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Abstract

:

The study aims to characterize the immune cell landscape in convalescent Asian seabass (Lates calcarifer) blood samples after exposure to scale-drop disease virus (SDDV). Traditional immunophenotyping approaches used in human and mouse studies are impractical for non-model organisms like the Asian seabass due to the lack of specific antibody-based reagents. To overcome this challenge, 10x Genomics single-cell RNA sequencing was employed. The analysis of blood samples revealed 24 distinct leukocyte clusters, with elevated proportions of B cells, granulocytes, and T cells in the convalescent group compared to the uninfected group. While distinguishing granulocyte and macrophage subsets was challenging, the analysis of differential gene expression in the macrophage population indicated that the upregulated genes were linked to inflammatory processes. Specific T cell clusters showed notable expressions of cd4-1, cd8a, perforin-1 and il-2rβ, suggesting the presence of CD4+ T helper (Th), CD8+ cytotoxic T (Tc) cells, immature T cells, and naive T cells. Attempts to categorize CD4+ T cells into Th subtypes lacked clear distinctions, while CD8+ T cells exhibited three clusters, predominantly Tc1 cells. Furthermore, comparisons between convalescent and uninfected groups revealed increased percentages of activated and antibody-secreting B cells in the convalescent group. This single-cell analysis provides vital insights into the immune cell dynamics in convalescent and uninfected Asian seabass, providing valuable information on potential immune responses to SDDV infection.
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1. Introduction


Lates calcarifer, commonly referred to as the Asian seabass or barramundi, holds significant commercial value in the fishing industry. To meet the supply demand, the Asian seabass industry has been steadily expanding in the past decade. However, the emergence of infectious diseases has seriously impacted the survival of farmed livestock, posing a major threat to the economic sustainability of this industry [1,2,3,4,5,6]. This challenge is exacerbated by the absence of effective commercial vaccines.



Scale drop disease virus (SDDV) is a Megalocytivirus belonging to the Iridoviridae family that causes cumulative mortality ranging from 40% and 60% affecting in Asian seabass [1,2,7]. Initially reported in Singapore farms [1,2], SDDV outbreaks have spread to other parts of Southeast Asia, including Indonesia [2], Thailand [7], and Malaysia [7]. Interestingly, SDD has even been observed in Asian seabass cultivated in freshwater ponds in Thailand [8], where its occurrence is not confined to marine environments. Clinical manifestations in infected fish typically encompass darkened bodies, scale loss, fin and tail erosion, cloudy eyes and red bellies, accompanied by inflammation in the skin, muscles, and systemic vasculature, along with tissue necrosis in vital organs like the spleen and kidney [1,2,7,9]. Despite the regional impact, limited knowledge exists concerning the molecular mechanisms of immune defense against SDDV, underscoring an urgent need to enhance our understanding of host immunity to develop more effective vaccines for aquaculture.



The fish immune system encompasses a diverse array of host defense mechanisms involving various cell types. Advances in histology and flow cytometry have accelerated the classification of immune cells over time. While techniques like immunophenotyping via microscopy and flow cytometry are commonly used to identify and characterize immune cells in mammals through specific cell surface markers, these approaches are impractical for non-model organisms like the Asian seabass such as the lack of specific antibody-based reagents. The advent of single-cell RNA sequencing (scRNA-seq) has provided high-resolution data to explore immune cell composition, classification, and function at the individual cell level. Moreover, scRNA-seq has recently been applied in aquatic animals, including bony fishes [10,11,12,13,14,15,16,17], shellfish [18], and crustaceans [19], ushering in a new era for analyzing cellular heterogeneity in non-mammalian organisms.



The objective of this study is to delineate the landscape of immune cells in both uninfected and recovering Asian seabass previously infected by SDDV, also known as convalescent, using scRNA-seq. These fish samples were randomly collected from a Singaporean farm, providing insights into the immune responses of Asian seabass to natural SDDV infection.




2. Materials and Methods


2.1. Acquisition of SDDV-Infected and -Uninfected Healthy Asian Seabass and Sample Collection


Four uninfected and five SDDV-infected convalescent Asian seabass, measuring approximately 28 ± 10 cm, were obtained from a private commercial fish farm located in Singapore. The convalescent fishes were acquired three weeks after the SDDV outbreak, during which they exhibited evident clinical symptoms but showed resistance to SDDV mortality. These fishes were euthanized using clove oil at a concentration of 400 mg/L. Subsequently, the spleen samples were collected and preserved in RNAlaterTM reagent (Thermofisher Scientific, Waltham, MA, USA) for SDDV screening by polymerase chain reaction (PCR), and blood samples were collected from the caudal vein and transferred to heparinized tubes to prevent coagulation for scRNA sequencing.




2.2. Detection of SDDV by PCR


Total DNA was extracted from convalescent and uninfected Asian seabass spleen using DNeasy Blood & Tissue Kits (Qiagen, Hilden, Germany) according to manufacturer’s protocol. A 225 bp fragment of the major capsid protein (mcp; ORF 060L) of SDDV was amplified using a forward primer SD_MCP_225_F1 (5′-TGGCCAGAGGAGGTGACTAT-3′) and a reverse primer SD_MCP_225_R1 (5′-ATCCTGACGACTTTCCACCG-3′). The PCR reaction contained 5 µL of DNA template, 2.5 µL of 10× Vibuffer A (Vivantis technologies Sdn. Bhd., Selangor, Malaysia), 0.5 µL of Taq polymerase (5 U/µL; Vivantis technologies Sdn. Bhd., Selangor, Malaysia), 1 µL of 10 mM dNTPs mix, 0.75 µL of 50 mM MgCl2, 0.5 µL of 10 µM of each primer, and DNase-free water up to a total volume of 25 µL. The thermocycler (Eppendorf, Hamburg, Germany) was employed, and the PCR cycling condition included an initial denaturation at 94 °C for 5 min, 35 cycles of denaturation at 94 °C for 30 s, annealing at 53 °C for 30 s and an extension at 72 °C for 45 s, followed by a final extension at 72 °C for 5 min. The size of the PCR products was determined using gel electrophoresis on a 1.2% agarose gel stained with GelRed® (Biotium, Fremont, CA, USA).




2.3. Leukocyte Isolation from Whole Blood and Single-Cell RNA Sequencing


Leukocyte separation from erythrocytes was achieved using the Ficoll–Paque density gradient centrifugation technique. Briefly, the whole blood suspension was gently layered onto an equivalent volume of Ficoll–Paque (density = 1.077 g/mL) in 50 mL conical tubes, followed by centrifugation at 500× g for 40 min with slow acceleration and without brake. Following centrifugation, the interface layer containing leukocytes was harvested and washed three times with the RPMI-1640 medium (Gibco, Grand Island, NY, USA). The evaluation of the cell quantity and viability was performed using 0.4% trypan blue (Sigma, St. Louis, MO, USA), which indicated that over 70% of the cells exhibited viability.



Subsequently, the cells from individual fish were labelled with different oligonucleotide-conjugated lipids using the 10x Genomics 3′ CellPlex Kit as per the user guide (CG000391 Rev B). Cellplex-labelled cells were counted and equal numbers of cells from five fish (a mix of healthy and convalescent) were pooled per batch. About 43,000 pooled cells were loaded for droplet encapsulation with the 10x Genomics Chromium Next GEM Single Cell 3′ v3.1 Gel Beads on the Chromium Controller. Single-cell gene expression libraries and cell multiplexing libraries were prepared according to the manufacturer’s protocol (CG000390 Rev C). The libraries were subjected to a dual-indexed sequencing run of 2 × 151 cycles on an Illumina Novaseq 6000 (Illumina, San Diego, CA, USA) targeting a sequencing depth of 50,000 reads/cell for gene expression and 5000 reads/cell for cell multiplexing (Figure 1A).




2.4. Single-Cell RNA Sequencing Analysis


The raw sequencing reads were demultiplexed and mapped to the most recent version of the Asian seabass genome (RefSeq assembly accession GCF_001640805.2) as per Cell Ranger-Multi’s protocol (Cell Ranger Version 7.0.0). For quality control, several criteria were applied to remove the low-quality cells and reduce multiplets. Doublets identified using Scrublet (cite) were removed from the analysis. Rare genes detected in 3 or fewer cells were removed from the gene count matrix, and cells of poor-quality were further filtered based on the following criteria: (a) cells with less than 200 genes were removed, (b) cells with more than 20% (batch 1) and 30% (batch 2) ribosomal genes counts or more than 2% mitochondrial gene counts or more than 5% heat shock-associated gene counts or more than 10% hemoglobin gene counts were removed. After quality control filtering, a total number of 19,966 cells were retained for downstream analysis (Supplementary Figure S1).



Seurat was used to analyze the data, including the normalization and transformation of the gene count matrix. The gene expression values were first normalized by total UMI counts, multiplied by 10,000 (TP10K), and then log transformed by log (TP10K + 1). The top 2000 most variable features were selected and scaled against the number of UMIs. Unsupervised dimension reduction was performed using PCA and Uniform Manifold Approximation and Projection (UMAP) on the first 20 principal components. Clusters were identified using Louvain clustering, implemented by the FindNeighbors and FindClusters functions. To assign cluster identity, the FindAllMarker function (min.pct = 0.25, logfc.threshold = 0.25) was used to obtain the top differentially expressed marker genes (DEGs) of each cluster based on the Wilcoxon rank-sum test. The clusters were labelled by examining and comparing these DEGS to gene markers found in the literature. To examine the immune cell populations more closely, granulocytes, macrophages, T and B lymphocytes were selected from the UMAP, and secondary analysis was performed to further re-cluster and analyze these immune cell populations on a higher resolution.




2.5. Pseudotime Analysis


Cells clustered in each subpopulation (granulocytes, macrophages, T and B lymphocytes) by Seurat analysis pipelines were loaded to create a Monocle object using the as.cell_data_set function implemented in Monocle 3 (version 1.0.0). A partitioned approximate graph abstraction (PAGA) is learned across all partitions to order cells according to progression along an unsupervised learning trajectory. After trajectory constructed, the orderCells function was used to define the progenitor cells (identified by DEGs obtained previously) as the root and starting point of the trajectory, and then the pseudo-time states for the remaining cells were assigned accordingly. Pseudo-time states were inferred by tracking the changes as a function of progress along the learnt trajectory by Monocle 3.




2.6. Analysis of Differentially Expressed Genes (DEGs)


To find and compare differential genes in each immune cell subpopulation between the convalescent and uninfected fish group, differential expression analysis using the DESeq2 was performed on pseudo-bulked expression profiles generated by aggregation of expression at sample-level using the AggregateExpression implemented in Seurat. This leverages the resolution offered by single-cell techniques to define the cell population labels and combines it with the statistical rigor of existing methods for differential expression analysis involving small number of samples (we can remove this line if you think it is unnecessary to explain why we use pseudo-bulk data). A fold change ≥2 and Thred < 0.1 (parameter is FDR) were used as the screening criteria to screen the most significant differential genes in each cluster. Volcano plots for the visualization of the obtained DEGS were plotted using the EnhancedVolcano package (version 1.20.0).





3. Results


3.1. Single-Cell RNA Sequencing Reveals the Presence of 24 Distinct Clusters of Blood Leukocytes


To confirm the presence of SDDV in the uninfected and SDDV-infected convalescent Asian seabass in our obtained samples, a qualitative molecular test using PCR was carried (Figure 1B). Leukocytes from both convalescent and uninfected controls fish were then isolated. Each group comprised samples from two independent experiments, resulting in a total of four healthy samples and five SDDV-infected convalescent samples. A single convalescent sample from batch 1 was removed due to the low numbers of genes captured, indicating a low-quality sample. These samples were subsequently processed for scRNA-seq using the 10× Chromium platform. The analysis revealed 10,401 cells in the leukocyte population of the healthy group. The scRNA-seq process yielded a median of 71,870 reads for each cell, constituting an assembly of 2725 genes per cell. Conversely, the SDDV-infected convalescent group displayed 16,921 identified cells, with each cell averaging 159,745 reads, assembling into 5068 genes per cell. After quality control measures were applied to the isolated cells, which included the exclusion of reads associated with ribosomes, hemoglobin, and heat shock genes, a total of 5896 and 14,070 cells were retained for subsequent analysis in the uninfected and SDDV-infected convalescent groups, respectively (Figure S1).



To cluster cells exhibiting a similar gene expression, we utilized an unsupervised cluster detection algorithm (SEURAT) and followed by visualization in two dimensions using Uniform Manifold Approximation and Projection (UMAP). The analysis revealed a total of 24 distinct cell clusters (clusters 0–23), each characterized by their unique gene expression signatures (Figure 1C and Table S1). These clusters size ranged from 44 cells within the smallest cluster to 4911 cells. The clusters were further distinguished using recognized signature genes associated with immune cells (Figure 1D–F and Figure S2). Clusters representing B cells (cluster 0, 12, 18, and 21) were confirmed by the expression of cd22, cd79a, and transcription factor ebf1a. Clusters 4, 5, 6, and 19, based on their expression of cd3ε, cd3γ, and tcf7 which encodes for T cell factor 1 [20], important for T cell differentiation and memory formation, were identified as T cells. The lysosomal markers for teleost monocytes are not well defined, but markers for macrophages (Mφ) (clusters 1, 8, 11, 13, 15, 17, and 22) through their high expression of cd206 (a C type lectin receptor present on macrophages), macro, and complement factor properdin (cfp). Clusters indicating granulocytes were identified by myeloid-specific peroxidase (mpx), low choriolytic enzyme (lce), and CCAAT/enhancer binding protein (C/EBP) 1 (cebp1) gene expression. Dendritic cells (DCs) (cluster 23) formed the smallest cluster, and were detected by the expression of basic leucine zipper transcription factor, ATF-like 3 (batf3), H-2 class II histocompatibility antigen, E-D beta chain (h2eb), and zinc finger protein 366 (znf366, also known as DC-script). While precautions were taken during leukocyte preparation, some erythrocytes and thrombocytes identified by the expression of thrombospondin 1b (thbs1), hemoglobin subunit alpha-1 (hba1) and subunit beta-2 (hbad) were still present in the samples, defined by cluster 2, 3, 9, and 20. Vertebrate evolution suggests that vertebrate-enucleated erythrocytes possess the ability to participate in the immune response [21,22,23,24,25]. Indeed, the erythrocytes also expressed immune-related genes, including activator protein-1 transcription factor c-Jun, a potent mitigator of inflammation [26]. The numbers and percentages of these distinct cell types are presented in Figure 1G. The results suggest an increase in the proportions of B cells, granulocytes, and T cells within the convalescent group when compared to the uninfected group.




3.2. Granulocytes Profile in Convalescent and Uninfected Asian Seabass


Similarly to mammals, fish granulocytes consist of neutrophils, eosinophils, basophils, and mast cells [27]. The identified granulocytes were further classified into ten distinct populations at a resolution of 0.5 (Figure 2A). Granulocytes’ specific markers matrix metallopeptidase 9 (mmp9) and non-specific cytotoxic cell receptor protein 1 (nccrp1) were identified in all ten populations (Figure 2B and Table S2). Selected markers were used to identify neutrophils (myeloperoxidase; mpx), eosinophils (eosinophil-peroxidase; epx; gata2a and gata2b), basophils (cepba) and mast cells (mast cell protease 2; mcp2), respectively. The overlapping expression of the neutrophils marker mpx gene and basophil marker cebpa were found in clusters 0, 1, 3, 4, and 9, while the rest of the markers were expressed by a low number of cells (Figure 2B and Table S2); hence, we were unable to distinguish the different granulocyte subsets based on these genes. Of note, the analysis of the differentially expressed genes (DEGs) revealed an upregulation of a series of uncharacterized proteins, transglutaminase 1 like 1, deleted in malignant brain tumors 1 protein, receptor (G protein-coupled) activity modifying protein 2, dCMP deaminase, C-type lectin domain containing 14A, zinc finger homeobox 3b, and microfibril-associated glycoprotein 4-like (Figure 2C and Table S3), but none that have been reported to be essential in granulocyte maturation, activation, and functions.




3.3. Macrophages Profile in Convalescent and Uninfected Asian Seabass


Macrophages can polarize into classically activated proinflammatory M1 macrophages and alternatively activated anti-inflammatory M2 subpopulations [28]. The identified macrophages were further sub-clustered into 11 subsets with a resolution of 0.5 (Figure 3A). Selected markers were used to identify M1 cells (signal transducers and activators of transcription 1; stat1, interleukin 12; il-12a and il-12b, and tumor necrosis factor alpha; tnfα) and M2 cells (arginase-1; arg1, arginase-2; arg2, legumain, and interleukin 10; il-10) (Table S4). However, the expression patterns observed within these clusters lacked clear distinctions (Figure 3B). Consequently, we were unable to discern M1 and M2 macrophages within these clusters. The DEG analyses of the whole macrophage population suggest an upregulation of genes involved in inflammatory processes including arg-1, 15-hydroxyprostaglandin dehydrogenase, mRNA binding protein 1, and adrenomedullin a, as well as metabolic-associated genes such as transferase 1a, glycerol kinase-like, fatty acid binding protein 4a, insulin-like growth factor 2 (Figure 3C and Table S5).




3.4. T Cells Profile in Convalescent and Uninfected Asian Seabass


Among mammals, T cells can be classified into two distinct subsets, the CD4+ T helper cells (Th) and CD8+ cytotoxic T cells (Tc). These subsets play distinct roles in both humoral and cell-mediated immune responses against pathogens. Existing evidence suggests that T cells in teleost fish function similarly to those observed in mammals [29,30,31]. The identified T cells were further categorized into 11 subsets at a resolution of 0.5 (Figure 4A). Cluster 1 exhibited a high expression of cd4-1, whereas cluster 3 displayed an elevated expression of cd8a and perforin-1. According to the T cell maturation process, we hypothesize that clusters 2, 4, and 7 are immature T cells due to the low expression of cd4-1 and cd8a, but high in expression of il-2rβ, and the rest of the clusters (cluster 0, 5, and 6) to be naïve T cells (Figure 4B and Table S6).



CD4+ Th cells can be divided into distinct subsets, including Th1, Th2, Th6, Th9, Th17, Th22, and T regulatory (Treg) cells. These subsets enhance the cellular immunity against intracellular pathogens, promoting antibody production against extracellular parasites, mediating inflammation and maintaining immune tolerance, respectively [29,30,31]. Conversely, CD8+ Tcs can also be classified into Tc1, Tc2, Tc9, and Tc17 subsets, each with varying immune functions and differentiation programs [32]. They recognize the antigens presented by the MHC class I molecules on normal and infected cells. This leads to their activation and subsequent release of cytotoxic molecules like perforin and granzymes, facilitating target cell destruction. We identified four clusters within the CD4+ T cell population and attempted to categorize them into Th subtypes using the reported cytokines and transcription factors. However, it became evident that the CD4+ CD8− T-cell subset could not be neatly classified into specific Th subtypes, as the relevant genes were expressed across all clusters without a distinct concentration in any one cluster (Figure 4C and Table S6). In contrast, three clusters were identified within the CD8+ T cells, with Tc1-expressing cxcr3.1 as the predominant subtype in all three clusters (Figure 4D and Table S6).



To explore the relationship between Th cells, CTLs, immature T cells, and naïve T cells, we performed a pseudotemporal trajectory analysis. In this analysis, however, we did not observe a clear pseudotemporal trajectory (Figure 4E). In the uninfected group, the percentage of CD4+ T cells was 19.51%, and the percentage of CD8+ T cells was 23.02%. In contrast, in the infected group, the percentage of CD4+ T cells and CD8 T cells increased to 23% and 11.31%, respectively (Figure 4F). Of note, the percentage of the immature T cells decreased from 31.12% to 27.54% in the uninfected group compared to the convalescent group (Figure 4F). We then made further attempts to identify the DEGs within the T cells populations, and we found that T cell-associated genes antimicrobial peptide NK-lysin-like, NLR family CARD domain-containing protein 3 (NLRC3), and Rab interacting lysosomal protein-like 2 were upregulated (Figure 4G and Table S7).




3.5. B Cells Profile in Convalescent and Uninfected Asian Seabass


Clusters 0, 12, 18, and 21 were identified as B cells based on the expression of established markers such as cd22, cd79a, and ebf1a (Figure 1D). To further categorize B cells in Asian seabass, we observed that the expression of interferon regulator factor (irf8) was higher in clusters 1 and 21 when compared to clusters 12 and 18. Additionally, deoxycytidine kinase (dck) and ubiquitin-conjugating enzyme E2C (ube2c) exhibited a high expression in cluster 18, while terminal nucleotidyltransferase 5C (tent5c) and protein disulfide isomerase family A, member 4 (pdia4) displayed higher expression in cluster 12 compared to cluster 18 (Figure 5A and Table S8). The trajectory analysis indicated a path starting from clusters 0 and 21, differentiating towards clusters 12 and 18 (Figure 5B). Using these gene expression profiles and trajectory analysis results, clusters 0 and 21 were classified as naive B cells, cluster 18 as activated B cells, and cluster 12 as antibody-secreting B cells. In the uninfected group, the proportion of activated B cells stood at 7.78%, while that of antibody-secreting cells was 13.02%. Conversely, within the infected group, both the proportion of activated B cells and antibody-secreting cells rose to 8.86% and 16.52%, respectively (Figure 5C). When comparing the convalescent group to the uninfected group in the three B cell subtypes, we observed differentially upregulated genes, including androgen induced 1 (aig-1) and granzyme B-like (grb-like) (Figure 5D and Table S9).





4. Discussion


Upon exposure to viruses, teleost fish exhibit an enrichment of diverse leukocytes in their blood, engaging in immune functions that closely mimic those observed in mammals. The identification of specific types of leukocytes are important in investigating their functions and understanding host immune responses towards specific viruses. However, there remains a deficiency in our comprehension of immune cells in teleost fish due to the absence of antibody-based reagents and cell lines tailored for non-model organisms. In this study, we profiled a total of 19,966 cells from Asian seabass, which provided insights into the types of leukocyte types in uninfected Asian seabass, and convalescent Asian seabass that were previously exposed to SDDV. Through this approach, 24 distinct clusters were identified within the blood, enabling the characterization of immune cells such as granulocytes, monocytes/macrophages, T cells, B cells, and DCs based on an extensive panel of potential marker genes. These findings shed light on host responses against SDDV and hold promise for the future development of effective vaccines in the realm of fish farming.



Leukocytes isolated from blood for scRNA-seq has been previously explored [14,33]. Nonetheless, researchers have also explored the use of alternative tissues, notably the anterior kidney [34] and spleen [33,35], as they function as the principal and secondary lymphoid organs for hematopoiesis in teleost fish, respectively. These tissues contain abundant cell populations that are segregated into myeloid and lymphoid lineages. It is noteworthy that leukocytes in uninfected Atlantic cod are predominantly composed of 42% B cells, the largest cell population, followed by 25% T cells and 18% neutrophils [33]. In contrast, the cell types identified in this study indicate that leukocytes obtained from uninfected Asian seabass mainly consist of macrophages and erythrocytes/thrombocytes, making up approximately 30% and 28%, respectively, followed by 17% T cells, 14% B cells, 10% granulocytes, and less than 1% of dendritic cells (DCs). This disparity may stem from various factors, including evolutionary differences, as evidenced by the Atlantic cod’s lack of CD4+ T cell [36,37]. Despite its unique immune system, cod remains a thriving species and is not inherently more vulnerable to diseases in its natural habitat compared to other teleosts with more typical immune systems [38]. Hence, the proportion of immune cells in Asian seabass may be different to Atlantic cod due to the potential compensatory mechanisms at play. However, it is crucial to note that methodological variations or environmental factors, such as prior infections, may also influence the observed differences in cell proportions. Further investigations are required to fully confirm and elucidate these observations.



Nucleated red blood cells in fish are known to contribute to the immune system, and this is supported by the presence of the activator protein-1 transcription factor c-Jun within erythrocyte clusters in Asian seabass, suggesting that erythrocytes could hold immunological significance in the defense mechanisms against SDDV. Although we did not delve into the further subclustering of the erythrocytes, previous reports have discussed the maturation stages of erythrocytes, indicating the differences in gene expression between immature reticulocytes and fully mature red blood cells [39,40].



Myeloid cells were annotated using the expressions of marker genes and were classified into granulocytes, macrophage, and DCs. Teleost DCs play a crucial role in response to pathogens by functioning as antigen-presenting cells (APCs). These cells express molecular markers similar to those found in mammalian DCs. These include a major histocompatibility complex (MHC) II, CD80/86, and CD83 [41,42]. In the case of Asian seabass, the DC-SCRIPT gene was identified as a specific gene marker for DCs, sharing homology with the human ZNF366 gene and the pufferfish ZNF1 gene [43]. Furthermore, DC-SCRIPT/ZNF366, along with transcription factors ZBTB46, was associated with the maturation and activation of DCs in rainbow trout [44]. While we found that znf366 was highly expressed in cluster 2, we did not further sub-classify DCs due to their relatively low number in the blood (35 cells in convalescent and 10 cells in the uninfected group). This finding is consistent with other studies showing a low abundance of DCs in flounder’s blood [45]. Macrophages and granulocytes are innate cells that help fight infections. Surprisingly, we encountered challenges in identifying distinct granulocyte and macrophage subsets using established markers. The difficulty in identifying subtypes may be due to the absence of certain cell subtypes in Asian seabass blood. While the marker genes used for identifying granulocytes, macrophages, and DCs are valuable, further research is needed to confirm the accuracy of these results.



In this study, we observed a decrease in the proportion of macrophages and an increase in the proportion of granulocytes in the convalescent group. Macrophages are known to undergo polarization into pro-inflammatory (M1) and anti-inflammatory (M2) types based on cytokines and transcription factors during stress, immune responses, and inflammation [28]. The analysis of DEGs in the entire macrophage population revealed a diverse array of genes contributing to their anti-inflammatory functions, suggesting their importance in defending against SDDV. For instance, Arg-1 modulates immune responses towards an anti-inflammatory phenotype by regulating arginine metabolism [46]. Additionally, mammalian 15-hydroxyprostaglandin dehydrogenase (15-PGDH) degrades pro-inflammatory prostaglandins, thereby reducing inflammation [47]. Moreover, adrenomedullin A, a peptide hormone with vasodilatory and anti-inflammatory properties, may further contribute to the anti-inflammatory environment within macrophages [48,49]. Although the roles of metabolic-associated genes such as transferase 1a, glycerol kinase-like enzymes, fatty acid binding protein 4a, and insulin-like growth factor in fish macrophages are unclear, these metabolic pathways may influence macrophage polarization and function. We hypothesize that, by maintaining an anti-inflammatory profile, macrophages in this study regulate the immune response, prevent excessive tissue damage, and promote tissue repair, thereby enhancing the host’s ability to combat viral infections such as SDDV. In contrast to macrophages, the lack of DEGs associated with granulocyte maturation and functions raises questions that require further investigation.



The lymphocytes identified in this study include T cells and B cells, but not the non-specific cytotoxic cells (NCCs) initially identified in tilapia [15]. NCCs are believed to be evolutionary precursors of NK cells in teleost, identified by a marker, NCCRP1. However, our findings suggest that the NCCRP1 expression is present in the granulocyte subsets, indicating the need for additional specific markers to ensure accurate NCC identification.



In contrast to mammals, fish possess a more restricted range of immunoglobulins. Fish genomes encode three classes of immunoglobulins, including IgM, IgD, and the fish-specific IgT/Z [50,51]. In the naïve state, B cells co-express IgM and IgD on their surface. Following antigen recognition, they downregulate IgD, undergo differentiation into IgM + IgD− B cells exhibiting a plasmablasts profile [52]. Conversely, IgM-IgD+ B cells have been detected in catfish (Ictalurus punctatus) and in rainbow trout gills and guts [53,54], but the mechanisms and functions remain to be fully elucidated. Finally, in fish, B cells expressing IgT/IgZ, analogous to mammalian IgA constitute a unique B cell lineage where IgM and IgD are absent [54]. Most teleost species express more than one IgT, including three in salmonids [55]. Nevertheless, it is still uncertain whether individual B cells express multiple forms of IgT or whether specific B cells exclusively express particular IgT variants. However, in the case of the Asian seabass, it seems that IgD and IgT cannot be identified, or simply not annotated, in the existing reference genome (GCF_001640805.2). Further investigation and exploration are warranted to obtain additional information.



T cells can be broadly categorized into CD4+ T cells and CD8+ T cells [56]. In our analysis of Asian seabass blood, we identified four distinct subsets within the T cell cluster based on the expression of cd4-1, cd8a, perforin-1, and il-2rβ. Additionally, aside from CD4+ T cells and CD8+ T cells, we also observed the presence of naïve and immature T cells. However, the maturation and developmental pathways of T cells in Asian seabass remain uncertain, as trajectory analysis failed to provide clear insights. This analysis usually requires proposed start or endpoints, or determining the number of trajectories, to resolve biologically meaningful lineages. Consequently, we cannot propose specific T cell trajectories based on our data. Future studies combining single-cell RNA sequencing with single-cell T cell receptor sequencing may elucidate the developmental relationships among various T cell subpopulations, potentially identifying unconventional T cells such as natural killer T. Additionally, we observed the increased proportions of CD4+ T cells and CD8+ T cells were increased in the convalescent group. Specifically, within the CD8+ T cell subset, Tc1-expressing cxcr3.1 was the predominant subtype. Furthermore, DEGs analysis revealed upregulation of nlrc3, which promotes the infiltration of CD8+ T cells, emphasizing the importance of cytotoxic T cells, particularly Tc1, in the clearance of SDDV.



In conclusion, the data presented here in this study, utilizing 10x Genomics scRNA-seq, have provided a dataset for characterizing various leukocyte subsets found in the blood of Asian seabass. The distinct gene expression profiles observed in both uninfected and convalescent fish leukocyte subsets form the basis for investigating various immune cell populations’ responses to natural SDDV exposure.
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Figure 1. Single-cell RNA sequencing (scRNA-seq) analysis of Asian seabass whole-blood leukocytes. (A) Experimental procedures for the scRNA-seq of leukocytes extracted from the whole blood of Asian seabass, involving cell isolation, 10× Genomics Chromium 3′ scRNA-seq, and subsequent data visualization. (B) The presence of the SDDV MCP gene using the PCR assay. DNA was extracted from plasma. C, convalescent; U, uninfected; N; no template control; P, positive control using plasmid. GeneRuler 50 bp DNA ladder was used to determine the band sizes given in base pairs. A product of approximately 200 bp was amplified from all samples. (C) A collective of 24 cell clusters were identified and represented in a uniform manifold approximation and projection (UMAP) space. (D) Bubble chart depicting the marker genes associated with B cells, T cells, macrophages, granulocytes, dendritic cells (DCs), and erythrocytes across the cell clusters. Dot size corresponds to the percentage of gene expression, while the color intensity reflects the average expression levels of the cells within each cluster. (E) Identification of potential cell types through the expression of marker genes observed in both mammals and fish. (F) UMAP clustering of convalescent and uninfected samples. (G) The numbers of cells (left) and percentage (right) of each cell type in convalescent and uninfected samples. 
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Figure 2. Granulocyte diversity in response to SDDV infection. (A) UMAP plot displaying 10 distinct clusters. Clusters labelled from 0 to 9 represent granulocytes with distinct gene signatures identified through the application of the Seurat algorithm. (B) Violin plots showing the expression of specific genes in granulocytes. The y axis represents the normalized and log-transformed average gene expression, while the x axis indicates the granulocytes sub-cluster. (C) Volcano plot illustrating the differentially expressed genes in granulocytes, with each dot representing an individual gene based on both the p-value and fold differences. 
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Figure 3. Immune response of monocytes/macrophages against SDDV infection. (A) UMAP plot displaying 11 distinct clusters. Clusters labeled from 0 to 10 represent monocytes/macrophages with distinct gene signatures identified through the application of the Seurat algorithm. (B) Violin plots showing the expression of specific genes in monocytes/macrophages. The y axis represents the normalized and log-transformed average gene expression, while the x axis indicates the granulocytes sub-cluster. (C) Volcano plot illustrating the differentially expressed genes in monocytes/macrophages, with each dot representing an individual gene based on both p-value and fold differences. 
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Figure 4. Characterization of T cell subpopulations in SDDV-infected convalescent Asian seabass. (A) The identified T cells were categorized into 7 distinct clusters and visualized with UMAP. Clusters 0, 5, and 6 represent naïve T cells, while clusters 2, 4, and 7 represent immature T cells. Cluster 1 represents CD4+ T helper cells, and cluster 3 represents CD8+ cytotoxic T cells. (B) Violin plots showing the expression of specific genes in T cells. The y axis represents the normalized and log-transformed average gene expression, while the x axis indicates the granulocytes sub-cluster. (C, top) Cluster 2 were sub-categorized into 4 distinct clusters and visualized with UMAP in convalescent and uninfected samples. (C, bottom) Violin plots showing the expression of specific genes in CD4+ T cells. (D, top) Cluster 3 and cluster 4 were sub-categorized into 3 distinct clusters and visualized with UMAP in convalescent and uninfected samples. (D, bottom) Violin plots showing the expression of specific genes in CD8+ T cells. (E) Pseudotime trajectory of T cell subsets estimated using Monocle. (F) Proportion of T cell subsets in convalescent and uninfected samples. (G) Volcano plot illustrating the differentially expressed genes in T cells, with each dot representing an individual gene based on both p-value and fold differences. 
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Figure 5. Classification of B cells after SDDV infection in Asian seabass. (A) Violin plots showing the expression of specific genes in B cells. The y axis represents the normalized and log-transformed average gene expression, while the x axis indicates the granulocytes sub-cluster. (B) Pseudotime trajectory of B cell subsets estimated using Monocle. (C) Proportion of B cell subsets in convalescent and uninfected samples. (D) Volcano plot illustrating the differentially expressed genes in B cells, with each dot representing an individual gene based on both p-value and fold differences. 
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