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A B S T R A C T   

The spleen is a conserved secondary lymphoid organ that emerged in parallel to adaptive immunity in early jawed vertebrates. Recent studies have applied single cell 
transcriptomics to reveal the cellular composition of spleen in several species, cataloguing diverse immune cell types and subpopulations. In this study, 51,119 spleen 
nuclei transcriptomes were comprehensively investigated in the commercially important teleost Atlantic salmon (Salmo salar L.), contrasting control animals with 
those challenged with the bacterial pathogen Aeromonas salmonicida. We identified clusters of nuclei representing the expected major cell types, namely T cells, B 
cells, natural killer-like cells, granulocytes, mononuclear phagocytes, endothelial cells, mesenchymal cells, erythrocytes and thrombocytes. We discovered hetero-
geneity within several immune lineages, providing evidence for resident macrophages and melanomacrophages, infiltrating monocytes, several candidate dendritic 
cell subpopulations, and B cells at distinct stages of differentiation, including plasma cells and an igt + subset. We provide evidence for twelve candidate T cell 
subsets, including cd4+ T helper and regulatory T cells, one cd8+ subset, three γδT subsets, and populations double negative for cd4 and cd8. The number of genes 
showing differential expression during the early stages of Aeromonas infection was highly variable across immune cell types, with the largest changes observed in 
macrophages and infiltrating monocytes, followed by resting mature B cells. Our analysis provides evidence for a local inflammatory response to infection alongside B 
cell maturation in the spleen, and upregulation of ccr9 genes in igt + B cells, T helper and cd8+ cells, and monocytes, consistent with the recruitment of immune cell 
populations to the gut to deal with Aeromonas infection. Overall, this study provides a new cell-resolved perspective of the immune actions of Atlantic salmon spleen, 
highlighting extensive heterogeneity hidden to bulk transcriptomics. We further provide a large catalogue of cell-specific marker genes that can be leveraged to 
further explore the function and structural organization of the salmonid immune system.   

1. Introduction 

The spleen is the only secondary lymphoid organ present in all jawed 
vertebrates [1]. In mammals, the spleen contains stromal cells, mesen-
chymal stem cells and various leukocyte populations [2,3] and is split 
into two discrete compartments. The red pulp consists of red blood cells 
and macrophages that capture pathogens, recycle iron and remove 
damaged blood cells, whereas the white pulp is the primary lymphoid 
compartment where T cells, B cells, and antigen presenting cells (APCs) 
reside [2,4,5]. The white and red pulp is bridged by the marginal zone, 
enriched in specific subsets of B cells and macrophages [6]. In mammals 
and some avian species, germinal centers (GCs) are specialized 

microstructures within the white pulp that form during infection or 
immunization [7]. Within GCs, B cells proliferate before undergoing 
somatic hypermutation and affinity maturation, leading to selection for 
clonal B cells with high affinity to antigens from the invading pathogen. 
This process promotes the generation and export of antibody-secreting 
plasma B cells that are the basis for adaptive humoral immunity, 
along with memory B cells responsible for long-term immunological 
memory [7–9]. The molecular and cellular foundations of splenic GCs 
date back to the jawed vertebrate ancestor [10]. 

Teleosts lack lymph nodes and Peyer’s patches, and the spleen is 
primarily responsible for immune surveillance of peripheral blood an-
tigens. Teleosts do not develop GCs in their secondary lymphoid organs, 
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and the mechanisms for clonal expansion of B cells in the spleen remain 
poorly understood. Nevertheless, the gross organization of the teleost 
spleen seems similar to that of mammals as far as it can be divided into a 
red and white pulp, the latter containing ellipsoids surrounded by 
different leukocyte populations [11]. Also, within the spleen, distinct 
pigmented cells called melanomacrophages reside. In some teleosts, 
these cells tend to aggregate and form cellular clusters known as mela-
nomacrophage centers (MMCs) [12]. MMCs have been proposed by 
some authors as functionally analogous to mammalian GCs. For 
example, a recent study in zebrafish (Danio rerio) proposed that MMCs 
act as structures for B cell selection, with melanomacrophages assuming 
a role akin to follicular dendritic cells [13]. Despite such work, the hy-
pothesis that MMCs are functionally analogous to mammalian GCs has 
remained controversial [14]. A recent study of rainbow trout (Onco-
rhynchus mykiss) following parasitic infection indicated that MMCs 
associated with aggregates of B and T cells including antigen-specific B 
cells [15]. These MMC-associated lymphoid aggregates were suggested 
as sites of somatic hypermutation and expressed high levels of 
activation-induced cytidine deaminase [15]. 

Recent single cell transcriptomic studies in mammals have revealed 
heterogeneity within several spleen cell lineages [16–18], deepening 
our understanding of splenic spatial organisation [19,20]. Single cell 
transcriptomics is currently being uptaken in non-model teleosts as the 
gold standard for gene expression profiling, and transforming our un-
derstanding of immune cell heterogeneity in a range of species [21,22]. 
This approach captures the cellular origin of gene expression, allowing 
different cell types and their subsets to be distinguished under distinct 
developmental and functional states. Recent single cell transcriptomic 
studies of the spleen in Atlantic cod (Gadus morhua), which belongs to a 
group of fishes lacking MHC-II genes and CD4+ T cells, identified 
candidate natural killer-like (NK-like) cells and dendritic cells (DCs) 
alongside heterogeneity in T and B lymphocytes [23]. Comparable im-
mune cell heterogeneity has been observed in the spleen of turbot 
(Scophthalmus maximus) [24,25], as well as several other fish species 
[22]. 

Atlantic salmon (Salmo salar L.) is globally among the most impor-
tant farmed fishes [26,27]. A detailed understanding of immune cell 
heterogeneity and function is important to help reduce disease out-
breaks in salmon aquaculture, by supporting the design of rational ap-
proaches to vaccination and selective breeding for disease resistance. 
Genomic studies of the immune system in Atlantic salmon are compli-
cated by the impact of whole genome duplication (WGD) events in 
salmonid evolution. This notably includes a salmonid-specific WGD 
(Ss4R) event, which occurred on top of an earlier teleost-specific third 
WGD event [28–30]. These WGDs complicate single cell analyses and 
interpretations, with multiple paralogous genes typically sharing 
co-orthology to cell marker genes defined in model species [22]. Recent 
single cell studies in Atlantic salmon have identified immune cell het-
erogeneity within the liver [31], gill [32] and head kidney [33]. Single 
cell transcriptomic studies in rainbow trout have also provided insight 
into the heterogeneity of circulating B cells [34]. However, no single cell 
transcriptomic studies of the salmonid spleen have been conducted so 
far, including during the course of an infection. 

The primary aim of this study was to investigate cellular heteroge-
neity within the spleen of Atlantic salmon during the early response to 
bacterial infection. Using single nuclei RNA-seq (snRNA-seq), we report 
a comprehensive atlas of spleen cells, revealing heterogeneity within 
several immune cell lineages, before exploring cell-resolved responses to 
Aeromonas salmonicida, an ongoing cause of disease outbreaks in 
salmonid aquaculture [35]. Our findings enhance knowledge of the 
salmonid spleen and immune response, and provide an extensive cata-
logue of cell-specific marker genes that can be leveraged to support the 
development of disease control efforts built on a foundation of under-
standing the cellular basis for immunity. 

2. Materials and methods 

2.1. Samples and snRNA-Seq data generation 

Spleen samples were taken during an experiment described else-
where [31]. The animal work was carried out in compliance with the UK 
Animals (Scientific Procedures) Act 1986 under Home Office license 
PFF8CC5BE and approved by the ethics committee of the University of 
Aberdeen. Twenty fish representing sexually immature freshwater parr 
(mean/s.d. fork length: 12.7 cm/0.6 cm; approximately 8 months in age) 
were anaesthetized using 2-phenoxyethanol (2.5 mL in 10L 
water/0.0025 % v/v) and administered an intraperitoneal injection of 
either PBS (0.5 mL) (n = 10 control fish) or the pathogenic Hooke strain 
of Aeromonas salmonicida (2 × 105 colony forming units/mL in PBS; 0.5 
mL/fish) (n = 10 Aeromonas infected fish). Samples from all twenty fish 
were taken 24-h post-injection, after the fish were killed using a 
Schedule 1 method by destruction of the brain following overdose with 
2-phenoxyethanol (0.1 % v/v). A panel of tissue biopsies for spleen, 
head kidney, gill, blood and liver was sampled from all twenty animals 
and flash frozen on dry ice before storage at − 80 ◦C. Two control and 
two Aeromonas infected fish were selected on the basis of the expression 
of pro-inflammatory and acute phase marker genes (reported in 
Ref. [31]). Our past snRNA-Seq analysis in liver also confirmed an acute 
phase and inflammatory response was occurring in the Aeromonas 
infected fish [31]. The PBS-injected controls used for snRNA-Seq in this 
study (n = 2, fork length: 12.5 and 12.8 cm) were from the same fish 
reported in our previous study [31]. The head kidney samples from these 
two animals were also used in an snRNA-Seq study reported in the same 
special issue of this journal [33]. The two control samples used for 
snRNA-Seq here (n = 2, fork length: 11.7 and 12.5 cm) were from the 
same animals used in our past liver study [31]. 

Nuclear isolation followed a method described elsewhere [36] 
except for an additional filtration step with a 20 μm cell strainer before 
the cell counting and library preparation steps. The snRNA-Seq libraries 
were generated using the 10X Genomics Chromium platform, which 
were sequenced on a NovaSeq 6000 by Novogene UK Ltd generating 2 ×
150bp paired end reads. 

2.2. Generation of the count matrix 

The raw sequence data was checked with FastQC v0.11.9 [37]. Reads 
were aligned to the unmasked Ssal_v3.1 Atlantic salmon genome 
(GCA_905237065.2 [38]; downloaded from the Ensembl Genome 
Browser release 106 (https://www.ensembl.org/Salmo_salar/Info/I 
ndex) using StarSolo v2.7.8a [39], which was also used to attribute 
reads to cellular barcodes and de-duplicate unique molecular identifiers 
(UMIs). The analysis was restricted to protein coding genes by specifying 
annotations with a gene_biotype of “protein coding”. The genome index 
was generated with standard settings and “sjdbOverhang” set to 149 to 
account for the 150bp read length. Parameters “out-
FilterScoreMinOverLread” and “outFilterMatchNminOverLread” were 
set to 0.4 to maximise mapping length and the proportion of uniquely 
mapped reads. Reads were mapped with the “STAR” command and 
following settings: soloCBstart = 1, soloCBlen = 16, soloUMIstart = 17, 
soloUMIlen = 12, soloBarcodeReadLength = 0, soloUMIfiltering =
MultiGeneUMI_CR, soloCellFilter = EmptyDrops_CR, out-
FilterMatchNmin = 66, outFilterScoreMin = 30, out-
FilterMatchNminOverLread = 0.4, outFilterScoreMinOverLread = 0.4, 
soloMultiMappers = EM, limitOutSJcollapsed = 2,000,000, solo-
CellReadStats = Standard. Detailed mapping statistics for each sample 
are provided in Supplementary Table 1. 

2.3. Filtering and quality control 

Filtering was first conducted in Starsolo, where UMIs and gene 
counts of nuclei were ranked and the lower “elbow point" identified to 
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remove cellular barcodes with lower UMI or gene counts as likely empty 
droplets. Further quality control was conducted on each sample using 
Seurat v4.0.6 [40]. Background RNA contamination was estimated and 
removed using SoupX [41]. Next, individual nuclei with UMIs <300 or 
gene counts <200, and/or showing mitochondria and ribosome genes 
>10 % were removed. The “SCTransform” function was used to 
normalize the data, followed by centring, scaling, principal component 
analysis (PCA) and an initial high resolution clustering (performed with 
20 principal components and resolution of ‘2’ in the “FindClusters” 
Seurat command) to identify additional clusters of empty droplets [42]. 
Populations that lacked distinguishing markers (see section, ‘Differential 
gene expression tests’) were removed as likely empty droplets or poor 
quality nuclei. Doublets were also identified and removed using the R 
package ScDblFinder v1.10.0 [43]. A manual quality control step was 
performed to remove further potential doublets once cell identity was 
established (described in section ‘Assignment of cellular identity’). 

2.4. Assignment of cellular identity 

The four samples were merged into one Seurat object using the 
“merge” function. Harmony v0.1.0 [44] was then used to reduce con-
founding sample-specific batch effects. Each cluster was assigned to a 
major cell lineage using a priori defined marker genes (Supplementary 
Table 2). Gene annotations were taken from the Ensembl Genome 
Browser annotation for Atlantic salmon (Ssal_v3.1). For genes lacking 
annotations, the name of the nearest Ensembl annotated orthologue in 
rainbow trout (USDA_OmykA_1.1), zebrafish (Danio rerio – GRCz11) or 
mouse (Mus musculus– GRCm39) was adopted (Supplementary Table 3) 
using the R package BiomaRt v2.52.0 [45]. Cell populations that 
expressed a priori defined markers (Supplementary Table 2) or line-
age-distinguishing markers (Supplementary Table 4; see section ‘Dif-
ferential gene expression tests’) of distinct cell lineages, but lacked any 
unique distinguishing markers in the differential gene expression (DGE) 
test, were eliminated as doublets. Detailed statistics including the 
number and proportion of each cell lineage for each sample are provided 
in Supplementary Table 5. Populations identified as erythrocytes and 
thrombocytes were removed from the analysis at this point. 

For the additional cell lineage specific analysis, all major populations 
were split into separate Seurat objects and additional clustering was 
done using default parameters (resolution = 0.8). Each subpopulation 
was then assigned an identity based on canonical marker genes from the 
literature (Supplementary Table 6). This approach of extracting and re- 
clustering cell lineages of interest was chosen over high-resolution 
global clustering to reveal more biologically meaningful heterogeneity 
[22]. 

2.5. Differential gene expression tests 

To identify gene expression profiles and marker genes for different 
cell populations, a DGE test was performed using the Seurat “FindAll-
Markers" function [40] based on the Wilcoxon rank sum test. This 
approach involves comparing the expression of each gene in a specific 
cell population with its expression in all other cells (results in Supple-
mentary Table 4). Genes with Bonferroni-adjusted p < 0.05 and average 
log2FC > 0.40 were considered as significantly differentially expressed. 
Genes significantly upregulated in each population were considered 
markers. For the cell lineage-specific DGE analysis, the background was 
set as all nuclei analysed for the major cell lineage being examined 
(Supplementary Tables 7–13). We also provide summary statistics about 
the identified cell populations across all four biological samples (Sup-
plementary Table 14). 

To examine the cell-specific response to Aeromonas, we performed 
DGE tests within the same cell clusters and subpopulations, contrasting 
the control and Aeromonas infected fish using the “FindMarkers” func-
tion in Seurat (Supplementary Tables 15–16). This was done for the 
eight major cell lineages defined by global clustering (Supplementary 

Table 15), and for immune cell subpopulations defined by cell lineage 
specific clustering (Supplementary Table 16). Genes with FDR adjusted 
p < 0.05 were considered differentially expressed. 

2.6. Correlation and GO enrichment analyses 

To explore the transcriptome-wide correlation between sub-
populations of mononuclear phagocytes (MPs) and the MP-like csf1r- 
cells (see section 3.2.4), we conducted a correlation analysis after sub- 
clustering MPs alongside the MP-like csf1r-cells. The subclustering was 
done as described above. The correlation analysis employed the “cor” 
function from the R package stats v4.3.1 [46] and was performed using 
the estimated expression levels of all expressed genes for pairwise 
combinations across all the identified MP subpopulations, including the 
MP-like csf1r-cluster. 

To further investigate the phenotype of MP subpopulations including 
the MP-like csf1r-cluster, we conducted Gene Ontology-Biological Pro-
cess (GO-BP) enrichment analyses using the R package clusterProfiler 
v4.8.3 [47] (Supplementary Table 17). These analyses were performed 
individually for each identified MP subpopulation, employing all sig-
nificant marker genes (adjusted p < 0.05) as the input (Supplementary 
Table 10), with the background gene set representing all genes 
expressed across the MP lineage (including the MP-like csf1r-cluster). 

3. Results and discussion 

3.1. Major cell populations in the atlantic salmon spleen 

Following filtering and quality control steps, we used snRNA-Seq to 
profile 51,119 single nuclei transcriptomes across the four Atlantic 
salmon spleen samples, with a median of 1648 genes (s.d. 971) captured 
per nuclei. Our recent work has shown that snRNA-Seq provides an 
excellent representation of cellular diversity in salmonid tissues, and has 
advantages compared to widely used scRNA-Seq methods [22,33]. Eight 
major cell lineages were identified using unbiased graph-based clus-
tering [48], with cell identity initially assigned using pre-defined marker 
genes (Fig. 1A and B; markers in Supplementary Table 2) supported by 
examining marker genes defined by DGE tests across the distinct clusters 
(Fig. 1C; Supplementary Table 4). In the text that follows, we provide 
Ensembl identifiers for all mentioned genes, inclusive of any identified 
paralogues for a particular cell cluster. 

B cells were identified using ebf1 (ENSSSAG00000079780, ENSS-
SAG00000070298) [49], cd79a (ENSSSAG00000113980) [50], tcf7l2 
(ENSSSAG00000066753) [51], vav2 (ENSSSAG00000009589) [52] and 
swap70 (ENSSSAG00000115076, ENSSSAG00000118232) [53] as 
marker genes. T cells were identified using cd3e (ENSS-
SAG00000076824) [54], tcf7 (ENSSSAG00000006857, ENSS-
SAG00000064204) [55], bcl11b (ENSSSAG00000071984, 
ENSSSAG00000045088) [56], tox2 (ENSSSAG00000113443) and tbx21 
(ENSSSAG00000015324) as markers. Natural killer (NK)-like (NK-L) 
cells were annotated using runx3 (ENSSSAG00000064246) [57], zeb2b 
(ENSSSAG00000050763) [58], prf1.3 (ENSSSAG00000002801, ENSS-
SAG00000009129), aqp1 (ENSSSAG00000117352) and mafa (ENSS-
SAG00000108168/ENSSSAG00000052644) genes, which were also 
markers for NK-L clusters described in Atlantic salmon liver [31]. 
Mononuclear phagocytes (MPs) were identified using cd74 (ENSS-
SAG00000091373, ENSSSAG00000004635, ENSSSAG00000062736) 
[59], csf1r (ENSSSAG00000061479, ENSSSAG00000001705) [60], 
mpeg1 (ENSSSAG00000076214) [35] and nrxn1 (ENSS-
SAG00000057796) [61]. Granulocytes were marked by high expression 
of mmp9 (ENSSSAG00000069874) [62], mmp13 (ENSS-
SAG00000070495) [63], lect2 (ENSSSAG00000115953) [64] and csf3r 
(ENSSSAG00000041566) [65]. Endothelial cells were identified by their 
high expression of egfl7 (ENSSSAG00000083641) [66] and kdrl (ENSS-
SAG00000046825) [67], and mesenchymal cells were identified using 
hmcn1 (ENSSSAG00000066417) [68] and tpm1 
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(ENSSSAG00000108555) [69] as markers. 
Using the above markers, 7 major cell populations were identified, 

with the following proportions of all nuclei: B cells (46.8 %), T cells 
(16.7 %), MPs (11.0 %), NK-L cells (8.0 %), mesenchymal cells (6.6 %), 
granulocytes (4.6 %), and endothelial cells (4.4 %). We also identified a 

distinct cluster that comprised ~2 % of all nuclei and had many distinct 
marker genes, most strikingly two paralogues of flt3 (ENSS-
SAG00000009390/ENSSSAG00000060395) (Fig. 1B; Supplementary 
Table 4), but could not easily be assigned to any of the major leukocyte 
lineages. This population shared markers genes with multiple other 

Fig. 1. Cell populations identified in the Atlantic salmon spleen. A. UMAP visualisation of eight major spleen cell types. B. Violin plots demonstrating the expression 
of marker genes. C. Heatmap of the top 20 differentially expressed genes for each cell cluster. Columns represent cells; rows represent genes. Endo: endothelial cells, 
Granu: granulocytes, Mesen: mesenchymal cells, MPs: mononuclear phagocytes, and NK-L: natural killer-like cells. The unique ending of Ensembl gene identifiers is 
provided for all genes shown. 
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clusters from the myeloid and lymphoid lineages, including atp11c (NK- 
L) (ENSSSAG00000055816), tox2 (T cells) (ENSSSAG00000080613/ 
ENSSSAG00000074925), vav3 (granulocytes) (ENSS-
SAG00000067657), and sftpba (B cells) (ENSSSAG00000049747) (Sup-
plementary Table 4). flt3 is a classic marker of DCs [70], raising the 
hypothesis that this population represents a DC, which should therefore 
have clustered within the MPs. However, this population did not express 
all the marker genes used to define the MP lineage, lacking expression of 
the cfsr1 paralogues mentioned above, though it did express mpeg1 
(despite not being a significant marker gene) to a level higher than all 
cell types barring MPs, and also shared two cd74 paralogues (ENSS-
SAG00000062736 and ENSSSAG00000004635) as markers in common 
with MPs (e.g. Fig. 1B), strongly indicating an APC. At this stage, we 
named this cluster as csf1r- MP-like cells (‘MP-L csf1r-‘) (Supplementary 
Table 4) and report on its characteristics in relation to heterogeneity 
observed within the broader MP lineage in a later section (Section 
3.2.4). 

All four samples contributed a significant proportion of sequenced 
nuclei to each of the identified major cell populations, with no major 
differences observed in contribution of the nuclei derived from the 
control and infected samples (Supplementary Fig. 1). 

Cell lineage-specific analyses revealed differences in heterogeneity 
across the major spleen cell types. Several immune lineages exhibited 
marked heterogeneity within the identified clusters (explored in the 
following sections). While six granulocyte clusters were identified, each 
had few specific marker genes, making it challenging to understand the 
biological relevance of this heterogeneity (Supplementary Fig. 2; Sup-
plementary Table 11). Likewise, we identified a very limited number of 
specific markers for four identified mesenchymal cell clusters (Supple-
mentary Fig. 3; Supplementary Table 12). 

The endothelial cells formed two clusters interpreted to represent 
arterial microvascular and capillary-venous sinusoidal endothelial cells 
(including the population sometimes referred to as littoral cells [71]), 
respectively (Supplementary Fig. 4). The arterial microvascular cluster 
was enriched for the arterial markers mecom (ENSSSAG00000041461) 
[72], angiogenic markers including dll4 (ENSSSAG00000001347) [73] 
and flt1 (ENSSSAG00000065213) [74], and general vascular markers 
such as pecam1a (ENSSSAG00000003562) [75] and robo4 (ENSS-
SAG00000051277) [76]. In contrast, markers of the capillary-venous 
sinusoidal endothelial cluster included the vascular marker egfl7 
(ENSSSAG00000083641) [77], the venous marker plvapb (ENSS-
SAG00000040305) [78,79], and the littoral cell marker fhod1 (ENSS-
SAG00000058596) [71]. This cluster showed a profile consistent with a 
scavenging and activated phenotype, with similarities to the major 
capillary population observed in Atlantic salmon head kidney [33]. 
Scavenger-associated markers included stab1 (ENSSSAG00000067902) 
[75] and mrc1 (ENSSSAG00000073565) [80]. Moreover, several marker 
genes have known roles in leukocyte guidance, including vcam1b 
(ENSSSAG00000043624) [81], cxcl12 (ENSSSAG00000117767) [82] 
and ccl19b (ENSSSAG00000002773) [83] (Supplementary Fig. 4; Sup-
plementary Table 13). 

3.2. Heterogeneity in several immune cell lineages 

We clustered the immune cell lineages to the exclusion of other cell 
types, and annotated subpopulations based on marker genes identified 
in the literature. DGE tests for each subpopulation (Supplementary Ta-
bles 7–10) were performed against the background of other cells in the 
same lineage. Heterogeneity was captured in B cells (21,652 nuclei, 
representing four clusters named B1 to B4) (Fig. 2), T cells (7173 nuclei, 
representing twelve clusters named T1 to T12) (Fig. 3), NK-like cells 
(3422 nuclei, representing three clusters named NK-L1 to NK-L3) 
(Supplementary Fig. 5) and MPs (5652 nuclei, representing eight clus-
ters named MP1 to MP7, plus MP-L csf1r-) (Figs. 4 and 5). 

3.2.1. Distinct B cell subpopulations in the Atlantic salmon spleen 
We identified four B cell subpopulations (B1 to B4) (Fig. 2A and B; 

marker genes provided in Supplementary Table 7) (Fig. 2C; Supple-
mentary Table 14). We analysed these subpopulations from two per-
spectives: immunoglobulin gene expression and differentiation status. 
We first examined the expression of the three teleost immunoglobulin 
isotypes igm (ENSSSAG00000004118 and ENSSSAG00000048830), igd 
(ENSSSAG00000105128), and igt (ENSSSAG00000101183, ENSS-
SAG00000109113 and ENSSSAG00000115151) (Fig. 2D). To further 
classify the B cell developmental status subsets, we used genes encoding 
the transcription factors ebf1 (ENSSSAG00000079780, ENSS-
SAG00000070298 and ENSSSAG00000041858) [84], xbp1 (ENSS-
SAG00000071607, ENSSSAG00000093856) [85], pax5 
(ENSSSAG00000104911) [86] and blimp1/prdm1 (ENSS-
SAG00000062775) [87,88]. 

B1 and B2 appeared to represent resting mature B cells, with both 
showing potential differences in proportion between control and infec-
ted samples (Fig. 2C; see section 3.3.1). B1, the most abundant subset 
(17,664 nuclei, 81.6 % of B cells), was characterized by high expression 
of prkcba (ENSSSAG00000094876, ENSSSAG00000085436) [89], 
negaly6 (ENSSSAG00000015620) [90], tlr2 (ENSSSAG00000003781) 
[91], and cd9b (ENSSSAG00000097341) (Fig. 2E). A similar B cell 
population was recently detected in Atlantic salmon head kidney control 
samples [33]. Considering its rapid response to bacterial infection 
(described in section 3.3.1), it is possible that B1 represents a B cell 
subset with innate-like properties, such as marginal zone B cells [6], 
which in mice are marked by high levels of CD9 [92]. B2 (2194 nuclei, 
10.1 % of B cells) was distinguished by enriched expression of igt 
(ENSSSAG00000115151), cd74b (ENSSAG00000062736), tspan18 
(ENSSSAG00000041529), slc7a2 (ENSSSAG00000067111) and il31ra 
(ENSSSAG00000072245). While these genes are associated with im-
munity in mammals [93–95], their roles in teleosts are not well under-
stood, which limits a more specific annotation for B2 than igt + B cells. 
Again, a similar population was observed in the Atlantic salmon head 
kidney [33]. 

B3 and B4 (comprising 1332 and 462 nuclei, 6.2 and 2.1 % of B cells, 
respectively) were characterised by increased expression of the canon-
ical plasmablast/plasma cell markers cr3l2 (ENSSSAG00000055328) 
[96], ppib (ENSSSAG00000064063) [23], irf4b (ENSS-
SAG00000009083) [97] and a series of immunoglobulin coding genes 
(ighv6-1; ENSSSAG00000004118), igkv4-1; ENSSSAG00000101162 and 
igl3v5; ENSSSAG00000042037) (Fig. 2E). As B cells develop towards 
plasma cells, ebf1 and pax5 expression decreases, while xbp1 and 
blimp1/prdm1 expression increases [98]. Compared to B4, lower 
expression of pax5 and igm and higher expression of xbp1 and 
blimp1/prdm1 indicate that B3 represents mature plasma cells [98] 
(Fig. 2E). B4 most likely represents plasmacytes, with increased 
expression of endoplasmic reticulum genes (hsp90b1; ENSS-
SAG00000043708 and rps6kb1a; ENSSSAG00000076220) [99,100] and 
the proliferation-related genes prim2 (ENSSSAG00000001875) [101], 
pola1 (ENSSSAG00000078390) [102], mki67 (ENSSSAG00000066170) 
[103], cenpe (ENSSSAG00000073454) [104], anln (ENSS-
SAG00000007105) [105], ncapd3 (ENSSSAG00000044788) [106] and 
top2a (ENSSSAG00000066721) [107]. 

3.2.2. Extensive T cell heterogeneity in the Atlantic salmon spleen 
Based on the composition of TCR chains, cd3+ T lymphocytes in 

teleost fish can be classified into αβ and γδ T cells [108]. Most studies in 
Atlantic salmon have focussed on αβT cells, which can be further clas-
sified by the presence of the surface glycoproteins CD4 and CD8 (i.e. as 
CD4+ or CD8+ T cells) [109]. On the other hand, γδT cells have only 
been functionally characterized at depth in zebrafish, where they make 
up a higher proportion of T cells than in mammals [108]. Nonetheless, 
the Atlantic salmon genome retains functional gamma and delta T-cell 
receptor genes [110]. 

In this study, we classified T cells based on the expression of CD3 
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Fig. 2. Identification of B cell subpopulations. A. UMAP visualisation of four B cell subpopulations. B. Heatmap of top 20 differentially expressed genes for each 
cluster. Columns and rows represent cells and genes, respectively. C. Fraction of each B subpopulation across four biological replicates, including control and 
Aeromonas infection samples. D. Feature plots demonstrating the expression of immunoglobulin genes. E. Dot plot demonstrating the expression of B cell subpop-
ulation marker genes. The unique ending of Ensembl gene identifiers is provided for all genes shown. 
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protein complex coding genes (cd3e: ENSSSAG00000076824; cd3z: 
ENSSSAG00000055061 and cd3gd: ENSSSAG00000009995), T cell re-
ceptor (TCR) genes (tcra: ENSSSAG00000054449; tcrb: ENSS-
SAG00000096491, ENSSSAG00000101304, ENSSSAG00000098580, 
ENSSSAG00000120445 and tcrg: ENSSSAG00000100298), cd4 genes 

(ENSSSAG00000040774, ENSSSAG00000076595, ENSSSAG00000076 
631, ENSSSAG00000040842), cd8 genes (cd8α: ENSSSAG00000065 
860; cd8b.1: ENSSSAG00000065854 and cd8b.2: ENSSSAG000000 
45680), and cd28 (ENSSSAG00000083857, ENSSSAG00000091966), a 
molecule involved in the activation, differentiation and function of T 

Fig. 3. Identification of T cell subpopulations. A. UMAP visualisation of twelve T cell subpopulations. B. Violin plots demonstrating the expression of T cell markers 
and notable cluster enriched genes. C. Heatmap of top 20 differentially expressed genes for each cell cluster. Columns represent cells; rows represent genes. The 
unique ending of Ensembl gene identifiers is provided for all genes shown. 
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cells [111]. 
Twelve T cell clusters named T1 to T12 were identified (Fig. 3). 

Expression of tcra was not detected in any T cell cluster, whereas three 
out of the four tcrb genes were expressed by most subpopulations 
(Fig. 3C). With the exception of T2 (1135 nuclei, 15.8 % of T cells), T4 
(607 nuclei, 8.5 % of T cells) and T8 (334 nuclei, 4.7 % of T cells), all 
other T cells subpopulations were double negative for cd4 and cd8 

(Supplementary Table 8). Previous studies in rainbow trout head kidney 
characterized two types of cd4+ T cells, cd4-1/cd4-2 double-positive and 
cd4-2 single-positive [112]. In our data, we found two clusters with 
enrichment for both cd4-1 and cd4-2, T2 and T8, of which 9.5 % of cells 
in the clusters were double-positive cell for the two markers. No cd4-2 
single-positive cluster was identified (Fig. 3C). T2 are presumed to 
represent T helper cells, displaying high expression of molecules 

Fig. 4. MP subpopulations A. UMAP visualisation of MP subpopulations including MP-L (csf1r-). B. Feature plots of marker genes distinguishing macrophages/ 
monocytes from DC-like cells. C. Violin plot demonstrating the expression of flt3 in MP-L (csf1r-) and macrophage/monocyte subpopulation marker genes. The unique 
ending of Ensembl gene identifiers is provided for all genes shown. 
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associated with T cell receptor recycling and the activation of naïve T 
cells, namely ctsl (ENSSSAG00000002302) [113], prkca (ENSS-
SAG00000007052, ENSSSAG00000083362) [114], and cd28 [115]. T8 
showed defining features of regulatory T cells (Tregs), including specific 
expression of ikzf4 (ENSSSAG00000096085) [116] and foxp3b (ENSS-
SAG00000059169, ENSSSAG00000075752) [117,118], in addition to 
cd4 [119]. Similar cd4+ T cell populations were identified in Atlantic 
salmon head kidney [33]. 

In the single cd8+ T4 subpopulation, we observed increased 
expression of cd49d (alias: itga4) (ENSSSAG00000025750), a marker for 
tissue resident memory T cells in mammals [120,121]. T4 also specif-
ically upregulated dlg1 (ENSSSAG00000040993), a gene required for 
the differentiation of memory T cells in mouse [121] (Supplementary 
Table 8). These cells appeared to differ from cd8+ T cells previously 
isolated from salmonid spleen, which expressed high levels of cytotoxic 
components perforin, granulysin, and IFN-γ [122], hinting that they 
could be a type of memory T cell. However, we did not detect expression 
of Atlantic salmon orthologues of several other memory T cell marker 
genes in this subpopulation, namely cd122, cxcr3, cd44 and cd11a [123]. 
A single cd8+ T cell cluster was also identified in control Atlantic salmon 
head kidney samples [33], albeit with several cytotoxic genes included 
as markers. 

The specific expression of tcrg leads us to propose that T5 (550 nuclei, 
7.7 % of T cells) and T6 (491 nuclei, 6.8 % of T cells) are γδT sub-
populations. T5 show high expression of a gene annotated dmbt1 (also 

known as cd163) (ENSSSAG00000072601), a mammalian γδT cell 
marker [124], while T6 expressed cytotoxic components including 
granulysin (nkl, ENSSSAG00000085565 and ENSSSAG00000003357) 
and perforin encoding prf1 genes (ENSSSAG00000065678 and ENSS-
SAG00000005439), highly expressed in human γδT cells [125]. Very 
similar T cell subsets to T5 and T6 were identified in Atlantic salmon 
head kidney control samples [33]. T11 (138 nuclei, 1.9 % of T cells), 
while lacking tcrg expression, showed enrichment of other canonical 
mammalian γδT cell markers, including cd163 (ENSS-
SAG00000072601), cd130 (ENSSSAG00000059232), sox13 (ENSS-
SAG00000077869 and ENSSSAG00000058488), il17rb 
(ENSSSAG00000038993), and il21rb (ENSSSAG00000055593) [126]. 
Studies in mice have shown that sox13 drives a γδ-lineage differentiation 
program in developing T cells [127]. These observations suggest T11 
may represent prothymic γδT cell progenitors. The high expression of 
gata2 (ENSSSAG00000079702, ENSSSAG00000068560) and gata3 
(ENSSSAG00000044928, ENSSSAG00000065097) in T11 aligns with 
this suggestion [128,129], and a similar T cell subset to T11 was 
observed in Atlantic salmon head kidney. However, if this is the case, it 
is not clear why the cells are also present in spleen, unless circulating to 
reach the thymus. Notably, similar cells were also detected in Atlantic 
cod spleen [23]. 

T7 (363 nuclei, 5.1 % of T cells) showed specific expression of 
transcriptional targets of TCR signalling including nr4a3 (ENSS-
SAG00000037255) [130] and egr1 (ENSSSAG00000093647) [120], 

Fig. 5. Relationship of MP-L (csf1r-) with other MP subpopulations. A. Dot plot showing expression of markers for cDCs and pDCs. B. Pairwise correlation of all 
expressed genes among each MPs subpopulation. C. Top GO-BP terms for MP subpopulations enriched among unique marker genes. Gene ratio represents the 
proportion of genes in the input lists associated with the given GO term. 
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which are rapidly and transiently expressed following T cell activation 
in mammals. T10 (357 nuclei, 5.0 % of T cells) and T12 (96 nuclei, 1.3 % 
of T cells) were annotated as proliferating T cells and proliferating 
cytotoxic T cells, respectively, based on the increased expression of 
proliferation marker genes, with multiple cytotoxic genes upregulated in 
T12, several shared otherwise only by T6, although T12 lacked γδT 
markers. While a similar subset to T10 was observed in the Atlantic 
salmon head kidney [33], no head kidney T cell subset clearly resembled 
the profiles of T7 or T12. 

T9 (272 nuclei, 3.8 % of T cells) showed upregulation of genes 
associated with interferon signalling, including stat1 (ENSS-
SAG00000093277), irf1 (encoding interferon regulatory factor 1) 
(ENSSSAG00000058121), ifi44 (encoding interferon induced protein 
44) (ENSSSAG00000038498 and ENSSSAG00000107768) and the 
interferon stimulated gene tapbp (ENSSSAG00000077407). A similar 
signature was characterized in a rare human T cell subpopulation 
termed “IFN signaling–associated gene high T” defined by scRNA-Seq 
[131]. No subset with a similar profile was identified in the Atlantic 
salmon head kidney [33]. T3 (1051 nuclei, 14.7 % of T cells) showed 
some similarity with a double negative innate-like T cell subset observed 
in Atlantic salmon head kidney [33], with high levels of il2rb (also 
known as cd122) (ENSSSAG00000050463), tox2 (ENSS-
SAG00000080613), tox (ENSSSAG00000068569), and fcergl 
(ENSSSAG00000092386). 

The identity of the large T1 subpopulation (1779 nuclei, 24.8 % of T 
cells) remained elusive, although a similar population that was likewise 
poorly defined resided in Atlantic salmon head kidney [33]. This cluster, 
despite expressing T cell marker genes, showed low levels of cd4 and cd8 
expression, and generally lacked specific marker genes compared to 
other T cell subsets (Fig. 3B; Supplementary Table 8). 

3.2.3. Three NK-L subpopulations 
Teleost nonspecific cytotoxic cells (NCCs) and NK-L cells have been 

described as homologous to mammalian NK cells [132]. While NCCs 
have been characterized in channel catfish (Ictalurus punctatus) and are 
recognized by the expression of nccrp1 [133], we lack a comprehensive 
understanding of the function and surface membrane phenotype of 
teleost NK-like cells. As nccrp1 (ENSSSAG00000075920) was not 
expressed in the cluster presenting marker genes indicative of the NK 
lineage, we named it NK-L cells (Supplementary Fig. 5). Orthologues of 
the mammalian NK cell markers pik3r3b (ENSSSAG00000079094) [134] 
and zeb2b (ENSSSAG00000050763) [135] were expressed primarily in 
NK-L1 (2062 nuclei, 60.3 % of NK-like cells) and NK-L3 (298 nuclei, 8.7 
% of NK-like cells) (Supplementary Fig. 5). NK-L3 further upregulated 
proliferation associated marker genes (Supplementary Fig. 5). 

Unlike the other two NK-like cell subpopulations, NK-L2 (1062 
nuclei, 31.0 % of NK-like cells) exhibited a distinct gene expression 
profile that shared closer affinity with T cells in our global analysis 
(Supplementary Fig. 5; Supplementary Table 9). However, NK-L2 did 
not express cd3, tcf7 (ENSSSAG00000006857), bcl11b (ENSS-
SAG00000071984) and tbx21 (ENSSSAG00000015324), so is unlikely 
to represent a T cell subpopulation (Supplementary Fig. 5). NK-L2 also 
expressed distinct cytotoxicity-related factors to NK-L1 and 3NK-L, 
including genes encoding perforin and granulysin (Supplementary Fig. 
5). Additionally, eomes (ENSSSAG00000067359), the mammalian T-box 
transcription factor necessary for late NK cell development and effector 
functions [136], showed specific expression in NK-L2 and was previ-
ously shown to be expressed in rainbow trout NK-like cells [137]. 

3.2.4. Evidence for macrophages, infiltrating monocytes and dendritic cell 
subpopulations 

Macrophage and monocyte-like cells are long-recognized in salmo-
nids [138] and their responses to Aeromonas salmonicida infection have 
been reported [139]. Further, DC-like cells have been described in 
salmonid blood [140] and immune organs [141,142]. We identified 
putative populations of macrophages/monocytes and DCs, along with a 

distinct MP-L (cfsr1-) population (Fig. 4; Supplementary Table 10). The 
clusters were divided into two major groups: i) macrophages/monocytes 
(MP1, MP2, MP4, MP6, MP7), based on expression of marco (ENSS-
SAG00000063051) a classic macrophage marker [143] used to identify 
Atlantic salmon macrophages/monocytes [144] and ii) DC-like (MP3, 
MP5 and MP-L csfr1-) (Fig. 4B and C). 

MP1 (2790 nuclei, 49.4 % of MPs) likely represents resident mac-
rophages based on the expression of prkcdb (ENSSSAG00000078795) 
[145], rxraa (ENSSSAG00000067352) [146], lrp1ab (ENSS-
SAG00000076721) [147], marco [148], cd4-2.2 (ENSS-
SAG00000076595) [149] and timd4 (ENSSSAG00000087400) [149] 
(Fig. 4C). MP6 (94 nuclei, 1.7 % of MPs) was annotated as resident 
macrophages undergoing proliferation due to the co-expression of resi-
dent macrophage markers and proliferation associated genes (Fig. 4C). 
MP2 (1145 nuclei, 20.3 % of MPs) likely represents infiltrating macro-
phages derived from blood monocytes based on upregulation of cxcr3 
(ENSSSAG00000051147) [150], itgal (ENSSSAG00000046996) [151], 
alox5ap (ENSSSAG00000006974) [152] and high levels of a csf1r 
paralogue (ENSSSAG00000061479) [60] (Fig. 4C). Although several 
subtypes of macrophage activation states have been described in tele-
osts, macrophages are most commonly assigned as either classically 
activated M1 or alternatively activated M2 macrophages [153]. 
Adhering to this framework, the blood-borne macrophages/monocytes 
(MP2) and tissue resident macrophages (MP1) might be considered as 
M1-like and M2-like, respectively [148,154]. However, the M1/M2 
paradigm has become increasingly controversial [155]. In our study, the 
classical M2 marker gene cd206 (alias: mrc1b) (ENSSSAG00000039787) 
[156] was upregulated in MP2 (Supplementary Table 10). The Atlantic 
salmon orthologue of the M2 marker gene timp2 (ENSS-
SAG00000100687, ENSSSAG00000091339 and ENSS-
SAG00000087937) from common carp (Cyprinus carpio) [157] was also 
significantly upregulated in our M1-like population (Supplementary 
Table 10). 

MP4 (313 nuclei, 5.5 % of MPs) potentially represents melanoma-
crophages based on the expression of resident macrophage markers, 
alongside strong upregulation of many genes encoding master iron 
storage and regulating proteins [14], including frim (encoding ferritin 
middle subunit) (ENSSSAG00000010802), hmox (ENSS-
SAG00000039415 and ENSSSAG00000000719), slc11a2 (ENSS-
SAG00000081436) and hmox1a (ENSSSAG00000070727 and 
ENSSSAG00000006231) (Fig. 4C; Supplementary Table 10). Melano-
cytes have long been believed to be derived from the neural crest, arising 
from the embryonic ectoderm germ layer. Notably, genes involved in the 
melanogenesis pathway have been shown to be expressed in the spleen 
[158]. It would significantly alter our understanding of pigmented cells 
if we could demonstrate that melanomacrophages are capable of syn-
thesizing melanin. However, a range of genes associated with melanin 
synthesis, namely mitf, mitfa, tyr, dct and sox10, were not detected in our 
dataset. The lack of detection of these markers may represent a sensi-
tivity issue and more work is required to investigate the melanin syn-
thesis potential of melanomacrophages. 

MP7 (50 nuclei, 0.9 % of MPs) was annotated as ‘inflammatory state 
macrophages/monocytes’, due to the large number of specific or highly 
upregulated marker genes associated with pro-inflammatory functions 
(Fig. 4C; Supplementary Table 10), including saa (ENSS-
SAG00000100178) [159], ccl19 (ENSSSAG00000071823) [83], il8 
(ENSSSAG00000006498) [160], tlr5 (ENSSSAG00000098480) [161] 
and camp (ENSSSAG00000049319) [162,163]. 

MP3 (158 nuclei, 2.8 % of MPs) showed strong upregulation of xcr1 
(ENSSSAG00000096789) and cd103 (alias: itgae, ENSS-
SAG00000076346) (Fig. 5A), conserved markers for the mammalian 
Type 1 conventional dendritic cell subset (cDC1) and avian conventional 
DCs (cDCs) [164–167]. MP5 (158 nuclei, 2.8 % of MPs) expressed 
several classic plasmacytoid DCs (pDC) marker genes including tcf4 
(ENSSSAG00000113835, ENSSSAG00000071044), irf7 (ENSS-
SAG00000076373) and cxcr3.1 (ENSSSAG00000115800) [168–170] 
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(Fig. 5A). However, the mammalian pDC marker ptprsa (ENSS-
SAG00000051752) [171] was highly expressed in MP3. Another 
mammalian pDC markers havcr1 (ENSSSAG00000042639) [172], which 
has been reported in chicken XCR1+ cDCs [173], was also highly 
expressed in MP3. A gene predicted to encode the transcriptional 
regulator DC-SCRIPT zbtb46 (ENSSSAG00000000929), which promotes 
cDC expression and defines the cDC lineage in mammals [174–176], was 
highly expressed in both MP3 and MP5 (Fig. 5A). cDC1-like and 
pDC-like cells have recently been identified in zebrafish [177]. These 
data suggest that these dendritic cell subsets arose in an early vertebrate 
ancestor, more than 450 million years ago. Further studies will be 
required to determine if teleost DC subsets also exhibit functional con-
servation with their mammalian counterparts. 

MP-L (csfr1-) expressed many unique marker genes, but lacked 
markers classically distinguishing cDCs and pDCs (Fig. 5A; Supple-
mentary Table 10). To better understand its global relationship with the 
other MP clusters, we performed a correlation analysis of the expression 
levels of all genes for all pairwise combinations of MP cell clusters 
(Fig. 5B). MP-L (csfr1-) showed a higher correlation in marker gene 
expression with MP3 and MP5 than MP clusters annotated as macro-
phages/monocytes, supporting a closer global affinity to DCs (Fig. 5B). 
Further, the extent of transcriptomic correlation between MP- (csfr1-) 
and either MP3 or MP5 was similar to the pairwise comparison between 
MP3 and MP5 (Fig. 5B). This analysis also validated the close tran-
scriptomic affinity of the identified melanomacrophages (MP4) to resi-
dent macrophages (MP1), in addition to a close relationship between 
infiltrating monocytes (MP2) and the inflammatory state macrophages/ 
monocytes (MP7) (Fig. 5B), indicating the latter are derived from the 
former. 

To provide additional insights into the phenotype of MP-L (csfr1-) in 
relation to the other MP clusters, we performed gene set enrichment 
analysis separately on each cluster using all significant marker genes 
(Fig. 5C; Supplementary Table 17). MP-L (csfr1-) shared more GO-BP 
terms in common with MP3 and MP5 than clusters annotated as mac-
rophages/monocytes (Fig. 5C). For example, the term immune response 
regulating signalling pathway was commonly enriched for MP3, MP5 and 
MP-L (csfr1-), but none of the other MP clusters (Fig. 5C). MP-L (csfr1-) 
also shared enriched terms specifically with either MP3 or MP5, but 
none of the other clusters, including small GTPase mediated signal 
transduction (with MP3) and phospholipid transport (with MP5). MP-L 
(csfr1-) also showed several uniquely enriched terms related to the 
actin cytoskeleton, tyrosine phosphorylation, phagocytosis, and 
intriguingly, haematopoiesis (hemopoiesis and hematopoietic or lymphoid 
organ development) (Fig. 5C). The enrichment of these terms is consistent 
with a phagocytic, antigen-presenting DC. For example, the actin cyto-
skeleton is a central component of the immunological synapse formed 
between DCs and T cells, which is critically regulated by the Rho family 
of small GTPases [178]. Moreover, tyrosine phosphorylation is elevated 
locally where T cells-DC synapses form [179]. Among the six marker 
genes explaining the enriched term hemopoiesis was flt3, which is 
expressed in both hematopoietic stem cells and early stage myeloid and 
lymphoid cells, in addition to mature DCs [70]. Also upregulated was 
sh2b3 (ENSSSAG00000071130) a negative regulator of haematopoiesis, 
encoding an adapter protein that interacts with Jak2 (which was notably 
a marker for the MP-L csfr1-lineage; ENSSSAG00000005849) and reg-
ulates actin cytoskeleton development [180]. The enrichment of hae-
matopoiesis genes in this DC subpopulation is interesting and implies 
these cells are potentially at an earlier stage of development than MP3 
and MP5. This might also explain the observation that MP-L csfr1-ex-
presses marker genes typically characteristic of diverse immune cells of 
both the myeloid and lymphoid lineage. 

The GO-BP analysis further supported our annotation of MP7 as in-
flammatory state macrophages/monocytes, for example enriched terms 
including defense response to bacterium (Supplementary Table 17). In 
addition, MP4 was specifically enriched in terms that are consistent with 
our annotation of melanomacrophages, including iron ion transport and 

heme metabolic process, while MP6 was specifically enriched in cell cycle 
processes. 

3.3. Splenic immune cell responses to aeromonas infection 

Past work in salmonids demonstrated that live Aeromonas pathogen 
administered by intraperitoneal injection was localised in multiple im-
mune tissues during the early days of infection, including head kidney, 
spleen, gill and intestine [181]. Our past liver study using the same 
animals provided evidence for a strong acute phase response in the 
Aeromonas-infected fish, consistent with the early inflammatory stage of 
a systemic infection [31]. Consequently, in this study we interpret 
changes in immune cell composition and expression responses to Aero-
monas infection assuming the bacteria was localised in the spleen, whilst 
also infecting other immune tissues. 

3.3.1. Limited changes in immune cell composition following infection 
We initially asked if changes in splenic cell composition accompa-

nied Aeromonas infection. For example, in our past study of liver using 
the same animals, we observed striking differences in the proportion of 
infection-associated hepatocyte subpopulations, interpreted to be 
driving the acute phase response [31]. This approach has the major 
caveat that we used n = 2 per condition, meaning any observed differ-
ences must be interpreted cautiously, pending further validation. With 
that said, barring the granulocytes, we did not observe strong evidence 
for infection-associated shifts in the proportion of any major splenic cell 
type presented in Fig. 1. For the granulocytes, the mean proportion of 
nuclei was 0.06 for infected fish, compared to 0.03 for control fish, and 
the individual values within conditions did not overlap across conditions 
(raw data in Supplementary Table 5). While consistent with the 
recruitment of granulocytes to the spleen, this difference may have 
arisen by chance. 

We identified candidate changes in the composition of seven immune 
subpopulations described in Section 3.2, namely B1, B2, T7, T10, T12, 
MP1 and MP2, where there was no overlap between the proportion of 
nuclei within a cluster for the two replicates when comparing control 
and infected conditions (Supplementary Fig. 6; raw data in Supple-
mentary Table 14). The strongest observed difference was for igt + B2, 
where the mean proportion of nuclei comparing infected and control 
fish (among all B cells) was 0.05 versus 0.14, respectively. This is 
consistent with igt + B2 cells exiting the spleen following infection. 
Reciprocally, B1, annotated as resting mature B cells, showed a higher 
mean proportion (among all B cells) of 0.87 in infected fish compared to 
0.77 in control fish, which may simply represent a product of the 
reduced proportion of B2 cells, assuming their exit from the spleen. 

MP2, annotated as infiltrating monocytes, showed a higher mean 
proportion of nuclei (among all MPs) in infected (0.25) than control 
(0.17) fish, consistent with the recruitment of monocytes to the spleen in 
response to Aeromonas infection. MP1, annotated as resident macro-
phages, showed a slightly higher mean proportion of nuclei (among all 
MPs) in the control (0.52) than infected (0.44), which may simply reflect 
the relative increase in MP2 cells, assuming these are monocytes 
entering the spleen. T12, annotated as cytotoxic proliferating T cells, 
showed a higher mean proportion (among all T cells) in infected fish 
(0.02) than controls (0.01), consistent with increased proliferation of 
this cell type in response to infection. The potential changes noted for T7 
and T10 were small in magnitude. 

3.3.2. Differential expression responses 
Changes in cellular composition offer only one indicator of the host 

response to infection, another being differentially expressed genes 
(DEGs) across cell types. DEG analyses have greater power to detect 
differences, with statistical power drawn from the large number of cells 
available. In that respect, it is important to reiterate that all four samples 
contributed markedly to all identified cell populations (Supplementary 
Fig. 1; Supplementary Table 5; Supplementary Table 14), meaning the 
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DEGs were being drawn from two fish per tested condition. 
1313 and 1434 genes were upregulated and downregulated, 

respectively, 24 h post-Aeromonas infection across the major spleen cell 
populations (Fig. 6A; Supplementary Table 15). There was a large 
variation in response across different cell clusters, with some cell types 
showing few or zero differentially expressed genes, and others showing a 
major remodelling of transcriptome (Fig. 6A). The majority of differ-
ential expression responses were private to each major cell lineage, with 
MPs (n = 988), mesenchymal cells (n = 573), B cells (n = 277), and 
endothelial cells (n = 249) showing the highest number of cell-type 
specific DEGs (Fig. 6A). Fewer cell-specific DEGs were detected in T 
cells (n = 78), granulocytes (n = 76) and the NK-L (n = 74) and MP-L 
csfr1- (n = 11) clusters (Fig. 6A). We focussed our effort on interpret-
ing transcriptomic responses to Aeromonas using the finer-grained 
definition of immune cell populations (i.e. Section 3.2), where the 

number of cell-type specific and shared DEGs again varied strongly 
across clusters (Fig. 6B; Supplementary Table 16). Only immune sub-
populations showing ≥5 cell type-specific DEGs are plotted in Fig. 6B. 

3.3.3. B cell responses to infection 
The B1 subpopulation showed a strong early response to Aeromonas 

infection, with 160 and 139 genes uniquely upregulated or down-
regulated, respectively (Fig. 6B; Supplementary Table 16). Notably, 
several transcription factors controlling B cell fate showed significant 
induction. This included stat3, which is required for B lymphopoiesis, GC 
development, and plasma cell egress from GCs in mammals [182,183] 
and was one of very few genes altered by Aeromonas infection in B cells 
within Atlantic salmon liver [31]. Also upregulated were runx1, and 
foxo1, both encoding transcription factors involved in the regulation of 
splenic B cell activation and maturation [184,185]. Additionally, B1 

Fig. 6. Differential gene expression across cell populations for control versus Aeromonas infected fish. A. Upset plot showing genes changed by infection across the 
major spleen cell lineages. B. Numbers of genes altered by Aeromonas infection among different immune cell subpopulations. Red and blue bars represent genes 
changed in single clusters or multiple clusters, respectively. Subpopulations with less than 40 changed genes are not shown. C. Violin plots for strongly differentially 
expressed genes in MP1 and MP2 subpopulations, representing resident macrophages and infiltrating monocytes, respectively. 
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downregulated pax5 and cd63 (ENSSSAG00000043967) [186], indi-
cating a transition towards a more mature B cell phenotype in response 
to bacterial antigen. We also identified the upregulation of dock8 
(ENSSSAG00000009537) and fut8 (ENSSSAG00000069930), essential 
for antigen recognition in mammalian B cells [187,188]. 

3.3.4. Evidence for homing of immune subpopulations to the gut in response 
to Aeromonas infection 

While the igt + B2 subpopulation only showed nine specifically 
DEGs, a notable non-specific DEG was ccr9, with two paralogous copies 
upregulated (ENSSSAG00000103772; ENSSSAG00000071116). In 
mammals, ccr9 encodes a C–C chemokine receptor involved in the 
homing of activated splenic IgA + B cells to the gut [189]. Considering 
that teleost IgT is involved in mucosal immunity [190], the upregulation 
of ccr9 suggests splenic igt + B cells are being primed for gut recruitment 
upon activation. Further studies would be needed to find out if this 
upregulation of ccr9 is a general feature of igt + B cell activation that 
would be stimulated by any activating antigen, or if it is also influenced 
by the specific pathogen and route of entry. The gut is an entry point for 
Aeromonas in salmonids [191], while intraperitoneal injection of live 
Aeromonas was followed by detection of the bacteria in the salmonid gut 
during the early stages of infection [181]. The upregulation of ccr9 in B2 
of infected fish is also consistent with the greatly reduced proportion of 
B2 compared to controls, noted in the last section, assuming these cells 
are leaving the spleen and homing to gut tissues. The second most 
upregulated gene in B2 (ENSSSAG00000038144) encodes a protein 
sharing 93 % identity with an IgT protein annotated by NCBI (accession 
number: ADD59859), distinct to the igt genes previously noted as 
enriched in B2 (Fig. 2D). Past work has shown that IgT + B cells increase 
IgT secretion in response to bacterial PAMPs and have innate immune 
functions including phagocytosis and killing of intracellular bacteria 
[192]. 

T2 and T4, annotated as cd4+ T helper cells and the single cd8+
subpopulation, respectively, also upregulated the same ccr9 genes (T4: 
ENSSSAG00000103772 and ENSSSAG00000071116; T2: ENSS-
SAG00000071116) as B2, similarly suggesting priming for homing to 
the gut based on mammalian literature [193]. A role for ccr9 T cell gut 
homing was previously proposed in European seabass (Dicentrarchus 
labrax) (Galindo-Villegas et al., 2013). ccr9 (ENSSSAG00000071116) 
was otherwise only upregulated in MP2, annotated as monocytes. In 
mammals, ccr9 upregulation in monocytes is again a signal of recruit-
ment to the gut during inflammation [194]. 

Overall, the evidence available supports that igt + B cells, alongside T 
cells and monocytes are upregulating ccr9 to promote homing to the gut 
to help clear bacteria infiltrating this tissue, representing an interesting 
hypothesis for further exploration using the marker genes reported in 
this investigation. 

Plasma cell subpopulation B3 specifically upregulated 54 genes 
including blimp1/prdm1 (ENSSSAG00000062775), which as noted 
earlier encodes a master transcription factor for plasma cell differenti-
ation [195]. However, B3 showed downregulation of irf4b, another key 
transcription factor for plasma cell differentiation [97]. Other tran-
scription factor genes showing upregulation in response to Aeromonas 
infection likewise suggest a suppression of plasma cell differentiation, 
including foxp1 (ENSSSAG00000077820) and bcl6aa (ENSS-
SAG00000077820), which are both repressors of prdm1 and irf4 [196, 
197]. 

3.3.5. T cell subpopulation infection responses 
Among the 12 T cell populations, T2 (annotated as cd4+ T helper 

cells; Fig. 3) exhibited the strongest response to Aeromonas infection 
with 31 genes showing expression changes specific to this cluster 
(Fig. 6B; Supplementary Table 16). The top upregulated gene in T2 was 
plxnd1 (ENSSSAG00000079145), a gene that negatively regulates dif-
ferentiation to Th1 cells and promotes differentiation to Th2 and Th17 
subsets [198]. The second most regulated gene in T2 was cd9 

(ENSSSAG00000079939), a gene facilitating the interaction between T 
lymphocytes and antigen-presenting cells [199,200] that stimulates Th2 
differentiation [201]. T2 further showed upregulation of hpgds (ENSS-
SAG00000076223), encoding hematopoietic PG D synthase, which is 
expressed in Th2 cells at sites of antigen presentation in humans [202]. 
This data suggest that splenic cd4+ helper cells acquire a Th2 phenotype 
upon Aeromonas infection. However, it should be noted that gfi1ab 
(ENSSSAG00000038567), a gene encoding a master transcription factor 
that promotes Th2 differentiation and represses Th1 and Th17 differ-
entiation in mammals [203], was strongly downregulated at the same 
time. Other T cell subpopulations showed limited changes in response to 
Aeromonas infection. 

3.3.6. NK-L cells showed a limited response to Aeromonas infection 
NK-L1 and 2NK-L showed cluster-specific differential expression of 9 

and 30 genes, respectively (Fig. 6B; Supplementary Table 16). The top 
upregulated gene in NK-L1 was gimap7 (ENSSSAG00000088313), 
encoding a GTPase that showed highest expression in human NK cells 
according to the human protein atlas [204]. The top upregulated gene in 
NK-L2 was prdm16 (ENSSSAG00000063975), which encodes a tran-
scription factor that has not been associated with NK cells in other taxa. 
NK-L2 also specifically downregulated ralb (ENSSSAG00000098007), a 
key regulator of cytotoxicity in human NK cells [205]. Overall, the signal 
of differential expression in both NK-L subpopulations was limited. 

3.3.7. Macrophages and monocytes showed a strong response to infection 
Resident macrophage subpopulation MP1 exhibited the strongest 

response to Aeromonas infection, with 550 and 387 genes specifically 
upregulated or downregulated, respectively (Fig. 6B; Supplementary 
Table 16). The top upregulated gene was zdhhc8 (ENSS-
SAG00000068646) (Fig. 6C), predicted to encode a palmitoyltransfer-
ase, which is likely involved in S-palmitoylation activity, a process with 
broad roles in shaping macrophage function upon infection [206]. 
Among the top uniquely upregulated genes in MP1 was fes (ENSS-
SAG00000040885) (Fig. 6C), predicted to encode a cytoplasmic protein 
tyrosine kinase that reduces survival in mice following LPS challenge 
[207], and modulates the immune response of resident macrophages to 
bacterial lipopolysaccharide [208]. Also highly upregulated in MP1 was 
a gene identified as cd209c (ENSSSAG00000100439) (Fig. 6C), a C-type 
lectin receptor characterised in tongue sole (Cynoglossus semilaevis) and 
shown to bind to and phagocytose different types of bacteria, functions 
conserved in mammalian macrophages [209]. Among the top uniquely 
downregulated genes in MP1 was sesn1 (ENSSSAG00000055139) 
(Fig. 6C), encoding sestrin1, which was shown to be a negative regulator 
of inflammasome activation in mammalian macrophages (Keping et al., 
2020). Consistent with this interpretation, nlrp12 (ENSS-
SAG00000084808), predicted to encode NACHT, LRR and PYD 
domains-containing protein 12, which is thought to represent a negative 
regulator of inflammation in mammals [210], was also downregulated 
(Fig. 6C). The downregulation of sesn1 and nlrp12 likely reflects that the 
Aeromonas infection was in the inflammatory phase, consistent with our 
previous study of the liver using the same fish individuals, where the 
acute phase response was strongly evident [31]. 

The infiltrating monocyte cluster MP2 showed cluster-specific dif-
ferential expression of 198 genes. The top upregulated gene was vcanb 
(ENSSSAG00000074509) (Fig. 6C), encoding versican, which in mam-
mals was strongly upregulated in response to bacterial PAMPs and 
during the differentiation of monocytes to macrophages, where it likely 
mediates pro-inflammatory functions [211]. Also upregulated was itgax 
(ENSSSAG00000049715) (alias: CD11c) (Fig. 6C), which is a defining 
marker for DCs, and thus supports the notion that some infiltrating 
monocytes may be differentiating into DCs [212]. The upregulation of 
zeb2 (ENSSSAG00000050763) (Fig. 6C), a transcription factor required 
for tissue-specific macrophage identity in spleen and other tissues [213], 
suggest these monocytes are also becoming inflammatory macrophages 
following immune stimulation. This is consistent with the upregulation 
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of rtn4 (ENSSSAG00000074891) (Fig. 6C), encoding reticulon 4 (alias: 
Nogo-B), which plays a crucial role in monocyte/macrophage infiltra-
tion at sites of inflammation [214]. The specific upregulation of saa 
(ENSSSAG00000100178) in MP2 (Fig. 6C) further suggests these cells 
were contributing to an inflammatory state following infection. 

The candidate DC subpopulations (MP3, MP5 and MP-like (csfr1-)) 
and melanomacrophages (MP4) showed very limited responses to Aer-
omonas infection. 

4. Conclusion 

Here we successfully deployed snRNA-seq as a cutting-edge tech-
nology to identify the major cell types within the Atlantic salmon spleen 
based on transcriptome-wide information. Considered alongside a ‘sis-
ter’ article investigating cellular heterogeneity within the Atlantic 
salmon head kidney [33], our study advances understanding of 
salmonid immunity, while providing useful resources for future work. 
We provide comprehensive molecular evidence for diverse immune cell 
lineages and subpopulation phenotypes. The striking variation in 
response of different splenic cell types and subpopulations to Aeromonas 
infection emphasises the importance of resolving cell-specific expression 
when monitoring immunological responses. Had this study been per-
formed using bulk transcriptomics, the cell-specific origin of expression 
would have been masked, and differentially expressed genes specific to 
less abundant cell types would have been overlooked. Our study also 
provides a large catalogue of novel marker genes (or validates existing 
marker genes/paralogues) for different cell types within the Atlantic 
salmon spleen, which can be leveraged in future studies of the fish im-
mune system. These marker genes can be used to design new antibodies, 
RNA probes or other molecular reagents targeting different cell types, 
allowing the spatial organization of the salmonid spleen and other im-
mune sites to be mapped at high resolution. The marker genes generated 
by this study provide novel targets for genome editing to explore 
cell-specific functions in the salmonid immune system, and increase 
scope to prioritize candidate causal genes within quantitative trait loci 
regions for disease resistance traits [22]. It is of course vital to note the 
caveat that most of our cell population interpretations rely on existing 
knowledge derived from studies performed in other species, mainly 
distantly related mammals. This is a common challenge for single cell 
studies in non-model fish species, and demands extensive further 
research - building on knowledge and resources gained via single cell 
transcriptomics - to deliver a species-specific understanding of cell types 
and function, including for the Atlantic salmon immune system. 
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