Q, Ni C, et al. Gene expression 
profiling in live attenuated Edwardsiella tarda 
vaccine immunized and challenged zebrafish: 
Insights into the basic mechanisms of protection 
seen in immunized fish. Developmental & 
Comparative Immunology. 2013;40(2):132-141. doi:1
0.1016/j.dci.2013.01.014 

32. Johnstone C, Chaves-Pozo E. Antigen 
Presentation and Autophagy in Teleost Adaptive 
Immunity. International Journal Of Molecular Sciences. 
2022;23(9). doi:10.3390/ijms2-3094899 

33. Haase D, Roth O, Kalbe M, et al. Absence of major 
histocompatibility complex class II mediated 
immunity in pipefish, Syngnathus typhle: evidence 
from deep transcriptome sequencing. Biol Lett. 
2013;9(2):20130044. doi:10.1098/rsbl.2013.0044 

34. Lee J, Bogyo M. Synthesis and evaluation of aza-
peptidyl inhibitors of the lysosomal asparaginyl 
endopeptidase, legumain. Bioorganic & Medicinal 
Chemistry Letters. 2012;22(3):1340-1343. doi:10.1016/
j.bmcl.2011.12.079 

35. Loak K, Li DN, Manoury B, et al. Novel cell-
permeable acyloxymethylketone inhibitors of 
asparaginyl endopeptidase. Biol Chem. 
2003;384(8):1239-1246. doi:10.1515/bc.2003.136 

36. Shen Y, Zhang H, Zhou Y, et al. Functional 
characterization of cathepsin B and its role in the 
antimicrobial immune responses in golden pompano 
(Trachinotus ovatus). Dev Comp Immunol. 
2021;123:104128. doi:10.1016/j.dci.2021.104128 

37. Li H, Jiang L, Han J, Su H, Yang Q, He C. Major 
histocompatibility complex class IIA and IIB genes of 
the spotted halibut Verasper variegatus: genomic 
structure, molecular polymorphism, and expression 
analysis. Fish Physiol Biochem. 2011;37(4):767-780. do
i:10.1007/s10695-011-9476-1 

Transcriptome Analysis of the Cultured Hybrid Grouper (♀Epinephelus fuscoguttatus×♂E. lanceolatus) Immu…

Israeli Journal of Aquaculture - Bamidgeh 8

https://doi.org/10.1016/j.aquaculture.2012.10.021
https://doi.org/10.1016/j.aquaculture.2012.10.021
https://doi.org/10.1002/phar.2671
https://doi.org/10.1016/j.addr.2014.10.002
https://doi.org/10.1016/j.addr.2014.10.002
https://doi.org/10.1586/erv.13.38
https://doi.org/10.1016/j.fsi.2020.01.015
https://doi.org/10.1016/j.fsi.2020.01.015
https://doi.org/10.1111/are.13677
https://doi.org/10.1007/s42995-020-00037-z
https://doi.org/10.1016/j.addr.2011.08.002
https://doi.org/10.1016/j.addr.2011.08.002
https://doi.org/10.1111/are.14912
https://doi.org/10.1111/are.14912
https://doi.org/10.1016/j.fsi.2019.08.076
https://doi.org/10.1016/j.dci.2020.103872
https://doi.org/10.1016/j.dci.2020.103872
https://doi.org/10.3390/cells8040378
https://doi.org/10.3390/cells8040378
https://doi.org/10.1016/j.dci.2013.01.014
https://doi.org/10.1016/j.dci.2013.01.014
https://doi.org/10.3390/ijms2-3094899
https://doi.org/10.1098/rsbl.2013.0044
https://doi.org/10.1016/j.bmcl.2011.12.079
https://doi.org/10.1016/j.bmcl.2011.12.079
https://doi.org/10.1515/bc.2003.136
https://doi.org/10.1016/j.dci.2021.104128
https://doi.org/10.1007/s10695-011-9476-1
https://doi.org/10.1007/s10695-011-9476-1


38. Chen J, Zheng Y, Zhi T, et al. MHC II α 
polymorphism of Nile tilapia, Oreochromis niloticus, 
and its association with the susceptibility to 
Gyrodactylus cichlidarum (Monogenea) infection. 
Aquaculture. 2021;539(736637). doi:10.1016/j.aquacul
ture.2021.736637 

39. Cha IS, Kwon J, Mun JY, et al. Cathepsins in the 
kidney of olive flounder, Paralichthys olivaceus, and 
their responses to bacterial infection. Developmental 
& Comparative Immunology. 2012;38(4):538-544. do
i:10.1016/j.dci.2012.08.005 

40. Greenberg S, Grinstein S. Phagocytosis and innate 
immunity. Curr Opin Immunol. 2002;14(1):136-145. d
oi:10.1016/s0952-7915(01)00309-0 

41. Tang X, Ma X, Cao J, et al. The Influence of 
Temperature on the Antiviral Response of mIgM+ B 
Lymphocytes Against Hirame Novirhabdovirus in 
Flounder (Paralichthys olivaceus). Front Immunol. 
2022;13:802638. doi:10.3389/fimmu.2022.802638 

42. Swanson JA, Hoppe AD. The coordination of 
signaling during Fc receptor-mediated phagocytosis. J 
Leukoc Biol. 2004;76(6):1093-1103. doi:10.1189/jlb.08
04439 

43. Wu J, Nie Y, Ma Y, Hao L, Liu Z, Li Y. Analysis of 
phagocytosis by mIgM+ lymphocytes depending on 
monoclonal antibodies against IgM of largemouth 
bass (Micropterus salmoides). Fish Shellfish Immunol. 
2022;123:399-408. doi:10.1016/j.fsi.2022.03.014 

44. Yu F, Chen Z, Wang B, et al. The role of lysosome 
in cell death regulation. Tumor Biol. 
2015;37(2):1427-1436. doi:10.1007/s13277-015-451
6-6 

45. Zhou Y, Wang YY, Fu HC, Huang HZ. MicroRNA 
expression and analysis of immune-related putative 
target genes in ISKNV-infected spleen of mandarin 
fish (Siniperca chuatsi). Aquaculture. 
2022;547(10):737450. doi:10.1016/j.aquaculture.202
1.737450 

46. Yao CL, Wu CG, Xiang JH, Li F, Wang ZY, Han X. 
The lysosome and lysozyme response in Chinese 
shrimp Fenneropenaeus chinensis to Vibrio 
anguillarum and laminarin stimulation. Journal Of 
Experimental Marine Biology and Ecology. 
2008;363(1-2):124-129. doi:10.1016/j.jembe.2008.0
6.035 

47. Roy D, Liston DR, Idone VJ, et al. A process for 
controlling intracellular bacterial infections induced 
by membrane injury. Science. 
2004;304(5676):1515-1518. doi:10.1126/science.1098
371 

48. Strober W, Murray PJ, Kitani A, Watanabe T. 
Signalling pathways and molecular interactions of 
NOD1 and NOD2. Nat Rev Immunol. 2006;6(1):9-20. d
oi:10.1038/nri1747 

49. Caruso R, Warner N, Inohara N, Núñez G. NOD1 
and NOD2: Signaling, Host Defense, and 
Inflammatory Disease. Immunity. 2014;41(6):898-908. 
doi:10.1016/j.immuni.2014.12.010 

50. Correa RG, Milutinovic S, Reed JC. Roles of NOD1 
(NLRC1) and NOD2 (NLRC2) in innate immunity and 
inflammatory diseases. Bioscience Reports. 
2012;32(6):597-608. doi:10.1042/BSR-20120055 

51. Zou PF, Chang MX, Li Y, et al. NOD2 in zebrafish 
functions in antibacterial and also antiviral responses 
via NF-κB, and also MDA5, RIG-I and MAVS. Fish & 
Shellfish Immunology. 2016;55:173-185. doi:10.1016/
j.fsi.2016.05.031 

52. Corridoni D, Arseneau KO, Cifone MG, Cominelli 
F. The dual role of nod-like receptors in mucosal 
innate immunity and chronic intestinal 
inflammation. Front Immunol. 2014;5(317). doi:10.33
89/fimmu.2014.00317 

Transcriptome Analysis of the Cultured Hybrid Grouper (♀Epinephelus fuscoguttatus×♂E. lanceolatus) Immu…

Israeli Journal of Aquaculture - Bamidgeh 9

https://doi.org/10.1016/j.aquaculture.2021.736637
https://doi.org/10.1016/j.aquaculture.2021.736637
https://doi.org/10.1016/j.dci.2012.08.005
https://doi.org/10.1016/j.dci.2012.08.005
https://doi.org/10.1016/s0952-7915(01)00309-0
https://doi.org/10.1016/s0952-7915(01)00309-0
https://doi.org/10.3389/fimmu.2022.802638
https://doi.org/10.1189/jlb.0804439
https://doi.org/10.1189/jlb.0804439
https://doi.org/10.1016/j.fsi.2022.03.014
https://doi.org/10.1007/s13277-015-4516-6
https://doi.org/10.1007/s13277-015-4516-6
https://doi.org/10.1016/j.aquaculture.2021.737450
https://doi.org/10.1016/j.aquaculture.2021.737450
https://doi.org/10.1016/j.jembe.2008.06.035
https://doi.org/10.1016/j.jembe.2008.06.035
https://doi.org/10.1126/science.1098371
https://doi.org/10.1126/science.1098371
https://doi.org/10.1038/nri1747
https://doi.org/10.1038/nri1747
https://doi.org/10.1016/j.immuni.2014.12.010
https://doi.org/10.1042/BSR-20120055
https://doi.org/10.1016/j.fsi.2016.05.031
https://doi.org/10.1016/j.fsi.2016.05.031
https://doi.org/10.3389/fimmu.2014.00317
https://doi.org/10.3389/fimmu.2014.00317

	Introduction
	Materials and Methods
	Fish
	Preparation of FKC and adjuvant
	Vaccination and total RNA extraction
	Library preparation and sequencing Annotation and classification of genes
	Annotation and classification of genes Quantitative real-time PCR validation
	Quantitative real-time PCR validation

	Results
	Transcriptional sequences annotation
	DEGs analysis
	Validation of results by qRT-PCR

	Discussion
	Declaration of competing interest
	Acknowledgment

	References

