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The bacterium Aeromonas veronii is a co-pathogenic species that can negatively impact the health of both humans and aquatic animals. In this study, we used single-cell transcriptome analysis (scRNA-seq) to investigate the effects of infection with A. veronii on head kidney cells and the regulation of gene expression in the dark sleeper (Odontobutis potamophila). scRNA-seq was used to assess the effects of infection with A. veronii in O. potamophila B cells, endothelial cells, macrophages, and granulocytes, and differential enrichment analysis of gene expression in B cells and granulocytes was performed. The analyses revealed a significant increase in neutrophils and decrease in eosinophils in granulocytes infected with A. veronii. Activation of neutrophils enhanced ribosome biogenesis by up-regulating the expression of RPS12 and RPL12 to fight against invading pathogens. Crucial pro-inflammatory mediators IL1B, IGHV1-4, and the major histocompatibility class II genes MHC2A and MHC2DAB, which are involved in virulence processes, were upregulated, suggesting that A. veronii activates an immune response that presents antigens and activates immunoglobulin receptors in B cells. These cellular immune responses triggered by infection with A. veronii enriched the available scRNA-seq data for teleosts, and these results are important for understanding the evolution of cellular immune defense and functional differentiation of head kidney cells.
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1 INTRODUCTION
Aeromonas veronii is a globally distributed pathogenic bacterium that can cause various diseases and affect the healthy growth of aquatic organisms such as fish, shrimp, and shellfish, resulting in huge losses to the aquaculture industry (Hickman-Brenner et al., 1987). A. veronii is widely dispersed in rivers, lakes, ponds, and seas and has a high degree of environmental adaptability. It is a typical human-animal-aquatic pathogen that may be isolated from water sources, soil, and the bodies of both humans and animals (Wu et al., 2007).
The dark sleeper (Odontobutis potamophila) is a freshwater fish popular in China (Iwata et al., 1985). It has high meat content, tasty flavor, high nutritional value, and excellent health benefits (Zhu et al., 2022). However, in May 2021, O. potamophila in a fish farm in Changshu, Jiangsu Province, China, experienced an illness, with skin ulcers as one of the primary symptoms. Aeromonas veronii was later shown to be the primary pathogen in the sick fish. Studies have shown that A. veronii can cause hemorrhagic septicemia in carp (Carassius gibelio) (Sun et al., 2016), tilapia (Oreochromis niloticus) (Dong et al., 2017), bass (L. maculatus) (Wang et al., 2021), and channel catfish (Ictalurus punctatus) (Hoai et al., 2019), mainly manifesting as hemorrhage and congestion of the body surface and organs to varying degrees (Yu et al., 2010). In a prior study of the pathogenicity and histopathology of A. veronii in O. potamophila, we discovered that A. veronii triggered innate immunity and led to mass mortality of the hosts (Liu et al., 2022). Acute mortality of the catfish Ictalurus lunetas also occurred after infection by A. veronii (Zhang et al., 2016). In Lateolabrax maculatus, A. veronii infection rapidly activated the chemokine signal pathway and stimulated an acute inflammatory response (Wang et al., 2022).
Molecular understanding of fish immunology is growing, but in vitro and in vivo research on fish immune activity is still in its infancy. Currently, data on markers for specific fish cell populations and cell subpopulation determinants are limited (Huang et al., 2021), which is an ongoing issue for fish immunologists. However, several cutting-edge methods, including single-cell RNA sequencing (scRNA-seq), are now being used to investigate the cellular immunological functions of teleost fish.
In the present study, we performed scRNA-seq on head kidney cells of O. potamophila to characterize the functional heterogeneity of cells. We identified genetic markers for each cell cluster and analyzed their main functions, thereby filling a gap in the taxonomic identification of O. potamophila cells. We also comprehensively analyzed the cellular immune response and gene expression profile under the influence of A. veronii infection, which is important for a better understanding of the immune response of O. potamophila to pathogens.
2 MATERIALS AND METHODS
2.1 Experimental fish and A. Veronii strains
Healthy O. potamophila (15 ± 1.5 g) were provided by Yangzhong Base of the Freshwater Fisheries Research Institute of Jiangsu Province, China. Aeromonas veronii stl3-1 was isolated from diseased O. potamophila (see (Liu et al., 2022) for specific information about the diseased strain). Aeromonas veronii stl3-1 was inoculated in a common broth medium, incubated at 28°C and 1,180 g on a shaker for 18 h, centrifuged at 5,000 g for 10 min, and the supernatant was discarded. The bacteria in the pellet were resuspended in sterile phosphate-buffered saline at pH 7.4, and the concentration was adjusted to 1.8 × 106 CFU/mL.
2.2 Artificial infection experiment
After 1 week of acclimation, healthy O. potamophila were divided into an infected group (TAV) and an uninfected control group (CK). Three replicates, each containing 20 fishes, were set up for each group. Each fish in the infected group was injected intraperitoneally with 100 μL (1.8 × 106 CFU/mL) of A. veronii stl3-1 suspension. The fish in the control group were injected with sterile phosphate buffered saline (pH 7.4) in the same manner and at the same dose. Fish were sacrificed, and head kidney tissues from the infected and control groups were taken 24 h after injection. To avoid small sample size and individual differences, three head kidney tissues from each biological replicate were mixed to generate a sample).
2.3 Ethical statement
All treatments of fish in this study were strictly in accordance with the guidelines of Animal Experiment Ethics Committee of Yangzhou University. The protocol was approved by Animal Experiment Ethics Committee of Yangzhou University (permit number: 201802003).
2.3 Cell range analysis and quality control based on full-length transcriptome data
We compared full-length transcripts produced by triple sequencing splicing and performed data quality statistics on the raw data using the 10 × single-cell transcriptome quality control analysis program Cell Ranger (V6.1.2) (Melsted et al., 2021). Single-cell cDNA libraries were sequenced using the double-end sequencing mode of the Illumina HiSeq 4000 sequencing platform. The program locates cell-specific barcode sequence markers in the sequence and unique molecular identifier markers for various mRNA molecules inside each cell to quantify the high-throughput single-cell transcriptome.
2.4 Dimensionality reduction and cluster analysis
The filtered data were normalized before analysis by dividing the count value by 10,000 to obtain the log value. We selected the top 2000 highly variable genes for subsequent descending and clustering analysis. Principal component analysis was used for dimensionality reduction, and then Uniform Manifold Approximation and Projection (UMAP) and t-Distributed Stochastic Neighbor Embedding (tSNE) were used for secondary dimensionality reduction and visualization. After the clustering results were obtained, differential gene analysis was performed on different clusters (i.e., screening for marker genes). Marker gene screening criteria were │logFC │> 0.25 and p < 0.01. The top 20 highly variable genes were used for the heatmap display which was used to help identify core marker genes. Cells in different clusters of samples from different tissue sources were counted. Barplots were used to display the results and help identify the differential clusters. The Chi-square test was performed for cells in the different grouping of clusters.
2.5 Cell subpopulation identification
Since O. potamophila were not single-cell annotated, we first compared the transcripts to the NCBI nr library, Swissprot database, Kyoto Encyclopedia of Genes and Genomes (KEGG) database, Ensembl zebrafish database, and Ensembl tilapia database using NCBI-blast-2.5.0, with a threshold of 1e-05. We used the orthology module in Ensembl biomart to obtain the human homologs of genes annotated to zebrafish. In this project, marker genes were compiled, and a featurePlot was plotted to visualize gene expression distribution and identify clusters. The heatmap clearly shows the expression of known marker genes in different clusters. After the annotation was completed, the cell types obtained from the annotation were mapped to UMAP and tSNE maps.
2.6 Differential and functional enrichment analysis
For each cluster, genes with expression that differed between sample sources were analyzed, and the threshold for TAV vs. CK differential gene screening was │log2(FC) │ > 0.25 and p < 0.05. The differential genes of each cluster of each sample were subjected to KEGG (Kyoto Encyclopedia of Genes and Genomes) and GO (Gene Ontology) enrichment analysis. GO enrichment analysis is an international standardized transcriptional function classification system that provides a set of dynamically updated standard taxonomic names to adequately describe the properties of transcripts and transcript products in organisms (Falcon and Gentleman, 2007). GO function analysis provides taxonomic annotation of differentially expressed transcripts as well as a significant enrichment analysis of differentially expressed transcripts (Kanehisa and Goto, 2000).
2.7 Granulocyte cell and B cell subpopulation analysis
2.7.1 Subtype analysis
Granulocyte cells and B cells were analyzed in further detail. The subpopulations of cells were separated out and then re-dimensioned, clustered, and annotated. After the annotation was completed, the annotated types were mapped to the UMAP and tSNE maps.
3 RESULTS
3.1 Dimensionality reduction and clustering results
Cell viability was confirmed to be approximately 98% by microscopic examination. The total number of cells measured in the total sample was 13,382, with 7174 cells detected in the TAV group and 6208 cells detected in the CK group. After quality control and mapping using Cell Ranger software, the 13,382 cells had a total read length of 589,228,107 bp with an average read length of 44,031 bp per cell acquisition (Figure 1). In total, 23 cell clusters (clusters 0–22) were characterized (Figure 1A). The percentage of each cell cluster in the TAV and CK groups is shown in Figure 1B.
[image: Figure 1]FIGURE 1 | (A) Twenty-two cell clusters with uniform flow shape approximation and projection (UMAP) space were identified and displayed. (B) Statistical histogram showing the number of cells in each cluster for the TAV and CK groups.
3.2 Cell subpopulation identification results
Twenty-three cell clusters (clusters 0–22) were characterized (Figure 2A). Each cell subset-specific gene is shown in the heatmap, and the 23 cell clusters were grouped into B cells, granulocytes, endothelial cells, and macrophages (Figure 2B). In the TAV group, 5774 cells from cell clusters 0, 1, 2, 3, 6, 8, 9, 10, 13, 14, 16, 17, 18, 19, and 21; and 4095 cells from the CK group were classified as granulocytes. In the CK group, 589 cells in cell clusters 4 and 12 and 581 cells from the TAV group were classified as B cells. In the CK group, 234 cells from clusters 11 and 22, and 210 cells from the TAV group, were classified as macrophages. The remaining 484 cells in the CK group and 298 cells in the TAV group were not identified but were found in clusters 7 and 20. These results show a relatively large difference between granulocyte and endothelial cell numbers between the TAV and CK groups. Granulocytes as a whole were more abundant in the TAV group, whereas endothelial cells as were less abundant in the TAV group, compared to the CK group (Figure 2C).
[image: Figure 2]FIGURE 2 | (A) UMAP plot showing identification of putative cell types based on the expression of marker genes in mammals and fish. (B) Heatmap of putative marker genes in B cells, endothelial cells, macrophages, and granulocytes in cell clusters, with the expression levels of genes in different cells indicated by different colors. The redder the color, the higher the expression level, and the more purple the color, the lower the expression level. (C) Histogram showing the number of cells per cell type for B cells, endothelial cells, macrophages, and granulocytes.
3.3 Granulocyte subpopulation analysis results
To examine the biological functions of DEGs, GO and KEGG pathway analysis was performed on all DEGs. GO annotations of these genes were classified into three categories based on their functions and pathways: biological processes, cellular components, and molecular functions. Large ribosomal subunit in cellular components and structural molecular activity in molecular functions were the significantly influenced functions (Figure 3A). KEGG pathway analysis also demonstrated the influence of A. veronii on related pathways (Figure 3B). Pathways significantly affected by the bacterium were ribosome (ko03010), fluid shear stress and atherosclerosis (ko05418), and oxidative phosphorylation (ko00190).
[image: Figure 3]FIGURE 3 | (A) GO pathways enriched for each granulocyte subset gene; the top 10 most important GO pathways enriched in cellular processes, molecular functions, and cellular components are shown. (B) The top 20 most important KEGG pathways enriched for each granulocyte subset gene.
Neutrophil marker genes CEBPA (Isoform0003746), ncf1 (Isoform0003480), EPX (Isoform0002883) were observed in UMAP (Figures 4A–C). Neutrophils were present in the cell clusters 1, 4, 6, 9, 10, 13, 14, and 16; and eosinophils were present in cluster 5 (Figure 4). Relative to the control (TAV), neutrophil number was significantly higher and eosinophil number was significantly lower in the granulocytes in the CK group (Figure 4D).
[image: Figure 4]FIGURE 4 | (A) UMAP plots of the neutrophil marker gene CEBPA (Isoform0003746). (B) UMAP plots of the neutrophil marker gene ncf1 (Isoform0003480). (C) UMAP plots of the eosinophil marker gene EPX (Isoform0002883). (D) Histogram showing the number of cells per cell cluster in granulocytes.
3.4 Results of B cell subpopulation analysis
As shown in Figure 5A, the biological processes in the GO pathway that were significantly affected by bacterial infection were RNA biosynthesis process, viral process, and T helper cell differentiation. In the cellular components category, the ribosomal small subunit and ribosomal large subunit were the significantly affected functions. The structural molecular activity in the molecular functions category was the significantly affected function, which is consistent with the affected pathways identified in granulocytes. The KEGG pathway analysis showed that bacterial infection significantly affected immune relative pathway such as graft-versus-host disease (ko05332), viral myocarditis (ko05416), and inflammatory bowel disease (ko05321) pathways (Figure 5B).
[image: Figure 5]FIGURE 5 | (A) GO pathways enriched for each B cell subset gene; the top 10 most important GO pathways enriched in cellular processes, molecular functions, and cellular components are shown. (B) The top 20 most important KEGG pathways enriched for each B cell subset gene.
The UMAP of B cell marker genes cd79a (Isoform0023335), cd79b (Isoform0022658), and ighv1–4 (Isoform0016838) were obtained based on relevant literature and transcriptome data (Figures 6A–C). Cell clusters 0, 1, 2, 3, and 4 could not be identified based on the available B cell marker genes. The number of cells in clusters 1 and 4 in B cells was significantly higher in the TAV group compared to the CK group (Figure 6D).
[image: Figure 6]FIGURE 6 | UMAP plots of B cell universal marker gene (A) cd79a (Isoform0023335), (B) cd79b (Isoform0022658), and (C) ighv1-4 (Isoform0016838). (D) Histograms of the number of cells per cell cluster type in B cells.
4 DISCUSSION
Research on markers of teleost cell populations and cell subpopulation determinants is still relatively sparse. However, several cutting-edge methods, including scRNA-seq, are now being used to study the cellular immunological functions of fish. In this study, we used scRNA-seq to investigate the effects of infection with A. veronii on the head kidney cells of O. potamophila and on the regulation of gene expression.
In this study, cells from O. potamophila were categorized into B cells, endothelium cells, macrophages, and granulocytes based on the expression patterns of marker genes. However, we were unable to identify the full range of cellular subpopulations based on known marker genes. The differentiation or polarization of these immune cells (e.g., macrophages can polarize into M1 or M2 macrophages) is triggered by corresponding cytokines and transcription factors in response to stress and immune and inflammatory responses (Uribe et al., 2011). Not all cell subtypes were present in the kidneys of O. potamophila and other single-cell sequencing studies of cells isolated from fish kidney tissue did not find rag1 gene expressing cells (i.e., these fish lack mature T cells), which may explain the inability to identify these cell subtypes (Wang et al., 1996; Moore et al., 2016). However, the cell clusters obtained in this study will provide useful information for further research of the inflammatory response of O. potamophila. We used UMAP analysis to visualize transcriptional differences between B cell subpopulations, but the results showed that marker genes were not significantly different among different subpopulations of B cells (Figures 6A–C). This result likely reflects the widespread and unpredictable heterogeneity in the expression of these marker genes across cells.
In granulocyte clusters, eosinophil protein X (EPX) is a specific marker gene for eosinophils (Wechsler et al., 2021) and CLECSF8 (CLEC4D) (Wilson et al., 2015), CCAAT/enhancer-binding protein-alpha (CEBPA), and ecnccrp-1 (NCCRP1) (Ishimoto et al., 2004) are neutrophil-specific marker genes. Members of the Cebp family are well-known key regulators involved in neutrophil development, and CEBPA plays a key role in the proliferation of mitotic neutrophil progenitor cells (Zhang et al., 1997; Xie et al., 2020). Granulocytes are known to contain neutrophils, eosinophils, basophils, and mast cells (Ainsworth, 1992). Our results showed that neutrophil numbers in granulocytes increased significantly after fish were infected with A. veronii, whereas eosinophil numbers decreased. Neutrophils migrate from the circulation to infected tissues in response to inflammatory stimuli and protect the host by phagocytosing, killing, and digesting bacterial and fungal pathogens (Newburger, 2006; Amulic et al., 2012). Significant enrichment of ribosomal biogenesis was detected by GO analysis, indicated that genes related to structural molecular activity and large ribosomal subunit were affected by bacterial infection. The protein components, also known as ribosomal proteins (rps), play a critical role in ribosome and protein synthesis, and several perform important extra-ribosomal functions and are involved in DNA repair, transcriptional regulation, and apoptosis (Chang et al., 2015). Expression of RPS12 and RPL12 were upregulated after infection with A. veronii, which indicated more protein synthesis in cells (Supplementary material S1). This results in a highly functional cell population, with neutrophils activated to increase ribosomal protein levels to fight against invading pathogens (Schneider et al., 2014).
Fish B cells are functioning antibody-secreting cells that generate particular antibodies in response to external invader antigens, and they are crucial for adaptive immunity (Parra et al., 2013). Unlike mammals, there are no specific antibodies that can be used to accurately distinguish the developmental/differentiation status of fish B cells, which hinders studies of their function. In the present study, clusters of cells expressing cd79a (Minegishi et al., 1999), cd79b (Niu et al., 2020), and ighv1-4 (Tang et al., 2017) were identified as B cell populations. CD79b and CD79a are genes that encode the B cell receptor accessory proteins B29 and mb1 (Huse et al., 2022). The IGHV1-4 expression product, immunoglobulin M (IgM) is thought to be a ubiquitous vertebrate immunoglobulin that innately recognizes and binds a variety of antigens (Dooley and Flajnik, 2005). IgM has been used as a marker of mature B cells in trout and grouper (Zhang et al., 2010; Castro et al., 2014). IgM+ B cells have a strong phagocytic capacity and are able to kill microorganisms that are phagocytosed by the cells (Li et al., 2006). Subsequent studies have shown that rainbow trout IgT + B cells also contain subpopulations with phagocytic and bactericidal capabilities (Zhang et al., 2010). Other teleost species, including catfish, cod, and Atlantic salmon, contain phagocytic B cells and feature adaptive immune responses to characteristic pathogens (Øverland et al., 2010).
GO enrichment analysis of DEGs in B cells from fish infected with A. veronii, RNA biosynthesis process, viral process, and T helper cell differentiation significant changes. Expression of crucial pro-inflammatory mediators such as IL1B and IGHV1-4, which are involved in virulence processes, was upregulated (Supplementary material S1), suggesting that A. veronii activates immunoglobulin receptors. Major histocompatibility complex (MHC) class II genes MHC2A and MHC2DAB were also upregulated after infection with A. veronii. Antigen-presenting cells are key regulators of immunity, and the expression of MHCII molecules is restricted to some of them, including B cells (Watts, 1997). B cells utilize the specialized MHCII antigen presentation pathway to process B cell receptor-bound and internalized protein antigens and then present selected peptides in complex with MHCII to CD4+ T cells. The immune response of B cells of O. potamophila stimulated by A. veronii was similar to that of mammalian B-1 B cells, with IgT+ and IgM+ head kidney B cells proliferating rapidly and secreting IgT and IgM, respectively, in response to pathogenic stimulation (Zhang et al., 2010).
5 CONCLUSION
In this study, we used the expression of marker genes to group O. potamophila cells into B cells, endothelial cells, macrophages, and granulocytes, and we performed differential enrichment analysis of gene expression in B cells and granulocytes of fish infected with A. veronii. The combined analysis revealed a significant increase in neutrophils and decrease in eosinophils in granulocytes of fish infected with A. veronii. Activation of neutrophils enhanced ribosome biogenesis by up-regulating the expression of RPS12 and RPL12 to fight against invading pathogens. Crucial pro-inflammatory mediators such as IL1B, IGHV1–4, and MHC class II genes MHC2A and MHC2DAB, which are involved in virulence processes, were upregulated, suggesting that A. veronii activates an immune response that presents antigens and activates immunoglobulin receptors in B cells. These cellular immune responses identified by single-cell sequencing increase our knowledge about teleost species and lay the foundation for subsequent cellular immune studies.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories is NCBI and accession number(s) is GSE229275.
AUTHOR CONTRIBUTIONS
GL and CZ designed and supervised the study. XG, YZ, XHZ, and HJ prepared the samples. WW, GL and CZ analyzed all sequencing data. QJ and XJZ provided financial support. GL and CZ wrote the manuscript. All authors have read and approved the final manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work was supported by the earmarked fund for Jiangsu Agricultural Industry Technology System (JATS (2022) 415; JATS (2022) 417) and the Agricultural Major New Variety Creation Project in Jiangsu province (PZCZ201743).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1201914/full#supplementary-material
REFERENCES
 Ainsworth, A. J. (1992). Fish granulocytes: Morphology, distribution, and function. Annu. Rev. fish Dis. 2, 123–148. doi:10.1016/0959-8030(92)90060-b
 Amulic, B., Cazalet, C., Hayes, G. L., Metzler, K. D., and Zychlinsky, A. (2012). Neutrophil function: From mechanisms to disease. Annu. Rev. Immunol. 30, 459–489. doi:10.1146/annurev-immunol-020711-074942
 Castro, R., Bromage, E., Abós, B., Pignatelli, J., Granja, A. G., Luque, A., et al. (2014). CCR7 is mainly expressed in teleost gills, where it defines an IgD+ IgM− B lymphocyte subset. J. Immunol. 192 (3), 1257–1266. doi:10.4049/jimmunol.1302471
 Chang, K.-C., Wen, J.-D., and Yang, L.-W. (2015). Functional importance of mobile ribosomal proteins. BioMed Res. Int. 2015, 539238. doi:10.1155/2015/539238
 Dong, H., Techatanakitarnan, C., Jindakittikul, P., Thaiprayoon, A., Taengphu, S., Charoensapsri, W., et al. (2017). Aeromonas jandaei and Aeromonas veronii caused disease and mortality in Nile tilapia, Oreochromis niloticus (L). J. Fish Dis. 40 (10), 1395–1403. doi:10.1111/jfd.12617
 Dooley, H., and Flajnik, M. F. (2005). Shark immunity bites back: Affinity maturation and memory response in the nurse shark, Ginglymostoma cirratum. Eur. J. Immunol. 35 (3), 936–945. doi:10.1002/eji.200425760
 Falcon, S., and Gentleman, R. (2007). Using GOstats to test gene lists for GO term association. Bioinformatics 23 (2), 257–258. doi:10.1093/bioinformatics/btl567
 Hickman-Brenner, F., MacDonald, K., Steigerwalt, A., Fanning, G., Brenner, D. J., and Farmer, J. (1987). Aeromonas veronii, a new ornithine decarboxylase-positive species that may cause diarrhea. J. Clin. Microbiol. 25 (5), 900–906. doi:10.1128/JCM.25.5.900-906.1987
 Hoai, T. D., Trang, T. T., Van Tuyen, N., Giang, N. T. H., and Van Van, K. (2019). Aeromonas veronii caused disease and mortality in channel catfish in Vietnam. Aquaculture 513, 734425. doi:10.1016/j.aquaculture.2019.734425
 Huang, L., Qiao, Y., Xu, W., Gong, L., He, R., Qi, W., et al. (2021). Full-length transcriptome: A reliable alternative for single-cell RNA-seq analysis in the spleen of teleost without reference genome. Front. Immunol. 12, 737332. doi:10.3389/fimmu.2021.737332
 Huse, K., Bai, B., Hilden, V. I., Bollum, L. K., Våtsveen, T. K., Munthe, L. A., et al. (2022). Mechanism of CD79A and CD79B support for IgM+ B cell fitness through B cell receptor surface expression. J. Immunol. 209 (10), 2042–2053. (Baltimore, Md.: 1950). doi:10.4049/jimmunol.2200144
 Ishimoto, Y., Savan, R., Endo, M., and Sakai, M. (2004). Non-specific cytotoxic cell receptor (NCCRP)-1 type gene in tilapia (Oreochromis niloticus): Its cloning and analysis. Fish Shellfish Immunol. 16 (2), 163–172. doi:10.1016/S1050-4648(03)00059-7
 Iwata, A., Jeon, S.-R., Mizuno, N., and Choi, K.-C. (1985). A revision of the eleotrid goby genus Odontobutis in Japan, Korea and China. Jpn. J. Ichthyology 31 (4), 373–388. 
 Kanehisa, M., and Goto, S. (2000). Kegg: Kyoto encyclopedia of genes and genomes. Nucleic acids Res. 28 (1), 27–30. doi:10.1093/nar/28.1.27
 Li, J., Barreda, D. R., Zhang, Y.-A., Boshra, H., Gelman, A. E., LaPatra, S., et al. (2006). B lymphocytes from early vertebrates have potent phagocytic and microbicidal abilities. Nat. Immunol. 7 (10), 1116–1124. doi:10.1038/ni1389
 Liu, G., Li, J., Jiang, Z., Zhu, X., Gao, X., Jiang, Q., et al. (2022). Pathogenicity of Aeromonas veronii causing mass mortalities of Odontobutis potamophila and its induced host immune response. Fish Shellfish Immunol. 125, 180–189. doi:10.1016/j.fsi.2022.05.009
 Melsted, P., Booeshaghi, A. S., Liu, L., Gao, F., Lu, L., Min, K. H., et al. (2021). Modular, efficient and constant-memory single-cell RNA-seq preprocessing. Nat. Biotechnol. 39 (7), 813–818. doi:10.1038/s41587-021-00870-2
 Minegishi, Y., Coustan-Smith, E., Rapalus, L., Ersoy, F., Campana, D., and Conley, M. E. (1999). Mutations in Igalpha (CD79a) result in a complete block in B-cell development. J. Clin. investigation 104 (8), 1115–1121. doi:10.1172/JCI7696
 Moore, F. E., Garcia, E. G., Lobbardi, R., Jain, E., Tang, Q., Moore, J. C., et al. (2016). Single-cell transcriptional analysis of normal, aberrant, and malignant hematopoiesis in zebrafish. J. Exp. Med. 213 (6), 979–992. doi:10.1084/jem.20152013
 Newburger, P. E. (2006). Disorders of neutrophil number and function. ASH Educ. Program Book 2006 (1), 104–110. doi:10.1182/asheducation-2006.1.104
 Niu, J., Huang, Y., Liu, X., Zhang, Z., Tang, J., Wang, B., et al. (2020). Single-cell RNA-seq reveals different subsets of non-specific cytotoxic cells in teleost. Genomics 112 (6), 5170–5179. doi:10.1016/j.ygeno.2020.09.031
 Øverland, H. S., Pettersen, E. F., Rønneseth, A., and Wergeland, H. I. (2010). Phagocytosis by B-cells and neutrophils in Atlantic salmon (Salmo salar L) and Atlantic cod (Gadus morhua L). Fish shellfish Immunol. 28 (1), 193–204. doi:10.1016/j.fsi.2009.10.021
 Parra, D., Takizawa, F., and Sunyer, J. O. (2013). Evolution of B cell immunity. Annu. Rev. animal Biosci. 1, 65–97. doi:10.1146/annurev-animal-031412-103651
 Schneider, W. M., Chevillotte, M. D., and Rice, C. M. (2014). Interferon-stimulated genes: A complex web of host defenses. Annu. Rev. Immunol. 32, 513–545. doi:10.1146/annurev-immunol-032713-120231
 Sun, J., Zhang, X., Gao, X., Jiang, Q., Wen, Y., and Lin, L. (2016). Characterization of virulence properties of Aeromonas veronii isolated from diseased Gibel Carp (Carassius gibelio). Int. J. Mol. Sci. 17 (4), 496. doi:10.3390/ijms17040496
 Tang, Q., Iyer, S., Lobbardi, R., Moore, J. C., Chen, H., Lareau, C., et al. (2017). Dissecting hematopoietic and renal cell heterogeneity in adult zebrafish at single-cell resolution using RNA sequencing. J. Exp. Med. 214 (10), 2875–2887. doi:10.1084/jem.20170976
 Uribe, C., Folch, H., Enríquez, R., and Moran, G. (2011). Innate and adaptive immunity in teleost fish: A review. Veterinarni Med. 56 (10), 486–503. doi:10.17221/3294-vetmed
 Wang, B., Holländer, G. A., Nichoglannopoulou, A., Simpson, S. J., Orange, J. S., Gutierrez-Ramos, J.-C., et al. (1996). Natural killer cell development is blocked in the context of aberrant T lymphocyte ontogeny. Int. Immunol. 8 (6), 939–949. doi:10.1093/intimm/8.6.939
 Wang, B., Hu, J., Feng, J., Zhang, Y., Sun, Y., Jiang, B., et al. (2022). Acute septicemia and immune response of spotted sea bass (Lateolabrax maculatus) to Aeromonas veronii infection. Fish Shellfish Immunol. 124, 47–55. doi:10.1016/j.fsi.2022.03.030
 Wang, B., Mao, C., Feng, J., Li, Y., Hu, J., Jiang, B., et al. (2021). A first report of Aeromonas veronii infection of the sea bass, Lateolabrax maculatus in China. Front. Veterinary Sci. 7, 600587. doi:10.3389/fvets.2020.600587
 Watts, C. (1997). Capture and processing of exogenous antigens for presentation on MHC molecules. Annu. Rev. Immunol. 15 (1), 821–850. doi:10.1146/annurev.immunol.15.1.821
 Wechsler, M. E., Munitz, A., Ackerman, S. J., Drake, M. G., Jackson, D. J., Wardlaw, A. J., et al. (2021). Eosinophils in health and disease: A state-of-the-art review. Mayo Clin. Proc. 96, 2694–2707. Elsevier. doi:10.1016/j.mayocp.2021.04.025
 Wilson, G. J., Marakalala, M. J., Hoving, J. C., Van Laarhoven, A., Drummond, R. A., Kerscher, B., et al. (2015). The C-type lectin receptor CLECSF8/CLEC4D is a key component of anti-mycobacterial immunity. Cell host microbe 17 (2), 252–259. doi:10.1016/j.chom.2015.01.004
 Wu, C.-J., Wu, J.-J., Yan, J.-J., Lee, H.-C., Lee, N.-Y., Chang, C.-M., et al. (2007). Clinical significance and distribution of putative virulence markers of 116 consecutive clinical Aeromonas isolates in southern Taiwan. J. Infect. 54 (2), 151–158. doi:10.1016/j.jinf.2006.04.002
 Xie, X., Shi, Q., Wu, P., Zhang, X., Luo, H. R., Su, J., et al. (2020). Single-cell transcriptome profiling reveals neutrophil heterogeneity in homeostasis and infection. Nat. Immunol. 21, 1119–1133. doi:10.1038/s41590-020-0736-z
 Yu, J.-H., Han, J.-J., Kim, H.-J., Kang, S.-G., and Park, S.-W. (2010). First report of Aeromonas veronii infection in farmed Israeli carp Cyprinus carpio in Korea. J. fish pathology 23 (2), 165–176. 
 Zhang, D. E., Zhang, P., Wang, N. D., Hetherington, C. J., Darlington, G. J., and Tenen, D. G. (1997). Absence of granulocyte colony-stimulating factor signaling and neutrophil development in CCAAT enhancer binding protein alpha-deficient mice. Proc. Natl. Acad. Sci. U. S. A. 94 (2), 569–574. doi:10.1073/pnas.94.2.569
 Zhang, D., Xu, D.-H., Shoemaker, C., and Yao, Y. G. (2016). Integrative analyses of leprosy susceptibility genes indicate a common autoimmune profile. Aquac. Rep. 3, 18–27. doi:10.1016/j.jdermsci.2016.01.001
 Zhang, Y.-A., Salinas, I., Li, J., Parra, D., Bjork, S., Xu, Z., et al. (2010). IgT, a primitive immunoglobulin class specialized in mucosal immunity. Nat. Immunol. 11 (9), 827–835. doi:10.1038/ni.1913
 Zhu, C., Liu, G., Gu, X., Yin, J., Xia, A., Han, M., et al. (2022). Effect of quercetin on muscle growth and antioxidant status of the dark sleeper Odontobutis potamophila. Front. Genet. 13, 938526. doi:10.3389/fgene.2022.938526
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Liu, Zhu, Gao, Zheng, Zhu, Jiang, Wei, Jiang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1201914-g005.gif
i
W

///:;// // 52 /{

3 Ke56 20
. 0

o —





OPS/images/fphys-14-1201914-g006.gif





OPS/images/fphys-14-1201914-g003.gif





OPS/images/fphys-14-1201914-g004.gif
R






OPS/xhtml/nav.xhtml
Contents

		Cover

		Single-cell transcriptome analysis reveals a cellular immune response in freshwater dark sleeper (Odontobutis potamophila) after infection with Aeromonas veronii		1 Introduction

		2 Materials and methods		2.1 Experimental fish and A. Veronii strains

		2.2 Artificial infection experiment

		2.3 Ethical statement

		2.3 Cell range analysis and quality control based on full-length transcriptome data

		2.4 Dimensionality reduction and cluster analysis

		2.5 Cell subpopulation identification

		2.6 Differential and functional enrichment analysis

		2.7 Granulocyte cell and B cell subpopulation analysis





		3 Results		3.1 Dimensionality reduction and clustering results

		3.2 Cell subpopulation identification results

		3.3 Granulocyte subpopulation analysis results

		3.4 Results of B cell subpopulation analysis





		4 Discussion

		5 Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Physiology

Single-cell transcriptome
analysis reveals a cellular
immune response in freshwater
dark sleeper (Odontobutis
potamophila) after infection
with Aeromonas veronii





OPS/images/fphys-14-1201914-g001.gif





OPS/images/fphys-14-1201914-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





