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Vibrio harveyi is a major pathogen in yellow drum (Nibea albiflora) aquaculture, causing significant mortality and economic losses. In this study, using the latest assembled reference genome of yellow drum by our laboratory, we conducted genome-wide association study (GWAS) analysis on 345 individuals (197 susceptible and 148 resistant). The analysis revealed 24 significant single nucleotide polymorphisms (SNPs) on chromosome 24 within a 217 Kb region. The estimated heritability for all genome-wide SNPs was 0.3578, while the heritability for the 24 significant SNPs was 0.0710. Four candidate genes were identified within this region: Suppressor of Cytokine Signaling 1 (SOCS1), C-type Lectin Domain Family 16A (CLEC16A), Major Histocompatibility Complex Class II Transactivator (CIITA), and Protein Kinase Cβ (PRKCB). Subsequently, expression quantitative trait loci (eQTL) analysis was performed on transcriptome sequencing data from spleen tissues of 78 individuals from the resistant group. On average, each chromosome harbored 49,396 eQTL loci, with an average of one SNP regulate 1.3 genes. Notably, 22.79% of SNPs showed significant associations with the expression of one or more genes. By integrating GWAS and eQTL data, seven SNPs were identified to have significant associations with regulated genes in the eQTL results. All seven SNPs were found to target the same gene, namely Zinc Finger Protein yd23210 in yellow drum. This study provides genetic markers and candidate genes for molecular breeding of yellow drum against V. harveyi infection, offering insights into the molecular immune mechanisms and potential pathways for genetic improvement of disease resistance traits in this species.
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1 Introduction

Vibriosis is one of the earliest recorded diseases of fish, causing enormous economic losses to the marine aquaculture industry (Mohd Yazid et al., 2021). Vibrio harveyi is one of the species related to the disease and it can infect a wide range of fishes, including catfish, grouper, rainbow trout, breams and basses (Triga et al., 2024). The most relevant clinical signs of vibriosis in fish include the presence of hemorrhages, skin lesions, fin erosion, ulceration and gastro-enteritis. It can also cause systemic infection and mortality in fish, leading to septicemia and organ failure (Mohamad et al., 2019). The species is also notable for causing mass mortality in crustacean and mollusks aquaculture with systemic and severe symptoms in shrimps, lobsters, oysters and abalones (Zhang et al., 2020).

The yellow drum (Nibea albiflora) is a sciaenid found from the South China Sea to the coastal waters of Japan and Korea and is one of the most economically important marine fish in China and other East Asian countries (Xu et al., 2021). While the aquaculture of yellow drum is becoming more popular, pathogenic microbial stress continues to pose a significant threat to the species (Peng et al., 2023). When faced with the threat of V. harveyi, the yellow drum exhibits typical “red head” symptoms, characterized by the appearance of red spots on the head and subsequent ulceration and atrophy of internal organs during the later stages of infection. “Red head disease” stands as the most detrimental ailment in the current aquaculture of yellow drum, typically occurring in spring (May to July) and autumn (September to October) when water temperatures hover around 18°C. Particularly alarming is the high infection rate among juveniles weighing less than 50 g, with mortality rates reaching up to 100%, resulting in substantial economic losses. For example, in 2019 alone, outbreaks of vibriosis in aquaculture farms in China resulted in losses exceeding $100 million (Ding et al., 2023). However, effective preventive measures against yellow drum diseases caused by V. harveyi remain elusive.

Presently, detecting genes and single nucleotide polymorphism (SNP) loci affecting complex traits constitutes a pivotal aspect of contemporary biological research. Genome-wide association study (GWAS) has emerged as a prevalent approach for identifying multiple gene loci associated with complex traits (Zhang et al., 2024). However, determining candidate genes directly from the GWAS results poses challenges due to the predominant localization of suspected loci within non-coding regions of the genome. Moreover, the presence of linkage disequilibrium (LD) between SNPs complicates the identification of causal variations (Gallagher and Chen-Plotkin, 2018). Genetic variants mainly influence complex traits by regulating gene expression levels (Võsa et al., 2021). Expression quantitative trait loci (eQTL) analysis is aimed at determining the level of genetic variation at loci associated with gene expression. Many overlapping SNP loci between GWAS summary statistics and eQTLs in specific gene regions also indicate that key genetic variations have a potential role in gene regulation (Pei et al., 2023). Hence, integrating eQTLs into GWAS analysis is the effective means to analyze the mechanism of genetic regulation of complex traits (Võsa et al., 2021).

Previously, to develop a resistance strategy against V. harveyi infection in yellow drum, we performed a GWAS analysis to map loci associated with defense response, resulting in the identification of 23 significant SNPs (Luo et al., 2021). Building upon this groundwork, leveraging our latest high-quality assembly of the yellow drum reference genome (Sun et al., 2023), we analyzed resequencing data obtained from yellow drum post V. harveyi challenge coupled with RNA-seq data to perform genome-wide eQTL analysis, aiming to identify novel candidate loci for disease resistance and to provide valuable insights for breeding and genetic improvement efforts in yellow drum.




2 Materials and methods



2.1 Sample preparation, DNA/RNA extraction and sequencing

The experimental yellow drum, V. harveyi challenge and tissue collection followed protocols established in previous studies (Luo et al., 2021). Specifically, 15 days post-challenge with V. harveyi, we collected 148 surviving individuals as representatives of the resistant group, while 197 individuals succumbed during the peak infection period were selected as representatives of the susceptible group. Fins from individuals in both groups were excised and preserved in anhydrous ethanol at -20°C for genomic DNA extraction using the TIANamp Genomic DNA Kit (TIANGEN, Beijing), a total of 1 μg DNA per sample was used for sequencing library preparation following the TruSeq DNA Sample Preparation Guide (Illumina, 15,026,486 Rev.C). Libraries were then pooled and sequenced on the Illumina HiSeq X ten platform (Illumina, CA, USA) using pair-end model. Additionally, a total of 78 spleen tissue samples from resistant group were utilized for RNA extraction using the TransZol Up Plus RNA Kit (TIANGEN, Beijing), then subjected to sequencing on an Illumina NovaSeq 6000 platform (Beijing Annoroad Science Technology Co., Ltd.).




2.2 SNP discovery and genotyping

The quality of the sequencing reads of the samples were checked using the FastQC software package (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and the high-quality reads after filtering were used for subsequent analyses. The clean reads were aligned to the assembled yellow drum genome assembled in our laboratory using the BWA-MEM algorithm with default parameters (Li, 2013). The SNPs and small insertions/deletions (InDels) detection were performed using ‘HaplotypeCaller’ method in GATK v3.8 (McKenna et al., 2010). The remained SNPs in variant call format (VCF) were subjected to quality control using Plink1.9 software (http://zzz.bwh.harvard.edu/plink/), with the filtering parameters as follows: hwe <1e-10, maf >0.05, and geno <0.05. The missing SNPs were imputed using Beagle v4.1, and the accuracy of the imputed SNPs were evaluated by Beagle R2 values (Browning and Browning, 2007). The linkage disequilibrium (LD) level was measured with the correlation coefficient values (r2) between two SNPs using Plink v1.90b6.21.




2.3 Genome-wide association study

For GWAS, the association between the SNPs and phenotypes was performed via EMMAX with the Mixed Linear Model (MLM). A mixed linear model is typically expressed as the following equation: y = Xβ+ Zu + e, where y is a column vector of observed phenotypes (survival status of fish after infection), X is the standardized genotypes, β is the effects of the variant on the phenotype, Z is a matrix of random additive genetic effects, u is the random effect of the mixed model with Var(u) = σ2 gG where G is the kinship matrix, and e is a matrix of residual effect such that Var(e) = σ2 eI, which is assumed to be normally distributed with variance σ2 e, denoted as e ~ N (0, σ2 e).Manhattan plot was generated using R (version 4.0). The adjacent protein-coding genes of the candidate SNP markers with the highest significance were identified to determine their biological functions associated with V. harveyi resistance. Heritability was defined as the proportion of phenotypic variation explainable to genetic variation. The proportion of phenotypic variance explained (PVE) by all genome-wide SNPs for disease resistance traits. The PVE by each SNP was performed via GCTA software with the mixed linear model (Yang et al., 2011).




2.4 Protein-protein interaction networks

The construction of the network diagram depicting interactions among candidate gene proteins utilized the String database (https://cn.string-db.org) and employed the functionality of Multiple proteins to input candidate gene protein IDs along with those of interacting proteins, thereby generating the interaction network diagram.




2.5 Real-time quantitative PCR analysis

For quantitative analysis of the expression of candidate genes, specific primer pairs were designed (detailed in Table 1). The reaction system (20 μL) was prepared according to the instructions provided by the ChamQ™ Universal SYBR® qPCR Master Mix (Vazyme, China). The qPCR protocol involved initial denaturation at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 30 s. Analysis of relative expression was carried out using the StepOne Plus real-time Detection System (ABI, America) and the comparative Ct method (2-△△Ct). LSD under ONE-WAY ANOVA in IBM SPSS Statistics 24 software was used for significant difference analysis. A significance level of p < 0.05 indicated statistical significance, while p < 0.01 denoted extreme significance.


Table 1 | Specific Primers used for this study.






2.6 Expression quantitative trait loci analysis

For eQTL, the association between the SNPs and gene expression was performed via Matrix eQTL with the General linear model (Shabalin, 2012). In this study, cis-eQTL was defined as the expression of a gene associated with SNPs in the range of ±1 Mb. It means that only SNPs within 1Mb before and after the gene was analyzed, and a pair of associated SNP-genes were defined as a cis-eQTL locus. The Benjamini-Hochberg correction was conducted to reduce the error rate. The FDR (false discovery rate) value was used for correction of multiple tests, and eQTL locus with FDR values above the 1e-5 threshold line were considered significant.




2.7 Combined analysis of GWAS and eQTL

To identify candidate immune genes presenting in both GWAS and eQTL analysis datasets, we initially extracted SNP loci that exhibited statistical significance and mutual correlation. All SNP loci reaching genome-wide significance in the GWAS dataset were compiled and mapped onto the genome. Subsequently, based on the genetic distance of SNP loci on the genome, their positions, identifiers, regulated genes, p values, FDR, and other relevant information were determined in the eQTL dataset. Through genetic distance calculation, overlapping SNPs on the genome were identified, which were significantly associated with both resistance traits against V. harveyi infection and with gene expression levels in eQTL analysis. Genetic distance calculation and alignment were performed using scripts written in the R programming language. By co-localizing these SNPs, a connection between resistance traits against V. harveyi infection and gene expression levels was established, thus unveiling candidate genes influencing the level of disease resistance.




2.8 Bioinformatics analysis

Genes whose expression correlated with these SNPs were selected as candidate genes. Candidate gene information was searched in published papers and databases to determine their association with disease resistance. For protein sequence analysis of candidate gene, transmembrane domain was analyzed by the TMHMM (https://services.healthtech.dtu.dk/services/TMHMM-2.0/). The molecular weight, theoretical pI, and amino acid composition were investigated by the online ProtParam tool (www.expasy.org). The protein domains were performed by NCBI (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The tertiary structures were predicted using SWISS-MODEL (http://swissmodel.expasy.org/interactive). Subcellular localization prediction was using the online software PSORTb (https://www.psort.org/psortb/).





3 Results



3.1 SNP calling from resequencing data

Genomic DNAs of 345 yellow drum samples were sequenced on the HiSeq X ten platform (Illumina) and valid sequencing results were obtained from 345 individuals (148 survivals and 197 deaths) to generate a total of 12.37 billion raw reads (150 bp each). After data filtering, 11.95 billion reads (approximately 1.79 Tb) were retained for subsequent SNP calling, with a Q30 value of 93.69%. Utilizing the latest reference genome, the original DNA resequencing data underwent genotype calling, followed by SNP quality control through Hardy-Weinberg equilibrium (HWE), minimum allele frequency (MAF), and genotype missing rate (GENO) assessments, resulting in the identification of 4,485,033 SNPs for further analysis. With the utilization of the updated reference genome, 144,496 SNP loci previously identified in the prior study were corrected when compared to the 4,340,537 SNPs reported previously. Overall, the SNPs exhibited a uniform distribution across the chromosomes (Figure 1).




Figure 1 | SNPs distribution across the chromosomes in yellow drum. The color bars represent the number of SNPs within 0.1 Mb window size with reference to the index shown on the right.






3.2 Genome-wide association study

The GWAS analysis revealed a clustering of significant SNPs on chromosome 24, where 24 SNPs reaching genome-wide significance (α < 0.05) (with a genome-wide threshold line at p value < 1.12e-08) and 3 SNPs (α < 0.01, p < 2.23e-09) (Figure 2). Among 24 significantly associated SNPs at the genome level, 14 were located in intronic regions, 6 in exonic regions, and the remaining 4 SNPs were located in intergenic regions. Following alignment to the latest assembled reference genome of yellow drum, it was observed that SNPs exceeding the significance threshold (α < 0.05) were distributed within the genomic region spanning from position 17,258,856 to 17,476,269 on chr24. Consequently, this study defines the genomic region of 217 Kb on chr24 of yellow drum as a significant disease-resistant region. The distribution of the MAF of these variants ranged from 20.03% to 21.85% for significant SNPs on chr24. GCTA software was used to calculate the heritability, the estimated heritability of all genome-wide SNPs was 0.3578, while for the 24 significant SNPs (α < 0.05), it was 0.0710 (Table 2).




Figure 2 | Manhattan plot of GWAS analysis. The red line is the Bonferroni test genome-level significance (α=1%) threshold (p < 2.23e-09), while the blue line is significance (α= 5%) threshold (1.12e-08). SNPS that exceed the genome-level threshold line for Bonferroni tests are shown in red highlights.




Table 2 | The SNPS associated with V. harveyi resistance on chr24 in yellow drum were above the genome-level significant threshold (pvalue < 1.114818e-08).



Using Haploview, the linkage disequilibrium was assessed using the r² value (correlation coefficient between alleles), which ranges from 0 to 1. A higher r² value indicates lower genetic independence between SNPs, suggesting a higher likelihood of linkage between the two loci during inheritance.

As depicted in Figure 3, compared to randomly selected SNPs with the same density in the upstream and downstream regions of the genome, significant SNPs within disease-resistant regions exhibit stronger linkage disequilibrium.




Figure 3 | The LD map of the GWAS significant region and the SNP linkage disequilibrium within 100kb upstream and downstream. The black triangle area in the figure is the significant SNP in the significant area, and the SNPs in the upstream and downstream areas are randomly selected according to the distribution density of the significant SNP. The degree of SNP linkage disequilibrium in the significant region is higher than that in other regions.






3.3 Disease-resistant candidate genes

Four genes, namely suppressor of cytokine signaling 1 (SOCS1), C-type lectin domain containing 16A (CLEC16A), Class II transactivator (CIITA), and protein kinase C beta (PRKCB), were found within significant disease-resistant intervals. Analysis revealed a certain degree of synteny among these three genes across multiple species’ genomes (Figure 4). Synteny describes the distribution pattern of genes on chromosomes, where a group of genes located on the same chromosome in different species are physically co-localized, with their positions on the chromosome being very close. Inter-species synteny implies the relative conservation of these genes during evolution.




Figure 4 | The interspecies synteny figure of the three genes: CLEC16A, CIITA, and SOCS1. Blue in the figure indicates that the gene is located on the forward strand, and orange indicates that the gene is located on the reverse strand.






3.4 Protein-protein interaction networks of candidate genes

Using the STRING database, we analyzed proteins that interact with candidate genes (Figure 5). Employing a PPI enrichment p threshold of < 1.0e-16, we constructed a protein-protein interaction network consisting of 44 nodes. Utilizing K-means clustering, proteins were grouped into three sets based on their Count values: Red, Green, and Blue. Within the Red protein set, a majority of proteins were associated with the activation and transcriptional regulation of MHC class II genes, facilitating downstream immune gene activation such as Interferon Regulatory Factor 1 (IRF1) through the combinatorial action of various transcription factors. The Green protein set included not only common proteins like transcription factors and protein kinases but also enzymes like Ubiquitin-Specific Peptidase 8 (USP8), which deubiquitinates proteins to prevent their degradation during the cell cycle, thus playing a role in cell proliferation. In the Blue protein set, proteins with C-type lectin-like domains such as CD302 and CLEC12A regulated various cellular functions, impacting nucleases like DICER1, DROSHA (Ribonuclease 3), PIWIL1 (Piwi-like protein 1), and to some extent influencing DNA replication processes.




Figure 5 | Protein interaction network with candidate genes.






3.5 Expression profile of candidate genes

Using RT-qPCR, we assessed CLEC16A, SOCS1, and CIITA expression across tissues of healthy yellow drum, encompassing muscle, skin, intestine, gills, liver, head kidney, spleen, and brain, which unveil notable disparities in gene expression profiles, with CLEC16A demonstrating heightened expression in brain and spleen tissues, juxtaposed with its comparatively subdued levels in skin and muscle. Similarly, CIITA exhibits pronounced expression in head kidney and spleen, while registering diminished expression in skin and muscle. And SOCS1 showcases elevated expression levels in brain, alongside reduced expression in skin, as illustrated in Figure 6.




Figure 6 | Tissue distribute of CLEC16A (A), CIITA (B), and SOCS1 (C) in yellow drum. Values are mean ± SE of three biological replicates. Statistical significance is denoted with different letters on the top of each column group (p < 0.05).



Upon exposure to V. harveyi, dynamic changes in gene expression were observed in immune-related tissues of yellow drum (head kidney, liver, and spleen), as depicted in Figure 7. Notably, CLEC16A exhibited a unique expression pattern characterized by an initial increase followed by a subsequent decrease across all tissues. Conversely, SOCS1 and CIITA displayed an opposite trend, initially decreasing in expression levels and subsequently rising across all tissues. These results highlight the complex regulatory mechanisms underlying the immune response in yellow drum and provide insight into the intricate dynamics of gene expression in response to pathogenic stimuli.




Figure 7 | Differential Expressions profiles of CLEC16A, CIITA, and SOCS1 in yellow drum post V. harveyi challenge.  The symbol ‘*’ indicates p < 0.05, ‘**’ indicates p < 0.05.






3.6 eQTL analysis

In this study, effective RNA sequencing data were obtained from 78 yellow drum individuals. After initial quality control of RNA-seq data, a total of 481.26 Gb of clean data was generated, averaging 5.40 Gb per individual. Clean reads were aligned to the new reference genome, achieving an average unique alignment rate of 88.52% per sample. Using StringTie software, 23641 genes were assembled. Genes not expressed in all samples were filtered out, resulting in the use of 23570 genes’ expression data for eQTL analysis. Principal component analysis (PCA) performed using Plink indicated a uniform population distribution (Figure 8A).




Figure 8 | The eQTL analysis. (A) Principal component analysis. (B) Manhattan plot showing the genome-wide distribution of the identified eQTL across the genome. (C) Heatmap showing the clustering of SNPs.



Using the Matrix eQTL linear model, we assessed the correlation between the expression levels of 23,570 genes and 4,485,033 SNPs, resulting in the identification of 1,185,507 significant cis_eQTL loci (FDR above threshold of 1e-5), with an average of 49,396 eQTL loci per chromosome (Figure 8B). Among the 1,185,507 significant cis_eQTL loci, the average of one SNP regulate 1.3 genes. The majority of SNPs are associated with the expression level of only one gene, while 22.79% of SNPs show significant associations with one or more genes’ expression levels, possibly due to a substantial proportion of SNPs being in linkage disequilibrium (Figure 8C).




3.7 Combined analysis of GWAS and eQTL

The result of GWAS analysis revealed 24 significant SNPs within the notably disease-resistant regions. Through our analysis, we identified significant associations between the SNPs and gene expression levels. These SNPs were then compared with eQTL data, identifying 7 SNPs significantly associated with regulatory genes, with statistically significant p-values and FDR values in the eQTL results. Among these, 4 SNPs were located within exonic regions, while 3 were within intronic regions. Particularly, the genomic positions of these 7 SNPs spanned from 17.32 to 17.45 Mb, covering a region of 132 Kb. All of them were associated with a gene, yd23210 (Table 3). In summary, the genotypes of these 7 SNPs are significantly correlated with disease resistance traits (p < 1.12e-08) as well as the expression levels of yd23210 (FDR < 1e-5).


Table 3 | The SNP sites and eqtl genes regulated by GWAS and eQTL in joint analysis.






3.8 Sequence characteristics of yd_23210

The encoded protein of Zinc finger protein yd23210 by the coding region of 3207 bp consisted of 1069 amino acids, with two C2H2 zinc finger structures (372-392 aa, 502-522 aa) (Figure 9A). Protein sequence analysis indicated that there was no signal peptide or transmembrane domain in Zinc Finger Protein. The deduced molecular weight was 123.17 kDa, and the calculated isoelectric point was 4.09. The tertiary structure showed the two C2H2 zinc finger structures (Figure 9B). Subcellular localization prediction indicated cytoplasmic localization with a confidence score of 7.50.




Figure 9 | Sequence and domain analysis of the zinc finger protein yd23210 in yellow drum. (A) The coding sequence and predicted amino acid sequence. The stop codon is indicated with an asterisk(-), and two C2H2 type zinc fingers domain is highlighted with a yellow shadow. (B) The tertiary structure of yd23210 protein, the red structure is the predicted structure of two C2H2 zinc fingers, and the red sphere is the predicted binding position of zinc ions.







4 Discussion

In previous studies, to identify candidate genes for disease resistance, comparisons were commonly made between transcriptomic data from diseased and healthy groups, supplemented with eQTL analysis, to uncover candidate genes whose expression levels change during the onset of illness. However, it is noteworthy that genetic markers on the genome, such as SNPs, are inherently present and can exert influences on disease-resistance genes even before the onset of illness, leading to variations in individual disease resistance levels (Naranbhai et al., 2015). Additionally, diseased individuals are subject to various influences during illness, resulting in changes in the baseline gene expression levels and significantly reducing the accuracy of gene regulation (GTEx Consortium et al., 2018). Therefore, investigating the effects of genetic markers on the genome through methods like GWAS, coupled with eQTL studies using gene expression data from a cohort of healthy individuals, is more conducive to uncovering the expression and regulation of genes under normal physiological conditions (Pan et al., 2021).

Following alignment with the latest assembled reference genome of yellow drum, GWAS peaks in this study revealed a significantly disease-resistant region located on chr24, spanning from 17,258,856 bp to 17,476,269 bp, totaling 217 Kb. In contrast, previous studies identified GWAS peaks on chr14, within the disease-resistant interval ranging from 6.14 Mb to 6.82 Mb, covering 681 Kb. Through collinearity analysis, it is evident that the peak regions of the two GWAS analyses correspond to each other, chr24 in the latest assembled yellow drum reference genome corresponding to chr14 in the previous assembly, showing mostly conserved chromosomal regions except for a 200 Kb displacement, which is relatively small at the genomic level, encompassing only a few genes, making it practically the same region for trait gene selection studies. Moreover, both this study and the previous research observed GWAS peak SNPs associated with resistance to V. harveyi reaching significant levels. Compared to the disease-resistant regions identified in previous studies, our results have narrowed down the scope of the screened diseaseresistant region to, 464 Kb.

SOCS1, CLEC16A, as well as CIITA, were localized within the peak regions identified through GWAS. CLEC16A, genetically associated with a variety of autoimmune diseases (Pandey et al., 2019), is a key regulator of key regulators of the HLA-II pathway in antigen-presenting cells (APC), and is also involved in the regulation of mitosis, phagocytosis, and autophagy process (Schuster et al., 2015) (Soleimanpour et al., 2014). CIITA is a major histocompatibility complex (MHC) class II trans-activator that recognizes microbial pathogens and triggers immune responses in living organisms (Reith et al., 2005; Handunnetthi et al., 2010; Xia et al., 2015; León Machado and Steimle, 2021). SOCS1, a negative regulator of cytokine signaling (Ueki et al., 2004), has been reported to inhibit the JAK/STATs pathway and to play an important role in Lipopolysaccharide (LPS) - induced antimicrobial immunity (Kinjyo et al., 2002; Li et al., 2013).

The phenomenon of synteny primarily describes the distribution pattern of genes on chromosomes, wherein a group of genes positioned on the same chromosome in various species exhibit physical co-localization, characterized by their close proximity along the chromosome. In this study, a notable disease-resistant interval encompasses three genes: SOCS1, CLEC16A, and CIITA, which can also be termed a genetic locus from a genetic standpoint. Across multiple species genomes, these three genes exhibit a degree of inter-species synteny, revealing their evolutionary conservation. The presence of inter-species synteny may be attributed to the requirement for highly conserved sequences to support a common regulatory model, thereby regulating the expression of several or all genes within this locus. Research indicates an association between the human chromosome 16p13 region and susceptibility to autoimmune diseases, with genes including SOCS1, CLEC16A, and CIITA being located therein, displaying linkage disequilibrium (Leikfoss et al., 2013). The strong linkage disequilibrium of SNPs within the genetic locus at the genomic level implies the significant immunological candidate genes share a conserved relationship. Given that this region represents a relatively small segment of the chromosome, there is reason to hypothesize that the regulatory mechanisms governing the genes within it have undergone co-evolution.

In the tissue expression profiles of the three candidate genes, the brain and spleen exhibit the highest expression levels. In fish, the spleen is a vital immune organ, while the brain regulates the organism’s internal environment. Post-toxin exposure analysis reveals significant downregulation of SOCS1 and CIITA, and upregulation of CLEC16A around 24 h after V. harveyi stimulation. These expression patterns align with the genes’ functions. Decreased expression of SOCS1 and CIITA during immune response enhances resistance to V. harveyi, while their downregulation during bacterial stimulation underscores their importance in defense. Conversely, CLEC16A, an immune gene, shows significant upregulation during bacterial stimulation, indicating its pivotal role. The close temporal alignment of expression changes for these genes, along with the high linkage disequilibrium in the disease-resistant region, suggests common regulatory influences on this genetic locus.

The most significant SNP locus observed lies within the intronic region of the CLEC16A in present study, suggesting it as a potential causal gene underlying variations in disease resistance traits. Although the intronic SNP locus does not result in changes to protein coding, it may contribute to genetic polymorphism and alterations in gene expression levels. Similar findings have been reported in previous studies, such as the identification of SNP rs12927355 in the nineteenth intron region of CLEC16A as a primary effect signal for autoimmune diseases like multiple sclerosis. Furthermore, a highly linked gene cluster exists, comprising CIITA, DEXI, CLEC16A, and SOCS1 (Leikfoss et al., 2013). The genotype of rs12927355 correlates with the gene expression levels of CLEC16A and SOCS1 in peripheral CD4+ T cells. Additionally, co-expression of CIITA, DEXI, CLEC16A, and SOCS1 was observed in peripheral blood CD4+ and CD8+ T cells. Transcriptomic data from human thymic tissues indicate a negative correlation between the highest-effect SNP within CLEC16A and the expression levels of SOCS1 in the samples, although the association with CIITA, DEXI, and CLEC16A expression levels did not reach significance (Zuvich et al., 2011; Berge et al., 2013).

Through GWAS and eQTL analyses, the genetic regulatory mechanisms underlying the immune gene expression response of yellow drum to V. harveyi stimulation were investigated. Seven SNPs were found to exhibit significant genotype associations, all pointing to a single gene: yd23210. This indicates a significant correlation between these SNPs and disease resistance traits (p < 1.12e-08), as well as the expression levels of yd23210 (FDR < 1e-5). Among the SNPs showing disease resistance effects, yd23210 plays a crucial role. Additionally, yd23210 is located within 1 Mb of the GWAS peak region, falling within the category of proximal regulation. Such regulatory effects may be a potential determinant influencing the variation in disease resistance of the SOCS1-CLEC16A-CIITA locus.

Through analysis of the sequence structure of yd23210, it was found to possess a typical zinc finger protein structure, and phylogenetic tree analysis indicated its highest homology with the zinc finger protein in large yellow croaker (Larimichthys crocea). A hallmark of zinc finger proteins is their stable short peptide spatial configuration, capable of self-folding into a “finger” configuration upon binding with Zn2+. This structure is commonly found in transcription factors of eukaryotes. Our studied revealed a significant correlation between the expression level of this zinc finger protein and the genotypes of significantly disease-resistant SNP loci. Therefore, we hypothesize that the zinc finger protein yd23210 in yellow drum may serve as a potential transcription factor, with its expression influenced by regulatory elements within the disease-resistant interval, thereby affecting the transcriptional regulation of immune genes and individual resistance of yellow drum to V. harveyi disease. The majority of zinc finger proteins exist within organisms and function as transcription factors capable of regulating the expression of genes with specific binding domains.

Zinc finger proteins were first discovered in 1983 in the transcription factor TFIIIA in Xenopus laevis oocytes (Berg and Shi, 1996), marking the commencement of extensive research on these proteins in eukaryotes. Among them, C2H2 zinc finger proteins stand out as one of the largest families in mammals, playing pivotal roles in growth, development, and stress tolerance. Structurally, C2H2 zinc finger proteins are characterized by the motif C_X2-4_C_X12_H_X3-5_H (Pi et al., 2002), which governs transcriptional regulation by engaging with DNA, RNA, or protein molecules, or by directly modulating gene expression through zinc finger protein binding. Liu et al. (Liu et al., 2013) conducted targeted knockout of the ZBTB20, encoding a myeloid zinc finger protein, in mice, revealing diminished responsiveness to various TLR ligands and reduced production of inflammatory cytokines by macrophages such as TNF, IFN-β, and IL6. Moreover, ZBTB20 inhibits the transcription of the IκBα in the downstream TLR signaling pathway, thereby attenuating NF-κB expression (Pi et al., 2002). Zinc finger proteins wield significant influence over inflammatory processes in animals, with expression levels of select members correlating significantly with classical inflammatory pathways. For instance, A20, a zinc finger protein housing seven zinc fingers in its carboxyl-terminal domain, serves as a protective factor during cellular inflammatory responses, while also modulating the intensity of the inflammatory reaction. NF-κB, a vital intracellular pathway in inflammation, harbors nuclear factor-kB (NF-kB) as its pivotal nuclear transcription factor. This pathway’s versatility manifests as it engages Toll-like receptors, interleukin receptors, complement C3a receptors, and other molecules, culminating in downstream cytokine release and inflammation propagation (Manna, 2012; Catrysse et al., 2014). Studies focusing on inflammatory responses unveil significant alterations in gene expression levels—such as A20, p53, and p-p65 following TNF-α treatment of rat myeloid cells. Exogenous stimuli elevate zinc finger protein A20 expression in mice, with subsequent assessments revealing altered cytokine levels in tissues such as the liver and blood. Post-stimulation, TNF-α concentrations decrease in serum and liver tissue, while liver tissue NF-κB and p65 protein expression levels increase. Furthermore, expression levels of TNF-α, IL-1β, IL-6 mRNA, as well as p-IκBα and p-NF-κB p65 proteins, are significantly reduced (Mitchell et al., 2016). Consequently, A20 expression levels correlate with inflammatory factor expression levels in the NF-κB signaling pathway. Zinc finger protein A20 expression mitigates downstream cytokine expression in the NF-κB signaling cascade, thereby attenuating inflammatory responses and safeguarding cells against inflammation-induced damage. The observed association between zinc finger protein expression levels and inflammatory responses echoes findings from combined GWAS and eQTL analyses in this study.

Therefore, this study postulates that the yellow drum zinc finger protein yd23210 may regulate gene expression levels within the SOCS1-CLEC16A-CIITA locus through mechanisms similar to those of A20. By binding with its zinc finger domains to this locus, it subsequently influences downstream cytokines, regulating inflammation-related pathways such as the IFN-JAK/STAT pathway, TCR pathway, and NF-κB pathway, thereby controlling the intensity of inflammation response during V. harveyi infection and protecting cells’ normal physiological activities.




5 Conclusions

In this study, we performed a GWAS using DNA resequencing data from the fin tissues of yellow drum. The results revealed a prominent SNP peak on chromosome 24, containing 24 genome-wide significant SNPs (p < 1.12e-08) within a 217 Kb region associated with disease resistance. The estimated heritability of all SNPs across the genome was 0.3578, while the heritability of the 24 significant SNPs was 0.0710. Within this significant disease resistance region, four candidate genes were identified: SOCS1, CLEC16, CIlTA and PRKCB. Additionally, we conducted expression quantitative trait loci (eQTL) analysis using transcriptome sequencing data from the spleen tissues of yellow drum. On average, each chromosome contained 49,396 eQTL loci, with each SNP regulating an average of 1.3 genes. Notably, 22.79% of SNPs were significantly associated with the expression of one or more genes. By integrating the GWAS and eQTL data, we identified seven SNPs that were significantly associated with the regulation of the same gene in the eQTL results, specifically the zine finger protein yd23210 in yellow drum.

This study provides genetic markers and candidate genes for the molecular breeding of yellow drum for resistance to V. harveyi disease, offering valuable insights into the molecular immune mechanisms and genetic improvement of disease resistance traits in this species.
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SNP_ID BP Pvalu MAF
Chr24:17258856 17258856 3.25E-09 Intergenic 02185 NA
Chr24:17260473 17260473 3.80E-09 Intergenic 0.2045 NA
Chr24:17267421 17267421 3.67E-09 Intergenic 02143 NA
Chr24:17279412 17279412 9.54E-09 Intergenic 0.2059 NA
Chr24:17316360 17316360 2.67E-09 CIITA_Intronic 0.2087 NA
Chr24:17318957 17318957 9.43E-10 CIITA_Intronic 0.2045 NA
Chr24:17321798 17321798 9.26E-09 CIITA_Intronic 0.2003 NA
Chr24:17325334 17325334 8.51E-09 CIITA_exon 02115 synonymous mutation
Chr24:17325349 17325349 8.51E-09 CIITA_exon 0.2115 synonymous mutation
Chr24:17334378 17334378 6.04E-09 CLECI6A_exon 0.2073 synonymous mutation
Chr24:17337020 17337020 6.79E-09 CLECI6A _Intronic 0.2073 NA
Chr24:17337029 17337029 6.79E-09 CLECI6A_Intronic 0.2073 NA
Chr24:17351350 17351350 7.88E-09 CLECI6A_Intronic 0.2073 NA
Chr24:17358542 17358542 7.21E-09 CLECI6A_Intronic 0.2045 NA
Chr24:17358547 17358547 7.21E-09 CLECI6A _Intronic 0.2045 NA
Chr24:17365189 17365189 8.22E-10 CLECI6A _Intronic 0.2087 NA
Chr24:17365862 17365862 1.07E-09 CLEC16A_exon 0.2073 synonymous mutation
Chr24:17365932 17365932 2.48E-09 CLECI6A_exon 0.2059 S
mutations
Chr24:17365933 17365933 2.48E-09 CLECI6A_exon 0.2059 nensynenymous
mutations

Chr24:17379583 17379583 3.34E-09 SOCS1_Intronic 0.2031 NA
Chr24:17379644 17379644 2,61E-09 SOCS1_Intronic 0.2059 NA
Chr24:17412921 17412921 4.46E-09 PRKCB_Intronic 0.2087 NA
Chr24:17451001 17451001 9.68E-09 PRKCB_Intronic 0.2031 NA
Chr24:17476269 17476269 5.42E-09 PRKCB_Intronic 0.2017 NA

NA, Not Available.
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SNP_Distance_

eQTL_SNp_Ip | S9TL_Gene_- | .on DR | GWAS_P_value | to_eQTlgene.- | location
i )
Chr24_17365862 yd_23210 3.05E-07 1.07E-09 398,900 CLEC16A_exon G A 0.2073
Chr24_17365933 yd_23210 4.73E-07 248E-09 398,829 CLECI6A_exon A T 0.2059
Chr24_17365932 yd_23210 4.73E-07 248E-09 398,830 CLECI16A_exon G A 0.2059
Chr24_17337029 | yd_23210 4.44E-07 I 6.79E-09 427,733 CLEC16A_Intronic { o4 G 0.2073
Chr24_17337020 yd_23210 4.44E-07 6.79E-09 427,742 CLEC16A_Intronic T A 0.2073
Chr24_17451001 yd_23210 7.29E-07 9.68E-09 313,761 PRKCB_Intronic G A 0.2031
Chr24_17318957 yd_23210 145E-07 9.43E-10 445,805 CIITA_Intronic G G 0.2045
Chr24_17365862 yd_23210 3.05E-07 | 1.07E-09 398,900 ‘ CLEC16A_exon G A v 0.2073
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Integrative GWAS and eQTL analysis
identifies genes associated with resistance
to Vibrio harveyi infection in yellow drum
(Nibea albiflora)
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Primer name Primer Sequence (5'-3’)

CLECI6A_qF ACCGTGGCCGCAAGAGAACT

CLECI6A_gR CCAGCCCTTTCGTCATCCTCCT
CIITA_qF ATCAAGTGCTTCGTCTGAAGATGGAA
CIITA_qR CGGTGTGGAGGATGGAGGAGTT
SOCS1_qF CGTCCTTGTCCTCATCCTCATCCT
SOCSI_qR TGCTCCGACTCTGTGCGTTGA
P-actin_F TTATGAAGGCTATGCCCTGCC
P-actin_R TGAAGGAGTAGCCACGCTCTGT






