

  ijms-25-10872




ijms-25-10872







Int. J. Mol. Sci. 2024, 25(20), 10872; doi:10.3390/ijms252010872




Article



QTL Mapping-Based Identification of Visceral White-Nodules Disease Resistance Genes in Larimichthys polyactis



Qian Li 1,2, Jiajie Zhu 2,3, Sifang Liu 2,4, Haowen Liu 2,4, Tianle Zhang 2, Ting Ye 2, Bao Lou 2,* and Feng Liu 2,*





1



National Engineering Research Center for Marine Aquaculture, Zhejiang Ocean University, Zhoushan 316022, China






2



Zhejiang Key Laboratory of Coastal Biological Germplasm Resources Conservation and Utilization, Institute of Hydrobiology, Zhejiang Academy of Agricultural Sciences, Hangzhou 310021, China






3



Key Laboratory of Applied Marine Biotechnology by the Ministry of Education, School of Marine Sciences, Ningbo University, Ningbo 315211, China






4



College of Life Sciences, China Jiliang University, Hangzhou 310018, China









*



Correspondence: loubao@zaas.ac.cn (B.L.); liufeng@zaas.ac.cn (F.L.)







Citation: Li, Q.; Zhu, J.; Liu, S.; Liu, H.; Zhang, T.; Ye, T.; Lou, B.; Liu, F. QTL Mapping-Based Identification of Visceral White-Nodules Disease Resistance Genes in Larimichthys polyactis. Int. J. Mol. Sci. 2024, 25, 10872. https://doi.org/10.3390/ijms252010872



Academic Editor: Sergey Dobretsov



Received: 8 September 2024 / Revised: 28 September 2024 / Accepted: 30 September 2024 / Published: 10 October 2024



Abstract

:

Disease outbreaks in aquaculture have recently intensified. In particular, visceral white-nodules disease, caused by Pseudomonas plecoglossicida, has severely hindered the small yellow croaker (Larimichthys polyactis) aquaculture industry. However, research on this disease is limited. To address this gap, the present study employed a 100K SNP chip to genotype individuals from an F1 full-sib family, identify single nucleotide polymorphisms (SNPs), and construct a genetic linkage map for this species. A high-density genetic linkage map spanning a total length of 1395.72 cM with an average interval of 0.08 cM distributed across 24 linkage groups was obtained. Employing post-infection survival time as an indicator of disease resistance, 13 disease resistance-related quantitative trait loci (QTLs) were detected, and these regions included 169 genes. Functional enrichment analyses pinpointed 11 candidate disease resistance-related genes. RT-qPCR analysis revealed that the genes of chmp1a and arg1 are significantly differentially expressed in response to P. plecoglossicida infection in spleen and liver tissues, indicating their pivotal functions in disease resistance. In summary, in addition to successfully constructing a high-density genetic linkage map, this study reports the first QTL mapping for visceral white-nodules disease resistance. These results provide insight into the intricate molecular mechanisms underlying disease resistance in the small yellow croaker.
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1. Introduction


The small yellow croaker (Larimichthys polyactis), a member of the order Perciformes and family Sciaenidae, is a warm–temperate demersal fish that inhabits the northwest Pacific Ocean, including the Bohai Sea, Yellow Sea, and East China Sea [1]. As one of the “Four Major Marine Products” in China, this fish is highly prized for its nutritional value, exquisite flavor, and delicate texture, making it a favored choice among consumers and a pivotal economic species with considerable aquaculture potential [2]. Significant advances in small yellow croaker aquaculture have recently been achieved, including full artificial breeding and large-scale cage farming [3], particularly along the coastal regions of the Zhejiang and Jiangsu provinces in China [4]. This transformation has positioned the small yellow croaker as a promising species for aquaculture. However, with the development of intensive farming models, the aquaculture environment has deteriorated continually, resulting in frequent disease outbreaks, which pose a formidable challenge to the sustainable development of the small yellow croaker aquaculture industry [5].



The etiology of diseases in marine aquaculture fish primarily includes pathogenic microorganisms (e.g., viruses, bacteria), parasites, and abiotic factors [6]. Among these, visceral white-nodules disease (VWND) caused by P. plecoglossicida has emerged as one of the most significant diseases in recent years [7]. Characterized by its swift onset and high infectivity, this disease has been documented in a range of fish species, including the orange-spotted grouper (Epinephelus coioides) [8], rainbow trout (Oncorhynchus mykiss) [9], crucian carp (Carassius auratus) [10], and large yellow croaker (Larimichthys crocea) [11]. The mortality rate due to this disease skyrocketed to 70–80%, leading to substantial economic losses in major cultures [12]. To address this pressing issue, the breeding of new disease-resistant strains with superior traits has become imperative. Marker-assisted selection (MAS), as opposed to traditional breeding methods, which are time-consuming, labor-intensive, and inefficient, is a more accurate, stable, and effective strategy [13]. MAS can shorten the breeding cycle significantly [14], ensuring the rapid development of resilient fish strains capable of thriving in challenging aquaculture environments.



With unprecedented advancements in high-throughput sequencing technology, SNP markers, characterized by their abundance and extensive distribution across the genome, have emerged as indispensable molecular tools [15,16]. They are widely used in genetic map construction, QTL mapping, and the identification of genetic resources [17]. SNP markers have been used to construct high-density linkage maps for diverse aquaculture species, such as the Atlantic salmon (Salmo salar) [18], catfish (Silurus asotus) [19], Japanese flounder (Paralichthys olivaceus) [20], Asian sea bass (Lates calcarifer) [21], Pacific oyster (Crassostrea gigas) [22], and large yellow croaker (Larimichthys crocea) [23]. Moreover, the utilization of high-density genetic markers for quantitative trait locus (QTL) mapping in aquaculture species represents a pivotal strategy in unraveling trait structures and pinpointing genomic regions, underlying genes, and causal mutations that govern phenotypic variability [24]. This approach has been implemented extensively to explore QTLs associated with disease resistance in aquaculture species, such as the red sea bream (Pagrus major) [25], Pacific oyster (Crassostrea gigas) [26], black rockfish (Sebastes schlegelii) [27], and turbot (Scophthalmus maximus) [28].



Understanding the key genes related to disease resistance is crucial for MAS and the healthy development of the aquaculture industry. Various disease resistance-related genes in aquaculture species have been identified. For example, QTL mapping in the three-spined stickleback (Gasterosteus aculeatus) revealed two genomic regions associated with exacerbated gut inflammation, unveiling candidate genes implicated in the coagulation/complement system, NF-κB and MAPK signaling pathways, as well as genes associated with intestinal and nervous system diseases [29]. In the Asian sea bass, QTLs and genes associated with resistance to the Singapore grouper iridovirus were identified [30]. However, little research has focused on QTLs and the functional genes related to VWND resistance in the small yellow croaker. Therefore, in the present study, individuals from an F1 full-sib family of small yellow croaker were evaluated using a 100K SNP chip for individual SNP genotyping and the construction of a high-density genetic linkage map. We performed QTL mapping specific to the VWND resistance trait to screen for disease resistance-related SNPs and identified functional genes associated with disease resistance. This groundbreaking research serves as a cornerstone in deciphering the intricate molecular mechanisms underlying disease resistance in the small yellow croaker as well as in other aquaculture animals, thereby providing invaluable insights for the sustainable development of the aquaculture industry.




2. Results


2.1. Genotyping and Genetic Marker Development


A total of 121 F1 offspring and two parents were tested using the 100K SNP chip, yielding 97,537 SNPs. After filtering, 74,097 SNP markers were obtained, among which 48,853 markers were available for the F1 population. Following filtering for segregation distortion, 43,765 SNPs were retained (Table 1). Through the process of binning, 18,036 bin markers were identified for subsequent analyses.




2.2. Construction of Linkage Maps


Linkage maps with 24 linkage groups were constructed using the Perl SVG module based on the high-quality genetic markers. The male map, consisting of 12,108 bin markers, exhibited a total genetic distance of 1433.12 cM, averaging 0.12 cM per marker and featuring a maximum interval of 16.26 cM (Supplementary Table S1). The female map included 11,734 bin markers, spanning a total genetic distance of 1374.35 cM, also averaging 0.12 cM but with a maximum interval of 19.05 cM (Supplementary Table S2). The integrated map contained 17,735 bin markers, spanning a total genetic distance of 1395.72 cM, with an average distance of 0.08 cM and a maximum interval of 11.79 cM (Figure 1; Table 2).




2.3. QTL Mapping of Disease-Related Traits


A QTL analysis of SNP loci associated with the phe_dur phenotype was performed using the MQM mapping approach within the MapQTL6.0 software. At LOD = 3, 13 QTLs related to disease resistance were identified, distributed across two linkage groups designated LG9 and LG21 (Table 3, Figure 2). Specifically, LG9 contained four QTLs, each explaining 11% to 13.3% of the phenotypic variation. Among these, the QTL with the maximum LOD score of 3.71 explained 13.3% of the phenotypic variation, while the QTL with the minimum LOD score of 3.03 accounted for 11% of the phenotypic variation. LG21 contained nine QTLs, collectively explaining phenotypic variation within a range of 10.9% to 13.3%. Here, the QTL displaying the maximum LOD score of 3.53 contributed 12.7% to the phenotypic variation, and the QTL with the minimum LOD score of 3.01 explained 10.9% of the phenotypic variation.




2.4. Functional Enrichment Analysis of Candidate Genes


Candidate genes were retrieved based on the annotated genome of the small yellow croaker. Within the 13 QTLs analyzed, 169 candidate genes were identified (Supplementary Table S3). Functional enrichment analyses of these candidate genes using the GO database revealed that the genes are mainly related to the terms of cellular localization, protein complex, chemokine activity, cytokine receptor binding, and several other terms (Figure 3; Supplementary Table S4). These results suggest that diverse biological processes contribute to resistance to VWND.



In the KEGG pathway enrichment analysis of the candidate genes, the top 20 enriched pathways were mostly related to cell growth, proliferation, metabolism, and apoptosis. These pathways encompass a range of biological processes, including endocytosis, the MAPK signaling pathway, the Fanconi anemia pathway, the biosynthesis of amino acids, sphingolipid metabolism, inositol phosphate metabolism, arginine and proline metabolism, ribosome biogenesis in eukaryotes, the intestinal immune network for IgA production, and several other metabolic pathways (Figure 4; Supplementary Table S5). These findings suggest that the response to pathogen stimulation involves both metabolic processes and the immune system.




2.5. Identification of Disease Resistance Gene Candidates


A total of 11 candidate genes were evaluated using RT-qPCR; these included six genes associated with the most enriched pathways of endocytosis and the MAPK signaling pathway, as well as five additional randomly selected potential genes related to disease resistance obtained from the present study (Table 4). The results revealed significant differences in the expression levels of eight genes in spleen and liver tissues when compared with levels in the control group. In spleen tissue, the expression levels of pten, chmp1a, arg1, chmp2a, chmp6, and map2k6 differed significantly, with chmp1a, arg1, chmp2a, and chmp6 exhibiting upregulation and pten and map2k6 displaying downregulation in the test group (Figure 5A). In liver tissue, a pattern of differential expression was observed for tat, asah2, chmp1a, and arg1, with asah2, chmp1a, and arg1 showing upregulation and tat showing downregulation in the test group (Figure 5B). Notably, chmp1a and arg1 demonstrated significant differential expression in both spleen and liver tissues, which were consistently upregulated.





3. Discussion


MAS is an efficient tool for genetic improvement, leveraging the intimate link between molecular markers and genes that dictate targeted traits. Molecular markers provide a basis for evaluating the presence of a target gene and thereby for the selection of favorable traits [31]. High-quality genetic linkage maps serve as vital tools for QTL mapping, MAS, and genetic improvement in many aquaculture species [32]. For instance, a genetic linkage map has been constructed for black carp (Mylopharyngodon piceus) using 128 F1 progeny and 10,390 SNPs, spanning a total length of 1708.53 cM with an average genetic distance of 0.51 cM [33]. Similarly, a high-density genetic linkage map for the Japanese flounder was constructed using 13,362 SNPs, with a total length of 3497.29 cM and an average interval of 0.47 cM [20]. For grass carp (Ctenopharyngodon idella), a genetic map was constructed with 3979 SNPs, with a total length of 1752.742 cM and an average marker interval of 0.44 cM [34]. In the present study, aiming for more accurate QTL mapping with narrower intervals, a high-density genetic linkage map was constructed based on 18,036 bin markers. The total map length was 1395.72 cM, with an average interval of 0.08 cM, ensuring the provision of accurate physical locations. The differences in map length and precision compared with those of previous studies may be attributed to the genetic variation resulting from different mapping populations.



Disease has been a pivotal trait targeted by aquaculture breeders for decades, and it represents the single most significant contributor to economic losses within the aquaculture industry [35]. In recent years, with the successful construction of high-density genetic linkage maps, extensive research has focused on QTLs related to disease resistance traits. In a study involving 520 Asian sea bass (Lates calcarifer), 23 QTLs associated with resistance to viral nervous necrosis were detected, explaining 2.2–4.1% of the phenotypic variation [36]. In another study, QTL mapping for resistance to the Singapore grouper iridovirus in 2000 Asian sea bass identified four QTLs on four linkage groups, explaining 7.5–15.6% of the phenotypic variation [30]. In the present study, QTL mapping identified 13 QTLs related to resistance to VWND in the small yellow croaker, explaining 10.9–13.3% of the phenotypic variation. Compared with QTLs associated with resistance to Edwardsiella tarda in the Japanese flounder, which explained 16.0–89.5% of the phenotypic variation with a similar sample size of 106 fish [37], the proportion of variance explained in this study was relatively smaller. This difference may be due to the complexity of disease resistance traits in fish, which are influenced by species, the external environment, sample size, and other factors.



Upon the infection of fish by pathogenic bacteria, a complex series of immune defense mechanisms are promptly activated. The immune response consumes considerable energy, necessitating metabolic adjustments to redirect energy resources [38]. In this process, many immune processes related to carbohydrate, lipid, and amino acid metabolism are activated [39,40]. Based on the reference genome annotation, candidate genes were obtained. Functional enrichment revealed that these genes are involved in immune pathways, such as “Endocytosis”, “MAPK signaling pathway”, “Fanconi anemia pathway”, “phenylalanine, tyrosine, and tryptophan biosynthesis”, and “intestinal immune network for IgA production”. To validate our findings, the expression levels of 11 genes (6 in the “endocytosis”, and “MAPK signaling pathway” and 5 potential disease resistance-related genes), were evaluated in the spleen and liver tissues of fish subjected to pathogen infection. Among the 11 genes, 6 showed significant differential expression only in the spleen, 2 showed significant differential expression only in the liver, and 2 (i.e., chmp1a and arg1) were significantly differentially expressed in both organs under pathogen infection. These results indicate that chmp1a and arg1 as crucial candidate genes associated with resistance to VWND. These findings provide valuable insights into the genetic underpinnings of disease resistance in fish and offer potential targets for future breeding and genetic improvement programs.



Among the candidate genes, arg1 (Arginase 1) is a key molecule involved in arginine metabolism. Arginine can enhance antioxidant defense in fish, mitigating inflammatory responses [41,42]. Arg1 metabolizes L-arginine into urea and L-ornithine, which subsequently yield proline and polyamines vital for cell proliferation and collagen synthesis [43]. Arg1 protects against inflammation, tumor immunity, fibrosis, and immunosuppression-related diseases mainly via its regulatory effects on L-arginine metabolism in immune cells, including macrophages [44,45]. Therefore, it can be inferred that in response to pathogen infection, fish exhibit an inflammatory response, prompting arg1 upregulation to protect against tissue damage caused by inflammation [46]. Chmp1a, chmp6, and chmp2a are members of the ESCRT-III family, which is crucial for cellular functions from division to endosome maturation [47,48]. ESCRT-III proteins mediate membrane remodeling in multivesicular body formation, cytokinesis, and virus release [49]. They also restrict pro-inflammatory responses post-inflammasome activation [50]. Chmp1a modulates apoptosis via Bax/Bcl-2 and MDM2/p53, influencing proliferation and inhibiting differentiation [51,52]. Its dysfunction disrupts ESCRT-III-mediated vesicle release, hindering brain progenitor proliferation [53]. Chmp1a overexpression using plasmids inhibits renal tumor growth in vitro and in vivo [54]. As an autophagosome regulator, the depletion of chmp2a triggers a caspase-8 cascade, inducing apoptosis in osteosarcoma and neuroblastoma cells [55]. Chmp2a and tumor-EVs can induce NK cell apoptosis, limiting cytotoxicity [56]. Overexpression of chmp6 promotes apoptosis-related cell death, suggesting its role in tumorigenesis and apoptosis [57]. Blocking the ESCRT-II-CHMP6 interaction disrupts cytokine shedding, leading to cell death [58]. Thus, chmp1a, chmp6, and chmp2a may regulate apoptosis and proliferation in response to pathogen stress.



The map2k6 (mitogen-activated protein kinase kinase 6) gene belongs to the MAPK (mitogen-activated protein kinase) family. MAPK kinases facilitate protein phosphorylation, forming complex regulatory networks that control gene expression and play crucial roles in cell proliferation, apoptosis, immune defense, and humoral immunity [59]. Extensive research has focused on their roles in various aquaculture species. For instance, chlorpyrifos activates the MAPK signaling pathway, resulting in necrotic cell death and inflammatory damage [60,61]. Conversely, downregulating the MAPK signaling pathway can mitigate the inflammation induced by polystyrene-MP infection in the head kidney cells of Nile tilapia (Oreochromis niloticus) [62]. Additionally, alkaline exposure disrupts ammonia metabolism and ammonia accumulation in the Chinese mitten crab, activating the MAPK signaling pathway and ultimately leading to apoptosis [63]. Map2k6, plays a central role in regulating cell functions [64]; specifically, it promotes cell proliferation [65], as evidenced by its essentiality in esophageal adenocarcinoma cell proliferation [66]. Similarly, downregulation of map2k6 inhibits the MAPK pathway, reducing the proliferation and invasion of cervical cancer cells [67]. In the present study, map2k6 was downregulated in fish subjected to the pathogen infection. This response inhibits the proliferation of infected cells, bolstering the immune response and minimizing tissue damage.



Pten (phosphatase and tensin homolog) is a phosphatase that inhibits the PI3K/AKT signaling pathway and regulates autophagy, apoptosis, and cell proliferation [68]. Its suppression activates the PI3K/AKT signaling pathway, promoting gastric cancer cell growth, the epithelial–mesenchymal transition, and metastasis [69]. In the Japanese flounder, pten and its regulatory miRNAs modulate autophagic cell activation via the AKT/mTOR pathway during bacterial and viral infections, inducing apoptosis [70]. Additionally, pten acts as an immune modulator in inflammatory responses [71,72]. Therefore, pten may be involved in inflammatory responses and apoptosis under pathogenic attacks in fish. Asah2 encodes N-acylsphingosine amidohydrolase 2 and is a key neutral ceramidase, instrumental in preventing inflammation [73]. This enzyme catalyzes the hydrolysis of ceramide, which is a molecule that modulates cellular stress responses, directs sphingolipid metabolism, and regulates cell apoptosis and aging [74,75]. Asah2 exerts protective effects by destabilizing the p53 (tumor suppressor) protein, thereby inhibiting the p53 pathway and protecting against ferroptosis [76]. Furthermore, asah2 has been identified as a crucial target of Fut2 in regulating mitochondrial function in aging intestinal stem cells [77]. In the present study, both pten and asah2 were downregulated in the spleen and upregulated in the liver, indicating that these two genes may play distinct regulatory roles in these organs, which should be evaluated further.



Tat, a liver-expressed enzyme essential for tyrosine catabolism [78], is linked to metabolic disorders like hepatitis [79], diabetes [80], and obesity [81]. It also modulates tumor metabolism and invasiveness in cancers like hepatocellular carcinoma [82] and glioblastoma [83]. However, in PTC (papillary thyroid carcinoma), tat is downregulated, acting as a tumor suppressor, with low levels associated with invasion and metastasis [84]. Our study found tat downregulation too, hinting at its role in the tyrosine catabolism balance and metabolic processes under pathogen stress in fish.



In summary, arg1, chmp1a, map2k6, chmp6, chmp2a, pten, tat, and asah2 are intricately involved in the metabolic processes of fish under pathogen stress, exerting significant effects on apoptosis, proliferation, and inflammatory responses. It is worth noting that these disease resistance-related genes were validated by examining expression levels at 72 h post-pathogen infection. Gene expression levels were not evaluated at other time points after infection and therefore some key genes may have been missed in the analysis. Future research should include analyses of gene expression levels at different time points post-infection, particularly for genes that did not show significant differences at 72 h, in order to further evaluate the molecular mechanisms underlying disease resistance.




4. Materials and Methods


4.1. Challenge Experiment and Sample Collection


The F1 full-sib family of small yellow croaker employed in this study were generated through artificial induction and fertilization methods, as described in Liu et al. [85]. Briefly, when the water temperature reached 15 °C, the one-year-old small yellow croaker were injected with luteinizing hormone releasing hormone A2 (Ningbo second hormone factory, Ningbo, China) at a dose of 5.0 μg kg−1 and 2.5 μg kg−1 body weight for female and male individuals, respectively, to stimulate spawning and spermatogenesis. Forty-eight hours after the injection, all the gonadal development of the fish were monitored every 2 h. Mature fish were utilized for constructing full-sib families through artificial fertilization. Fin tissue samples from the parental fish were collected and preserved in anhydrous ethanol (Anhui TEDIA High Purity Solvents Co., Ltd, Anqing, China). These F1 full-sib families were reared at Xiangshan Aquatic Company (Ningbo, China). After reaching the age of 8 months, a random selection of 121 individuals (22.72 ± 7.65 g body weight) from a single family were chosen for experimentation. Prior to the start of the experiment, the fish underwent a 2-week acclimation period in filtered seawater maintained at 18 °C, during which they were fed an artificial diet. Following acclimation, the fish were fasted for 24 h to standardize their physiological condition. Each fish was then administered an intraperitoneal injection of 0.5 mL of a P. plecoglossicida bacterial suspension, prepared at the 96 h median lethal concentration (1 × 103 CFU/mL). The median lethal concentration was determined by conducting pre-infection tests at settings of 0, 1 × 102, 1 × 103, 1 × 104, and 1 × 105 CFU/mL concentrations. The survival time (phe_dur), measured from the time of injection to death, was recorded and utilized as an indicator of disease resistance. Tail fin samples were collected from all experimental fish and preserved in anhydrous ethanol for genomic DNA extraction.




4.2. Sequencing, Genotyping, and SNP Filtering


All fin samples underwent DNA extraction using the magnetic bead method. The concentration of extracted DNA was quantified using a Qubit fluorimeter (Invitrogen, Carlsbad, CA, USA), and DNA integrity was evaluated through 1% agarose gel electrophoresis. Only samples that met the quality control standards were used for the library construction for genotyping by pinpoint sequencing of liquid-captured targets. Following library construction, genotyping was performed using the small yellow croaker 100K liquid SNP chip, which included 100,031 SNPs [86]. The raw data underwent quality control using Fastp, and the resulting clean reads were aligned to the reference genome (GCA_040670005.1) using the BWA 0.7.17 [87] alignment software. Targeted SNPs were identified using the HaplotypeCaller tool from the GATK 4.0 [88] variant analysis software. The SNPs were then filtered based on the following criteria: parent depth > 20 and offspring depth > 3.



Loci with missing information for the parents were excluded. Subsequently, polymorphic loci between the parents were identified, and markers fitting the following segregation patterns were selected: lm × ll (1:1 segregation only in the female parent), nn × np (1:1 segregation only in the male parent), and hk × hk (1:2:1 segregation in both parents). After filtering the parental markers, the offspring genotypes at these polymorphic loci were discarded, with a minimum base support of ≥2. Alleles that were absent in the parents were removed, and markers that covered more than 85% of the offspring population were retained. To assess segregation distortion, chi-square tests were applied to the candidate markers with a significance threshold of p = 0.001. For the retained markers, the similarity between two adjacent markers were calculated based on their physical positions. If the similarity is greater than 0.9, they are grouped into a bin mark. Then, this bin mark is compared with the adjacent marker below. If the similarity is less than 0.9, it is divided into a new bin; otherwise, it is considered as a separate bin. Within each bin, the marker with the highest integrity was designated as the representative marker for that bin, ensuring the selection of the most reliable and informative markers for further analyses.




4.3. Genetic Map Construction and QTL Mapping


After filtering, high-quality genetic markers were utilized to construct a genetic linkage map using LepMap3 [89]. Linkage groups were assigned based on their chromosomal affiliation. Within each group, markers were ordered employing the maximum likelihood approach. The Kosambi [90] mapping function was then applied to compute the genetic distances between markers. An integrated map was constructed using male and female maps that were originally generated using a single input file. For visualization of the linkage map, the Perl SVG module was utilized.



For a QTL analysis of the phe_dur phenotypic data, the Mixed Quantitative Model (MQM) mapping method using MapQTL6.0 [91] was employed. A logarithm of the odds (LOD) score of 3 was set as the threshold to identify QTL intervals associated with the phe_dur trait. Candidate genes within these QTL intervals were pinpointed based on genome annotation data, with particular emphasis on genes in which the SNPs of interest were located, designating them as genes of heightened interest.




4.4. Gene Annotation and Enrichment Analysis


Based on the small yellow croaker reference genome, the functional annotation of genes located within the target QTL regions was conducted utilizing the Gene Ontology (GO, http://www.geneontology.org/, accessed on 29 September 2024) and Kyoto Encyclopedia of Genes and Genomes (KEGG, https://www.kegg.jp/, accessed on 29 September 2024) databases. Hypergeometric tests were employed to identify metabolic or signaling pathways that were significantly enriched among the candidate genes.




4.5. Analysis of Candidate Gene Expression Levels


A total of 120 healthy 8-month-old healthy small yellow croakers (21.81 ± 6.11 g body weight) were randomly selected and temporarily held in filtered seawater maintained at 18 °C for 2 weeks. Prior to the experiment, the fish were fasted for 24 h. Subsequently, the fish were divided into two groups (90 fish per group), test and control groups, subdivided into three replicates. The test group received an intraperitoneal injection of 0.5 mL of P. plecoglossicida at the median lethal dose (1 × 103 CFU/mL), and the control group was injected intraperitoneally with 0.5 mL of TSB solution. After 72 h, spleen and liver tissues were collected from three fish per replicate in both the test and control groups. The collected tissue samples were immediately flash-frozen in liquid nitrogen and stored at −80 °C for RNA extraction.



To validate the expression changes of selected disease resistance-related genes in response to pathogen stimulation, total RNA was extracted using TRIzol™ Reagent (Thermo Fisher, Waltham, MA, USA), following the manufacturer’s procedure. RNA integrity was detected by Agilent 2100 (Santa Clara, CA, USA), and RNA integrity number > 7.0 was taken as the qualified standard. The quantity and quality of the total RNA were measured using a Nanodrop One spectrophotometer (NanoDrop, Waltham, MA, USA). Then they were reverse-transcribed into first-strand cDNA using the PrimeScript™ II 1st Strand cDNA Synthesis Kit (TaKaRa, Kusatsu, Japan). qRT-PCR was performed using the ABI 7500HT Real-time Detection System (Applied Biosystems, Waltham, MA, USA) and TransStart Tip Green qPCR SuperMix (TransGen Biotech, Beijing, China). PCR amplifications were performed in triplicate wells under standardized conditions: initial denaturation at 94 °C for 30 s followed by 40 cycles of denaturation at 94 °C for 5 s, annealing at 60 °C for 30 s, and extension at 72 °C for 10 s. The specific primers are detailed in Table 5. Each qPCR was replicated three times, and the expression data for each sample were normalized against β-actin levels using the 2−ΔΔCT method [92]. The relative mRNA expression levels were analyzed using SPSS 22.0 (IBM, Armonk, NY, USA), and the figures were generated using GraphPad Prism9.





5. Conclusions


In this study, a 100K SNP chip was utilized for genotyping a full-sibling F1 family of small yellow croaker, yielding a high-density genetic map spanning 1395.72 cM with 0.08 cM intervals across 24 groups. Utilizing survival time post-challenge as the phenotypic trait, QTL mapping was performed, revealing 13 QTLs related to VWND resistance positioned on two linkage groups, explaining 10.9–13.3% of the phenotypic variation. These QTLs annotated 169 genes. Subsequently, a functional enrichment analysis was conducted, leading to the selection of 11 candidate genes pertinent to disease resistance. The expression levels of these genes were then measured in the spleen and liver of small yellow croaker infected with P. plecoglossicida using RT-qPCR. The results showed significant differential expression patterns in arg1, chmp1a, map2k6, chmp2a, chmp6, pten, tat, and asah2, indicative of their regulatory functions in response to disease resistance. Notably, this study represents the first effort in mapping QTLs associated with VWND resistance in the small yellow croaker, successfully pinpointing several functional genes that contribute to this disease resistance. As such, it lays the foundation for understanding disease resistance mechanisms in this species.
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Figure 1. Genetic linkage map. Length and marker distribution of 24 linkage groups (LGs) in the bin map. The ordinate indicates the genetic distance. The abscissa indicates the linkage groups. Green represents the chromosome, and blue represents the bin markers and their genetic distance on the linkage groups. 






Figure 1. Genetic linkage map. Length and marker distribution of 24 linkage groups (LGs) in the bin map. The ordinate indicates the genetic distance. The abscissa indicates the linkage groups. Green represents the chromosome, and blue represents the bin markers and their genetic distance on the linkage groups.



[image: Ijms 25 10872 g001]







[image: Ijms 25 10872 g002] 





Figure 2. Mapping of disease resistance-related QTLs. The horizontal axis at the top indicates linkage group numbers. The horizontal axis at the bottom indicates the genetic distance for each linkage group. The vertical axis represents LOD values. The red line indicates the determined LOD threshold (=3). 
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Figure 3. GO functional enrichment analysis for the genes. Top 30 significant enriched GO terms. Most of the genes were significantly assigned to the category of the protein complex, nuclear part, establishment of localization in the cell, cellular localization, intracellular transport, cytokine receptor binding, and so on. 
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Figure 4. KEGG functional enrichment analysis for genes. The top 20 significant enriched pathways are shown, in which the most enriched pathways included endocytosis, the MAPK signaling pathway, the Fanconi anemia pathway, the biosynthesis of amino acids, sphingolipid metabolism, inositol phosphate metabolism, arginine and proline metabolism, and so on. 
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Figure 5. Expression levels in spleen (A) and liver (B) tissues. In the test group, fish were injected with P. plecoglossicida for 72 h; in the control group, fish were injected with TSB solution for 72 h. In spleen tissue, pten, chmp1a, arg1, chmp2a, chmp6, and map2k6 levels differed significantly between groups. In liver tissue, tat, asah2, chmp1a, and arg1 levels differed significantly between groups. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 
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Table 1. Types of markers. Proportion of each type of marker in the parental lines.
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	Marker Type
	Female Genotype
	Male Genotype
	SNP Number
	After Segregation
	Bin Marker

Number
	Percentage





	hkxhk
	hk
	hk
	11,039
	10,287
	6112
	22.60%



	nnxnp
	nn
	np
	18,052
	15,912
	6084
	36.95%



	lmxll
	lm
	ll
	19,762
	17,566
	5840
	40.45%



	Total
	
	
	48,853
	43,765
	18,036
	100.00%










 





Table 2. Overview of genetic linkage groups. The map contained 17,735 bin markers, spanning a total genetic distance of 1395.72 cM, with an average distance of 0.08 cM and a maximum interval of 11.79 cM.
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	Linkage
	Marker Number
	Length
	Average Distance
	Max Gap





	LG1
	1202
	59.93
	0.05
	3.73



	LG2
	1255
	75.23
	0.06
	4.98



	LG3
	1125
	65.73
	0.06
	4.97



	LG4
	734
	49.19
	0.07
	4.98



	LG5
	690
	61.60
	0.09
	4.14



	LG6
	837
	58.75
	0.07
	7.92



	LG7
	796
	44.67
	0.06
	4.56



	LG8
	657
	62.40
	0.09
	2.07



	LG9
	370
	91.09
	0.25
	7.92



	LG10
	715
	57.04
	0.08
	3.73



	LG11
	994
	55.79
	0.06
	1.65



	LG12
	980
	69.87
	0.07
	4.56



	LG13
	364
	54.61
	0.15
	7.49



	LG14
	697
	64.07
	0.09
	4.14



	LG15
	357
	30.17
	0.08
	2.89



	LG16
	852
	64.95
	0.08
	7.92



	LG17
	547
	53.72
	0.10
	2.07



	LG18
	1017
	75.33
	0.07
	8.77



	LG19
	865
	60.77
	0.07
	4.56



	LG20
	309
	43.81
	0.14
	3.72



	LG21
	871
	60.76
	0.07
	4.14



	LG22
	621
	59.53
	0.10
	5.40



	LG23
	716
	53.54
	0.07
	11.79



	LG24
	164
	23.17
	0.14
	4.97



	Total
	17,735
	1395.72
	0.08
	—










 





Table 3. Statistical information on disease resistance-related QTLs.
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	Group
	Position
	Peak Locus
	Peak LOD
	Expl (%)
	Geno Number





	9
	22.37–24.02
	hk2455
	3.71
	11–13.3
	47



	9
	29.39
	hk2465
	3.16
	11.4
	1



	9
	30.22
	hk2470
	3.19
	11.5
	1



	9
	30.63
	hk2461
	3.03
	11
	0



	21
	2.48–3.31
	np5073
	3.09
	10.9–11.2
	4



	21
	3.31
	hk5416
	3.16
	11.2–11.4
	60



	21
	3.72
	np5077
	3.27
	11.4–11.8
	9



	21
	4.55
	hk5428
	3.03
	11
	1



	21
	4.55–6.2
	hk5440
	3.33
	10.9–12
	28



	21
	6.2
	np5097
	3.53
	11.9–12.7
	17



	21
	6.2
	np5099
	3.53
	12–12.7
	22



	21
	10.33
	np5112
	3.01
	10.9
	16



	21
	13.64–14.46
	lm5172
	3.06
	10.9–11.1
	16










 





Table 4. KEGG pathway analysis of 11 candidate genes.
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	Gene
	Gene_id
	KEGG Pathway





	chmp2a
	A022229
	Endocytosis



	snf8
	A022226
	Endocytosis



	chmp6
	A022157
	Endocytosis



	chmp1a
	A009223
	Endocytosis



	tat
	A009234
	Phenylalanine, tyrosine and tryptophan biosynthesis; biosynthesis of amino acids; tyrosine metabolism



	asah2
	A022051
	Sphingolipid metabolism



	pten
	A022010
	Inositol phosphate metabolism



	arg1
	A022064
	Arginine and proline metabolism; biosynthesis of amino acids



	heatr1
	A022065
	Ribosome biogenesis in eukaryotes



	map2k6
	A022132
	MAPK signaling pathway



	map3k14
	A022168
	MAPK signaling pathway; intestinal immune network for IgA production










 





Table 5. Primer sequences. Primer sequences used for qRT-PCR verification.
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	Gene
	Primer
	Primer Sequences (5′–3′)





	chmp2a
	chmp2a-F
	CGCTCAAGTCCAACAACAGC



	
	chmp2a-R
	TCGATGGCGTCGTTCATCAT



	snf8
	snf8-F
	CAGGACGTGAGCCAAGATGA



	
	snf8-R
	CTCAGCCAGCTGCAGAACTA



	chmp6
	chmp6-F
	CAGATCGGTAACCTGGAGCG



	
	chmp6-R
	TCGATGGACATCACCTCGTG



	chmp1a
	chmp1a-F
	GAAGGTCAAGAAGGCGTTGC



	
	chmp1a-R
	GGCGGTCTGGACTTTAGAGG



	tat
	tat-F
	TCAACGAGCTGTCCACCATC



	
	tat-R
	CGCTGAAGCAGGAAGACAGA



	asah2
	asah2-F
	CGAGTGGCACATTCCTCTGT



	
	asah2-R
	GGCGACTTTGAAGACGTTGG



	pten
	Pten-F
	TGTGCGGAACGACATTACGA



	
	Pten-R
	TCCTCGCTCAACCACTTGTC



	arg1
	arg1-F
	GATCCGTCACACAGGTCTCC



	
	arg1-R
	TAATCCTGCGGGTGGTTTCC



	heatr1
	heatr1-F
	CTCAGGCCGTTCAGGAAGTT



	
	heatr1-R
	GTAGGTGGCGGCTTTGTAGT



	map2k6
	map2k6-F
	AGATGTGAAGCCCTCCAACG



	
	map2k6-R
	AGCCTTTCTGGTTCGTCTCG



	map3k14
	map3k14-F
	TGCAGGGCGAATGTCTAAGG



	
	map3k14-R
	GGAGCCACAGACAAGACTCC



	β-actin
	β-actin-F
	CTCTGTCTGGATCGGAGGCT



	
	β-actin-R
	GCTGAAGTTGTTGGGTGTTTG
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