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1 Introduction

Red blood cells (RBC) are primarily known for their

physiological role in respiratory processes, where intracellular

heme and hemoglobin molecules regulate the uptake and

transport of oxygen and carbon dioxide (1). In addition to this, a

diverse range of physiological and immunologic properties have

been attributed to vertebrate RBC, including redox homeostasis,

hemoglobin antimicrobial activity and pathogen binding (2, 3).

While mammalian RBC are enucleated and lack transcription/

translation machinery, teleost RBC have retained their nucleus

and organelles in the cytoplasm, essential for intracellular

signaling, gene expression and protein production in response to

stimuli (2, 4, 5). Previous studies of teleost RBC have shown their

ability to react by innate immune responses and physiological

differentiation in response to viral infections and systemic signals,

respectively (2–4, 6–8). Unlike mammalian RBC, where the nucleus

and cellular components are extruded during erythropoiesis to

ensure efficient gas exchange (3, 9), transcriptome analyses of

teleost RBC has revealed the expression of a complex set of genes

involved in virus sensing, antiviral defense and antigen presentation

(5, 8, 10, 11). However, the scale of RBC contribution to innate and

potentially adaptive immunity is not fully understood.

Viral infections represent a major threat for the piscine

aquaculture industry, and efficient prevention remains challenging.

Heart and skeletal muscle inflammation (HSMI) is one of the most

common viral diseases in farmed Atlantic salmon (Salmo salar L.) in

Norway (12). The disease is characterized by extensive heart and

muscle inflammation with infiltration of immune cells in the epi-,

endo- and myocardium, myositis and necrosis in the red skeletal

muscle (13–15). The causative agent of HSMI is Piscine orthoreovirus-

1 genotype (PRV-1) (14, 16), a member of the order Reovirales, family

Spinareoviridae, genus Orthoreovirus. This genus also contains the

mammalian and avian orthoreoviruses (MRV and ARV, respectively).

PRV-1 has a ten-segmented, double stranded RNA (dsRNA) genome

packed in a double-layered icosahedral protein capsid, and was the

first orthoreovirus reported in fish (14, 17).

Salmonid RBC are the main target cells of PRV-1 in the primary

phase of infection (18). Comparative in silico studies with MRV

indicate that PRV-1 may use the same infection mechanism, and

further studies have indicated that the virus replication occurs in

globular neo-organelles referred to as viral factories in the cytoplasm

(16, 17, 19, 20). During the peak of infection, high loads of viral RNA

and protein are produced within the cells and virus is released into

plasma (16, 20). The peak in antiviral responses to PRV-1 has been

associated with a decrease in plasma viremia and reduction in viral

protein production in RBC (6, 16, 20), along with suppression of

some RBC functions, such as hemoglobin production, and expression

of metabolic genes (16, 21). Even though the impacts of PRV-1

infection on A. salmon RBC gene expression have been partly

characterized in vivo and in vitro (6, 8, 22), the regulation of genes

in RBC shortly after PRV-1 encounter has not been explored in detail.

In the present study, we compared the transcriptomic responses

of A. salmon RBC to those of two A. salmon kidney cell lines at

resting state, and 24 h after PRV-1 exposure. Atlantic salmon

kidney cells (ASK) (23) and Salmon head kidney cells (SHK-1)
Frontiers in Immunology 02
(24) have been screened and characterized as non-supportive for

PRV-1 propagation earlier, showing no evidence of virus replication

(25). Here, we report the similarities and differences observed

between A. salmon RBC, ASK and SHK-1 before and after PRV-1

exposure, focusing on pathways of the innate immune system.
2 Materials and methods

2.1 Blood sampling

Six A. salmon pre-smolts (30-50g) were euthanized using

benzocaine chloride (1g/5L water) for 5 min, and peripheral

blood from the caudal vein was collected in heparinized

vacutainers (Vacutest, Sarstedt). The blood was used for isolation

of red blood cells.
2.2 Isolation of RBC

RBC were isolated from the heparinized blood diluted 1:10 in

sterile phosphate buffered saline (dPBS) and laid on top of a Percoll

(GE healthcare, Uppsala Sweden) gradient (bottom layer 49%; top

layer 34%) which was centrifuged (500 x G, 4°C, 20 min), washed

with dPBS and collected as previously described (18). The cells were

counted, and their viability was assessed using Countess

(Invitrogen, Eugene, Oregon, USA) and resuspended to a

concentration of 3 × 107 cells/mL in Leibovitz’s L15 medium (Life

Technologies, Carlsbad, CA, USA) supplemented with fetal calf

serum (2%) (Sigma- Aldrich) and gentamicin (50 mg/mL- Lonza

Biowhittaker, Walkersville, USA). The isolated RBC were inspected

by light microscopy in three areas (approximately 100 cells/area, ≥

300 cells in total) to ensure a maximum of two cells without typical

RBC morphology (99% culture purity) (8) The cultures were placed

at 15°C under constant agitation (225 rpm).
2.3 Atlantic salmon cell line cultures

The A. salmon kidney (ASK) cell line and the Salmon head

kidney (SHK-1) cell line, were routinely split (1:2) once a week and

cultivated at 20°C in Leibovitz’s L15 medium supplemented with 4

mM L-glutamine (Life Technologies, Carlsbad, CA, USA), fetal

bovine serum (10%) (Sigma- Aldrich), 40 mM 2-mecaptoethanol

and gentamicin (50 mg/mL- Lonza Biowhittaker, Walkersville, USA).

The cells were kept at 15°C during culturing and experiments.
2.4 Preparation of purified piscine
orthoreovirus-1

Purified PRV-1 was used as inoculum in the ex vivo stimulation

experiment. The virus was a variant of high virulence (NOR2012)

(16), that had been purified from a blood cell pellet of infected fish

using cesium chloride density gradient as described previously (16)

and stored in Dulbecco’s PBS with 15% glycerol at -80°C. The copy
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number was determined using absolute quantification RT-qPCR as

previously described (16).
2.5 Ex vivo stimulation

RBC isolated from six fish were plated in NuncTM non-

treated 24-well plates with flat bottom (Thermo Fisher) (5 × 106

RBC per well, in 0.5 mL medium). RBC cultures were kept at 15°C

under constant agitation (225 rpm) using an Ecotron incubation

shaker (Infors HT, Basel Switzerland) to ensure a homogenous

suspension. The virus exposure setup included six wells (one per

fish) exposed identically to purified PRV-1 (5 x 106 virus particles

per well/multiplicity of infection (MOI) of 1) and six control wells

(one per fish). Following 24 h of incubation, exposed and control

cells were harvested by centrifugation in Eppendorf tubes, media

removal and lysis in RT buffer (Qiagen, Hilden, Germany) for

RNA isolation.

ASK and SHK-1 experiments were performed at three separate

time points (3 parallels). Each time, cells were counted and seeded

in 6-well plates with flat bottom (4.5 × 104 cells in 1 mL medium-

approx. 80% confluent) (Thermo Fisher) and kept at 15°C in brand

incubator. The cultivation setup each time included three wells

exposed identically to purified PRV-1 and 3 control wells. Briefly,

the cells in the wells were washed three times with dPBS and 4.5 ×

105 virus particles (MOI of 10) was added per exposed well. After 24

h of incubation, the cells were washed with dPBS and lysed with RT

buffer (Qiagen, Hilden, Germany) for RNA isolation and

subsequent RT- qPCR analysis to assess whether PRV-1 was

associated with the cells.
2.6 RNA isolation and sequencing

Lysed cells were homogenized using 5 mm steel beads and

TissueLyser II (Qiagen). Total RNA was extracted using RNeasy

Plus Mini Kit (Qiagen, Hilden, Germany) following the

manufacturer’s protocol. Isolated RNA was eluted in 50 mL Rnase-

free distilled water. RNA was quantified using NanoDrop ND- 1000

spectophotometer (Thermo Fiscer Scientific, Wilmington, DE,

USA). RNA quality (RIN >8) was ensured using Agilent 2100

Bioanalyser (Agilent, USA) before being sent for sequencing.

Six biological replicates of the exposed and control RBC (12

samples in total), along with three experimental replicates of the

exposed and control kidney cells (6 samples for ASK and 6 samples

for SHK-1, respectively) were sent to Norwegian Sequencing Centre

(NSC). Library preparation was performed using strand- specific

TruSeq RNA Library Prep kit (Illumina, CA, USA). Libraries were

subsequently sequenced on Illumina HiSeq to obtain 150 bp paired

end reads.
2.7 Bioinformatics and statistics

Fastq files of reads from RNA-seq were cleaned (trim/remove

adapter and low quality sequences) using BBDuk tool in BBMap
Frontiers in Immunology 03
v38.22 suite (parameters: ktrim=r, k=23, mink=11, hdist=1, tbo, tpe,

qtrim=r, trimq=15, maq=15, minlen=36, forcetrimright=149) (26).

Cleaned reads were further mapped to the A. salmon genome

(ENSEMBL ICSASG_v2) using the HISAT2 v.2.2.1 (parameters: –

rna-strandness RF) (27). FeatureCounts v.1.4.6-p1 (parameters: -p -s

2) was used for estimating the number of reads and aligning against

the reference genes in ENSEMBL r104 GTF annotation (28). Initial

data analysis was performed using the Bioconductor packages in R,

including DESeq2 v.1.34.0 (29) and the SARTools v.1.7.4 (30).

Normalization and differential expression analysis were conducted

for the cells exposed to the virus against their unexposed controls

using DESeq2. The annotation tables were cleaned using median

count reads ≥ 10 as a cut off, to get rid of genes with zero or low

counts. Subsequently, adjusted p-value (padj) was calculated using

Benjamin- Hochberg (BH) correction and gene with padj below 0.05

were considered as differentially expressed genes (DEGs). ShinyGO

v0.77 (31) was used for both gene ontology (GO) and Kyoto

Encyclopedia of Genes and Genomes (KEGG) enrichment analysis

with FDR cutoff 0.05. Pathview R package was used to draw KEGG

pathway maps (32, 33).
3 Results

3.1 Transcriptome analysis of Atlantic
salmon RBC and kidney cell lines in
resting state

Information on total sequenced reads and alignment rate of

mapping of all biological conditions is provided in Supplementary

File A, Table 1. Normalized RNA- seq data were compared to

identify features that are differentially expressed between RBC and

kidney cell lines, ASK and SHK-1, at the unexposed resting state.

The variability of the biological conditions within the experiment

was assessed with a principal component analysis (PCA)

(Supplementary File A, Figure 1). This analysis showed low

variability within the biological (RBC) and experimental (ASK,

SHK-1) replicates of each cell type, confirming consistency in the

data, while the distribution of the clusters against the two first

principal components indicated that SHK-1 and ASK are more

closely related.
3.2 Transcriptional profiling of Atlantic
salmon RBC and kidney cell lines, ASK
and SHK-1

The original dataset consisted of 55819 features (genes). After

filtering out 16989 genes with zero normalized median count reads,

the differences and similarities in the expression profile of RBC,

ASK and SHK-1 were assessed using an upset plot, including 38830

features (referred to as analyzed dataset) (Figure 1). A cutoff ≥ 10

counts was applied, and 24962 genes were found transcribed in

RBC, 27518 genes in ASK and 27461 in SHK-1. In the three cell

types, 24559 common genes were expressed. ASK and SHK-1 were

sharing 2769 expressed genes (ASK & SHK-1 cutoff ≥ 10 median
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counts, RBC = 0 median counts), verifying their highest level of

similarity as indicated by PCA. A subset of 346 genes were

exclusively expressed in RBC, while 44 genes were only expressed

in RBC and ASK, and 13 genes were only expressed in RBC and

SHK-1 (Figure 1).

To identify the processes in which the genes of each subset are

involved, Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway enrichment analysis was performed. The lists of gene

functional groups found in the enrichment analysis are provided

in Supplementary File B. RBC, ASK and SHK-1 appeared to all

share genes related to fundamental cellular processes, such as

endocytosis, protein processing in ER and ubiquitin mediated

proteolysis. Two KEGG pathways associated to cellular responses

activated by viral and bacterial invasion, “Herpes simplex virus 1

infection” and “Salmonella infection” respectively, showed the

greatest representation of shared genes (456 and 410 genes,

respectively) between RBC, ASK and SHK-1. This indicated that

RBC possess immune functions similar to ASK and SHK-1 and are

able to respond to viral and bacterial pathogens. The KEGG

pathways named “Herpes simplex virus 1 infection” and

“Salmonella infection” were first described in mammals in

response to these pathogens but have also been identified in

teleost (33). In this study, the official KEGG nomenclature is used

even if they refer to pathogens not relevant for this study.

3.2.1 Gene ontology enrichment analyses for the
genes exclusively mapped to RBC

The subset of genes mapped exclusively in RBC consisted of 346

features. To identify biological processes that may be regulated by

these genes, gene ontology (GO) enrichment analysis on Biological

Process (GO : BP) was performed. Most genes were involved in

“Cell surface-” and “G protein-coupled receptor” signaling

pathways, whereas only a few appeared to contribute to

physiological processes, such as gas transport and respiratory
Frontiers in Immunology 04
burst. Regarding the immune characteristics of the cells, genes

involved in chemotaxis (e.g. C-C chemokine receptor type 9

(CCR9) and C-C motif chemokine 4 (CCL4) –like), phagocytosis

(e.g. coronin-1A-like) and innate immune response pathway [e.g.

interferon regulatory factor 4 (IRF4) and interleukin-1 receptor type

II (IL1R2)] were represented. The detailed GO : BP categories along

with the list of the 346 genes are provided in Supplementary File B.

KEGG pathway enrichment analysis was considered inconclusive

for such a small input.
3.3 Identification of differentially expressed
genes between Atlantic salmon RBC and
kidney cell lines, ASK and SHK-1

Differential gene expression analysis was performed to estimate

differences in gene expression patterns between RBC and each

kidney cell line (ASK and SHK-1). Filtering out low count genes

(cutoff ≥ 10 median counts), the comparison of RBC against ASK

and SHK-1 resulted in 14493 and 14397 differentially expressed

genes (DEGs), respectively (Supplementary File A, Figure 2). In

both comparisons, approximately 7500 DEGs indicated higher

expression levels in RBC (thus, lower expression levels in ASK

and SHK-1). Accordingly, approximately 6800 DEGs indicated

lower expression level in RBC (thus, higher expression levels in

ASK and SHK-1). ASK vs SHK-1 resulted in 10018 DEGs, 5041

with higher expression levels in SHK-1 and 4977 with higher

expression level in ASK. The lists of DEGs emerging from the

comparison of RBC vs SHK-1, RBC vs ASK and ASK vs SHK-1 are

provided in Supplementary File C.

To determine the pathways to which DEGs of RBC vs ASK and

SHK-1 belonged, KEGG pathway enrichment analysis was

performed. The analysis was performed for DEGs with

normalized median counts ≥ 10 and fold- change ≤ 0.5 for the
FIGURE 1

Upset plot showing sharing and unique gene expression for ASK, SHK-1, and RBC. A cutoff ≥ 10 counts was applied to define genes as expressed,
and 0 counts required to define genes as not expressed in a cell type; The bars show the number of shared expressed genes between the indicated
motifs: RBC vs SHK-1, RBC vs ASK and ASK vs SHK-1, or unique for a specific cell type. The analysis was performed using a dataset of 38830 genes
(analysed dataset).
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downregulated genes in ASK and SHK-1 compared to RBC (i.e

“Higher expression compared to RBC” group of genes) and ≥ 2 for

the upregulated genes in ASK and SHK-1 compared to RBC

(i.e"Lower expression compared to RBC" group of genes). The

majority of DEGs with higher expression in RBC compared to

both ASK and SHK-1 were involved in innate immune processes

related to viral sensing (KEGG nomenclature “Herpes simplex virus

1 infection”) (119 and 126 genes, respectively), as shown in

Figures 2, 3 in detail. Several genes with significantly higher

transcripts in RBC were also involved in pathways associated with

cellular functions like “Endocytosis”, “Autophagy” and “Ubiquitin

mediated proteolysis” (Figure 2). RBC DEGs belonging to KEGG

groups, “MTOR-” and “FoXO” signaling pathways were only

reported in the comparison of RBC vs ASK (Figure 2A, top),

while “Ribosome” and “Basal transcription factors” in RBC vs

SHK-1 (Figure 2B, top).

The majority of DEGs with lower expression in RBC were

primarily involved in processes of cytoskeleton and paracellular

communication (“Reg. of actin cytoskeleton” and “Tight junction”)

and host defense against bacterial invasion (“Salmonella infection”).
Frontiers in Immunology 05
Several genes were grouped within KEGG categories related to

cellular senescence, metabolism and oxidative phosphorylation

(Figure 2). Genes involved in ribosome biogenesis were more

highly expressed in SHK-1 compared to RBC, indicating that

RBC are less active in protein production (Figure 2B, bottom).

Results from RBC vs ASK showed that genes linked to cell cycle

events were more highly expressed in ASK (Figure 2A, bottom),

which is expected for a continuous cell line.

To better understand the role of RBC in modulating functions

of the innate immune system, we focused on signaling pathways

involved in viral sensing and infection. These are included in the

KEGG category referred to as “Herpes simplex virus 1 infection-

sasa05168” pathway that consisted of the largest amount of DEGs

with significantly higher expression levels in RBC. Figure 3A was

extracted from the original pathway sasa05168 as established by

Kanehisa Laboratories (2020). The detailed modified pathway is

provided in Supplementary File A, Figure 3.

RBC expressed genes involved in toll-like receptor (TLR) and

RIG-I-like receptor (RLR) signaling. Several signaling mediators in

these pathways, such as interleukin 1 receptor associated kinase 1
B

A

FIGURE 2

DEGs of RBC (red) compared to the kidney cell lines, (A) ASK (green) and (B) SHK-1 (blue). Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis was further analysed in ShinyGO 0.76 for FDR cutoff ≤ 0.05 and DEGs with fold-change ≥ 2 and ≤ 0.5.
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(IRAK1) and TNF receptor associated factor 3 (TRAF3), showed a

higher expression level in RBC compared to ASK and SHK-1

(Figure 3A). However, the basal expression levels of pattern

recognition receptors (PRRs), TLR3, melanoma differentiation-

associated protein 5 (MDA5) and RLR1 (also referred to as RIG-I
Frontiers in Immunology 06
or DDX58), and interferon regulatory factors (IRF) 3 and 7 were

significantly higher in ASK. Several components essential to antigen

processing and presentation (MHCI pathway), inhibition of viral

production (PKR regulation and Jak-STAT signaling pathway) and

regulation of apoptosis and viral propagation (PI3K- Akt pathway)
B

A

FIGURE 3

Differential expression analysis of selected genes associated with innate immunity in RBC, ASK and SHK-1. (A) Signaling pathways triggered by viral
invasion. Red: Significantly higher normalized counts in RBC; Cyan: Similar and Significantly higher normalized counts in ASK and SHK-1. Red and
cyan: Significantly different expression levels between ASK and SHK-1, and also with RBC were colored in both red and cyan. This figure was
modified from the “Herpes simplex virus 1 infection” pathway- sasa05168 in KEGG, to include only immune pathways of interest. (B) Selected genes
with significantly different expression pattern between the kidney cell lines, ASK and SHK-1, and RBC. #p ≤ 0.05 in RBC vs ASK and SHK-1; *p ≤ 0.05
in ASK vs RBC and SHK-1; **p ≤ 0.05 in ASK vs RBC and SHK-1; +p ≤ 0.05 in SHK-1 vs ASK and RBC.
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showed significantly higher transcripts in RBC than ASK and SHK-

1 (Figure 3A). While ASK and SHK-1 indicated similar expression

patterns overall, a few genes related to cell cycle and immune cell

differentiation were expressed significantly higher in SHK-

1 (Figure 3B).
3.4 Identification of innate immune
function genes in Atlantic salmon RBC

RBC have traditionally been characterized exclusively as gas

exchangers expressing hemoglobins (3). As expected, several

hemoglobin (Hb) subunits were found among the most highly

expressed genes in RBC in the dataset (Table 1), also indicating

culture purity. Expression levels of iron storage ferritins and

mediators of heme biosynthetic pathway (such as BLVRB and
Frontiers in Immunology 07
ALAS2), which typically function in blood/RBC (34, 35), were

also among the highest expressed genes. Also, MHC class I-

related gene protein-like and thymus-specific serine protease

(TSSP) antigen processing components were among the most

highly expressed genes in salmonid RBC (Table 1). To further

assess the purity of the RBC culture, transcripts of typical T cells and

B cells markers were sought and evaluated. While many were not

identified in our datasets, such as CD3 and CD34, a few typical T cell

and B cell markers such as CD4 and CD8 (36), showed near- zero

count reads (Table 1).

To assess the contribution of RBC to innate immunity, we

focused on identifying components associated with pathogen

recognition, cell-to-cell communication, activation of the innate

immune system and host defense. The detection of infectious agents

is mainly mediated by (germline-encoded) PRRs. PRRs are highly

conserved among vertebrates and the main families described in
TABLE 1 Transcript counts of the 20 most highly expressed genes in A. salmon RBC compared to ASK and SHK-1.

Gene Description Ensembl ID
RBCs

(counts)
ASK

(counts)
SHK-1
(counts)

HBAA2 Hemoglobin subunit alpha-4 ENSSSAG00000044737 797987 157 172

- Ferritin heavy subunit ENSSSAG00000049977 671668 112424 70642

HBB1 Hemoglobin subunit beta-1-like ENSSSAG00000044957 579951 130 137

- Hyperosmotic glycine rich protein ENSSSAG00000068063 421881 200118 163430

HBA4 Hemoglobin subunit alpha-4 ENSSSAG00000065254 321654 89 87

HBB Hemoglobin subunit beta-like ENSSSAG00000045065 321344 83 92

HBA Hemoglobin subunit alpha ENSSSAG00000065229 244043 75 68

HSPA8 Heat shock protein 8 ENSSSAG00000049191 213336 55203 37017

HBB Beta globin ENSSSAG00000065233 210828 44 47

HBB1 Hemoglobin subunit beta-1-like ENSSSAG00000065315 187925 106 117

FRIH Ferritin, heavy polypeptide 1-1 ENSSSAG00000051567 156074 32006 99410

HBBA2 Hemoglobin subunit beta-1-like ENSSSAG00000065226 150808 45 44

NRK2 Nicotinamide riboside kinase 2-like ENSSSAG00000077245 142822 9601 2613

TSSP Thymus-specific serine protease ENSSSAG00000053130 136772 32 38

BLVRB Biliverdin reductase B ENSSSAG00000069097 117596 965 1314

ALAS2 5’-aminolevulinate synthase 2 ENSSSAG00000068428 106223 28 30

- Major histocompatibility complex class I-related gene protein isof. X1 ENSSSAG00000077419 87427 29250 54093

MIBP2 Nicotinamide riboside kinase 2-like ENSSSAG00000068654 79622 4905 3683

WBP4-like WW domain-binding protein 4-like ENSSSAG00000077000 78270 434 278

5NTC Cytosolic purine 5-nucleotidase ENSSSAG00000045618 67967 23 21

Cd4 S. salar T-cell surface glycoprotein CD4 ENSSSAG00000076595 1 6 0

Cd8a CD8- alpha ENSSSAG00000065860 0 0 0

Cd8b CD8- beta ENSSSAG00000045680 1 0 0

Cd34 CD34 molecule ENSSSAG00000079346 0 952 589

MME Neprilysin- like ENSSSAG00000042374 5 0 1
fr
Transcript counts of five distinct T cells and B cells markers (in bold) were also included to assess RBC culture purity. The expression levels of the genes were measured as median normalized
count reads (counts). All listed genes indicated significantly higher expression in RBC (p ≤ 0.5).
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fish include toll-like receptors (TLRs), nucleotide oligomerization

domains (NOD) -like receptors, retinoid acid-inducible (RIG) -like

receptors (RLRs), C-type lectin receptors (CLRs) and scavenger

receptors (SRs) (37). A wide repertoire of PRRs from all five families

was found in RBC. TLRs, RLRs and NLRs were the most abundant

PRRs in the cells and those with the highest transcript levels are

listed in Table 2. RLRs, which primarily recognize double- stranded

(ds) RNA oligonucleotides, showed collectively the highest

expression. TLR3, previously identified in salmonid RBC and

known to bind dsRNA, was detected in high transcript numbers

(8). TLR8, which recognizes single- stranded (ss) RNA, showed the

highest expression among the TLRs (38, 39). Several NLRs, which

primarily have been characterized in mammals as sensors of

bacterial components, such as lipopolysaccharides (LPS) and

peptidoglycans (PGNs) were identified in RBC. Variants of NLR

family CARD domain containing 3- like (NLRC3L) showed the

highest expression (45). In addition, NLRC5 and NOD1/NOD2

were detected. Their role and functionality in teleosts are

modestly studied.

The majority of the signaling regulators and effectors which

interact with TLRs and RLRs, along with various non-RLR DEAD/

DEAH box RNA helicases with diverse roles in innate immunity,

were identified in RBC, as shown in Figure 4 (top). Indicatively,

DHX37 showed the highest expression level, however details about

its function have not been determined in either fish or mammals.

IRF1 (isoform 2), known to regulate the induction of interferon
Frontiers in Immunology 08
(IFN) and IFN-stimulated genes, and IRF9, associated with antiviral

immunity (46), were highly expressed in the RBC transcriptome.

Several cytokine receptors were found in our dataset, but only a few

cytokines (interleukins and chemokines) were expressed in RBC,

including interleukin 15 and 34 (IL15 and IL34), and CCL4- like

chemokine (Figure 4). Common IFN stimulated antiviral effector

genes, such as IFN stimulated gene 15 (ISG15) like (UBIL) and

myxovirus resistance (Mx2), known to be induced by IFNs, were

also identified in RBC in high transcript numbers.
3.5 Differential expression analysis of RBC
and kidney cell lines exposed to PRV-1

To identify the antiviral responses in RBC at early PRV-1

exposure (24 h) compared to non- susceptible cell lines,

normalized RNA-seq data of the samples exposed to the virus

were compared to unexposed controls through differential

expression analysis (DESeq2). Information on total sequenced

reads and alignment rate of mapping, along with principal

component analysis (PCA) are provided in Supplementary File A,

Figure 4. Differential expression analysis of RBC exposed to PRV-1

vs the unexposed controls showed a set of 46 significantly induced

genes (≥ 2-fold upregulation) and 1 significantly suppressed (≤ 0.5-

fold downregulation) gene (Figure 5). In contrast, 213 genes were

significantly induced and 10 genes were significantly suppressed in
TABLE 2 Pattern recognition receptors (PRRs) identified in A. salmon RBC.

Gene Ensembl ID
RBC

(counts)
Ligands Reference in teleost

Toll-like receptors (TLRs)

TMSB4X (or TLR8) ENSSSAG00000076485 2060 ssRNA (38)

TLR3 ENSSSAG00000040910 1244 dsRNA (8)

TLR2 ENSSSAG00000003781 50 LPS (39)

TLR19 ENSSSAG00000042328 31 Non specified (39)

Retinoic acid-inducible gene (RIG)-like receptors (RLRs)

MDA5 ENSSSAG00000078885 2264 dsRNA (40)

DDX58 ENSSSAG00000045391 2232 (ds)RNA (41)

DHX58 ENSSSAG00000037858 1824 ssRNA; dsRNA (40)

Nucleotide oligomerization domains (NOD)-like receptors (NLRs)

NLRC3L1

ENSSSAG00000005336 1461

DNA and RNA oligonucleotides (42)ENSSSAG00000056446 1177

ENSSSAG00000046213 1033

NLRC5 ENSSSAG00000068298 233 Bacterial components (43)

NOD1 ENSSSAG00000053537 170 Bacterial PGNs (44)

NOD2 ENSSSAG00000076025 26 Bacterial PGNs (44)
The majority of mapped PRRs were categorized in 3 major groups: toll-like receptors (TLRs), retinoic acid inducible gene (RIG)- like receptors and nucleotide- oligomerization domain (NOD)-
like receptors. The basal expression levels of the genes were measured as median normalized count reads (counts). Only genes with transcripts ≥ 10 (cutoff ≥ 10 median counts) were included in
the analysis. LPS, lipopolysaccharides; PGNs, peptidoglycans.
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SHK-1. In ASK, 12 genes were significantly induced and 18 genes

significantly suppressed. Thus, SHK-1 demonstrated the strongest

and ASK the weakest responses to PRV-1.
3.6 GO and KEGG enrichment analysis for
the DEGs of RBC, ASK and SHK-1 exposed
to PRV-1

We performed GO and KEGG pathway enrichment analyses

with an FDR (adjusted p value) cutoff of 0.05 for the upregulated

DEGs (≥ 2-fold change) in RBC, ASK and SHK-1 to identify

biological processes and signaling pathways activated in response

to PRV-1 (Figure 6). As the significantly downregulated genes were

too few, they were not subjected to these analyses. GO enrichment

analysis for Biological Process (GO : BP) resulted in 9 GO terms for

RBC, 6 for SHK-1 and 3 for ASK. Genes in RBC were mainly

involved in four biological processes: “Response to biotic stimulus”,

“Protein modification by small protein conjugation or removal”,

“Defense response” and “Immune system process”. GO term

“Immune system process” consisted of 6 genes, including RLR3
FIGURE 4

Examples of RBC genes involved in innate immune responses identified in A. salmon RBC. Transcripts of non- RLR DEAD/DEAH box helicases, signaling
adaptors and interferon regulatory factors (IRFs) (table on top). Transcripts of interleukins (ILs) and interleukin receptors (ILRs), chemokines (C-C and C-
X-C motifs) and chemokine receptors and interferon (IFN) pathway activators and IFN- inducible genes (table on bottom). The expression levels of the
genes were measured as median normalized count reads (counts) (RBC n= 6). Only genes with transcript reads ≥ 10 (cutoff ≥ 10 median counts) were
included in the analysis. Short description of the pathways relevant for genes expressed in RBC and listed in the tables above. Elements drawn in dash
have not been characterized in teleost, and their roles were based on mammalian models. Step 1. Pattern recognition receptors (PRRs). Step 2. Signaling
mediators and interferon regulatory factors acting downstream of PRR binding, leading to secretion of IFNs and pro-inflammatory cytokines. Step 3.
Pathways induced when secreted IFNs and cytokines bind to receptors, leading to expression of several innate immune effectors.
FIGURE 5

Differential gene expression analysis of A. salmon RBC, SHK-1 and
ASK exposed to PRV-1 for 24h compared to their unexposed
controls (RBC vs PRV-1, SHK-1 vs PRV-1 and ASK vs PRV-1,
respectively). The analysis was performed on genes with median
counts ≥ 10. Cutoff ≥ 2-fold change for upregulated DEGs and ≤

0.5-fold change for downregulated DEGs was applied.
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[also referred to as laboratory of genetics and physiology 2 (LGP2)],

melanoma differentiation-associated protein 5 (MDA5) and

transcription factors involved in type I IFN-pathway activation,

IRF1-2 and IRF1. From the GO terms that appeared for ASK,

biological functions associated with response to stress showed the

greatest representation, while groups “Immune system process” and

“Defense response” consisted of only two significantly expressed

genes, one of which was RLR3. Other significantly induced genes in

SHK-1 were primarily involved in metabolic functions associated

with the formation of nicotinamide-adenine dinucleotide

phosphate, such as “Pyridine nucleotide metabolic process”,

“Pyridine-containing compound” and “Nicotinamide nucleotide”

biosynthetic processes. The GO : BP term “Immune system process”

was also significantly enriched for SHK-1, including genes such as

the dsRNA receptors RLR3 and TLR3, and the antiviral effectors,

UBIL and Mx2. A detailed description of GO terms in RBC, ASK

and SHK-1 is provided in Supplementary File D.

KEGG analysis revealed one category, “RIG-I-like receptor

signaling pathway”- sasa04622, which was significantly enriched

in RBC, ASK and SHK-1. This category consists of genes involved in

immune pathways activated upon binding of dsRNA to RLRs,

including the RLR3 gene (referred to as LGP2 in the pathway).
Frontiers in Immunology 10
The cytosolic dsRNA receptor MDA5 gene was induced only in

RBC, and the RLR1 gene was induced only in ASK (Figure 6B). In

SHK-1, the tripartite motif-containing protein 25 (TRIM25) gene,

IRF3 and IRF7 in this pathway was also significantly induced

(Figure 6B). In contrast to RBC, genes significantly induced in

SHK-1 were categorized in five more groups, four of which are

involved in innate immunity (such as “Toll like receptor” and

“NOD-like receptor” signaling pathways), while significantly

induced genes in ASK were categorized in one additional group,

associated with cytokine- cytokine interaction (Figure 6A).

Given the outcome of the differential expression analysis, GO

and KEGG pathway enrichment analyses, 24 h exposure of RBC to

PRV-1 triggered the activation of PRRs that recognize viral dsRNA

(MDA5 and RLR3 induction) and signaling factors that regulate the

secretion of IFNs and pro-inflammatory cytokines. To better

understand the immune responses occurring in RBC after PRV-1

exposure, compared to non- susceptible kidney cell lines, we

focused on genes typically involved in dsRNA viral recognition,

signal transduction, IFN-pathway activation, and virus eradication.

The comparison of the immune transcriptome responses of RBC to

SHK-1 showed that SHK-1 respond more potently to PRV-1 than

RBC by significantly inducing the expression of a wider repertoire
B

A

FIGURE 6

Up-regulated DEGs (cutoff ≥ 2-fold change) in ASK, RBC and SHK-1 exposed to PRV-1. Enriched Gene Ontology (GO) terms within the GO category
“Biological Process” (GO : BP) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways with FDR (adjusted p value) lower than 0.05 were
considered significant. (A) GO : BP (top) and KEGG pathways (bottom) enriched in ASK (green), RBC (red) and SHK-1 (blue). (B) Representation of
KEGG pathway:”RIG-I-like receptor signaling pathway”-sasa04622, as significantly enriched in RBC, ASK and SHK-1. Genes involved in pathway and
significantly induced in RBC, ASK and SHK-1 exposed to PRV-1 were annotated in red, green and blue, respectively.
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of dsRNA pattern recognition receptors and typical antiviral genes.

On the contrary, the comparison of RBC to ASK showed that ASK

induced RLR3, while other typical antiviral responses were

absent (Figure 7).
4 Discussion

The present transcriptional analysis showed that genes with the

highest expression levels in RBC are primarily involved in
Frontiers in Immunology 11
respiratory processes, including multiple hemoglobins and

mediators of heme biosynthesis. This is consistent with the

traditional physiological characteristics of RBC as gas exchangers

(3). Previous multi-omics analyses of salmonid RBC in response to

viral infection revealed the expression of several genes involved in

different aspects of immunity, including antigen presentation

through MHC I and MHC II (8, 47). Current transcriptomic data

indicated exceedingly high basal levels of the MHC I- associated

protein- encoding genes, such as UBA and UGA genes, supporting

A. salmon RBC role in innate immunity. Earlier characterization of
B

C

D

A

FIGURE 7

Comparison of the transcriptome responses linked to selected innate antiviral genes in RBC, SHK-1 and ASK exposed to PRV-1 (RBC vs RBC + PRV-
1, SHK-1 vs SHK-1 + PRV-1 and ASK vs ASK + PRV-1, respectively). Regulation of (A) dsRNA pattern recognition receptors, (B) interferon regulatory
factors, (C) genes involved in IFN-signaling patway activation and (D) IFN-inducible antiviral effectors. RBC vs PRV-1, n=6, SHK-1 vs PRV-1 and ASK
vs PRV-1, n=3. *p<0.05.
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Abstract 

Piscine orthoreovirus (PRV) infection is common in aquaculture of salmonids. The three known PRV 

genotypes (PRV-1-3) have host species specificity and cause different diseases, but all infect and 

replicate in red blood cells (RBCs) in early infection phase. PRV-1 is the causative agent of heart and 

skeletal muscle inflammation (HSMI) in farmed Atlantic salmon (Salmo salar), PRV-2 causes 

erythrocytic inclusion body syndrome (EIBS) in coho salmon (Oncorhynchus kisutch), while PRV-3 

induces HSMI-like disease in farmed rainbow trout (Oncorhynchus mykiss). PRV-3 can also infect A. 

salmon without causing clinical disease and has been shown to cross-protect against PRV-1 infection 

and HSMI, while PRV-2 or inactivated adjuvanted PRV-1 vaccine only partially reduced HSMI 

pathologic changes. In the present work, we studied the transcriptional responses in blood cells of A. 

salmon two- and five-weeks post infection with PRV-1, PRV-2, PRV-3, or post injection with 

inactivated PRV-1 vaccine. PRV-1 and PRV-3 replicated well in A. salmon blood cells, and both 

induced the typical innate antiviral responses triggered by dsRNA viruses. Two weeks post infection, 

PRV-3 triggered stronger antiviral responses than PRV-1, despite their similar viral RNA replication 

levels, but after five weeks the induced responses were close to equal. PRV-2 and the InPRV-1 vaccine 

did not trigger the same typical antiviral responses as the replicating PRV-1 and PRV-3 genotypes, but 

induced genes involved in membrane trafficking and signaling pathways that may regulate physiological 

functions. These findings propose that the protection mediated by PRV-3 against a secondary infection 

by PRV-1 occur due to a potent and early activation of the same type of innate immune responses. The 

difference in the timing of antiviral responses may give PRV-1 an evolutionary edge, facilitating its 

dissemination to A. salmon heart, a critical step for HSMI development. 

Keywords: Atlantic salmon; Piscine orthoreovirus; mRNA transcriptome analysis; antiviral response 
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1. Introduction 

Unlike mammals, teleost red blood cells (RBCs) are nucleated and possess an active 

transcriptional/translational machinery essential for gene expression [1, 2]. Piscine orthoreovirus (PRV, 

family Spinareoviridae, genus Orthoreovirus), a virus with an icosahedral, double-layered capsid, and 

a segmented double-stranded RNA genome [3, 4], replicates in salmonid RBCs [5, 6]. PRV infection is 

associated with disorders of the circulatory system and is a significant threat in salmonid aquaculture 

[7]. There are three genotypes of the virus, PRV-1, PRV-2 and PRV-3, which demonstrate similar 

systemic dissemination but different pathogenicity in different salmonid species [8]. PRV-1 primarily 

targets farmed Atlantic salmon (Salmo salar) and causes heart and skeletal muscle inflammation [9], a 

prevalent viral disease in A. salmon aquaculture in Northern Europe [7, 10–12]. PRV-1 establishes a 

persistent infection, and is ubiquitous in the marine phase of farmed A. salmon [13]. Genetic viral 

reassortants have different virulence, and PRV-1 is also commonly detected in fish populations without 

clinical signs of disease [14, 15]. PRV-3 was first detected in Norway in 2013, in farmed rainbow trout 

(Oncorhynchus mykiss) with pathological lesions resembling HSMI [16]. A causative role of PRV-3 in 

heart inflammation in rainbow trout was experimentally confirmed in 2019 [17]. PRV-1 and PRV-3 

genotypes have also been found and associated with jaundice syndrome in Chinook salmon 

(Onchorynchus tshawytscha) in British Columbia and coho salmon (Oncorhynchus kisutch) in Chile 

[18, 19]. PRV-2 is the etiological agent of erythrocytic inclusion body syndrome (EIBS) in Japanese 

coho salmon aquaculture [20] and has been found in wild coho salmon in Alaska [20, 21].  

Previous transcriptional analyses of A. salmon RBCs have revealed expression of a wide repertoire of 

pattern recognition receptors (PRRs), interferon (IFN) transcription regulators and IFN inducible genes 

known to confer resistance to viral infections, several of which were strongly activated in response to 

ex vivo and in vivo exposure to PRV [2, 22, 23]. The PRV virion, akin to the infection mechanism 

described in mammalian orthoreovirus (MRV), is internalized into the host cell via receptor- mediated 

endocytosis. The outer capsid proteins undergo proteolytic degradation, facilitating penetration of viral 

core particles across the late endosomes [9, 24]. Although the membrane proteins implicated in PRV 

internalization remain unknown, viral recognition upon entry into host cells has been associated with 

the endosomal toll like receptor 3 (TLR3) and potentially ATP- dependent RNA helicase DHX58 (also 

referred to as retinoid acid-inducible (RIG)- like receptor 3) [22, 23]. In the cytoplasm, the viral 

assembly occur in globular neo- organelles, referred to as viral factories, which provide an environment 

conducive to viral replication, potentially evading detection by host cell innate immune system [9, 24], 

[25]. The peak of PRV infection in A. salmon RBCs typically occurs between two to five weeks post 

exposure, coinciding with high plasma viremia and antiviral responses [9, 22]. Both humoral and cellular 

responses are elicited, leading to infiltration of immune blood cells into the heart and production of 

PRV- specific antibodies [26–28].  
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Despite the significant impact of PRV infection on salmonid aquaculture, the absence of robust 

monitoring strategies and effective prevention measures remain a pressing concern [7, 29]. Experimental 

vaccines against HSMI have been developed and tested, including an inactivated whole virus vaccine 

based on virulent PRV-1 [30], and DNA vaccines encoding PRV non-structural proteins [31]. These 

vaccines only led to partial protection against HSMI. Recently, PRV-3 infection in A. salmon was shown 

to efficiently block consecutive PRV-1 infection and HSMI. In comparison, the injection of PRV-2 and 

inactivated adjuvanted PRV-1 vaccine did not protect from infection, and only partially reduced HSMI 

pathology. Only PRV-3 triggered PRV-1 specific antibody production [29], as demonstrated using a 

bead-based immunoassay [27]. Given the importance of developing effective vaccines in salmonid 

aquaculture against PRV-1 infection, understanding the link between initial responses in infected blood 

cells and the effective cross protecting potential of PRV-3 are of great interest. In the present study, we 

report on transcriptional differences and similarities in whole blood of A. salmon infected with PRV-1, 

PRV-2 and PRV-3 two and five weeks post- injection. We focused on factors that may be involved in 

the previously reported cross- protection mediated by PRV-3, but not PRV-2, and early responses that 

may explain why PRV-1 infection leads to a pathological outcome in A. salmon, while PRV-3 does not. 

2. Materials and Methods 

2.1. Experimental trial and blood sampling 

Blood samples from A. salmon infected by either PRV-1, PRV-2 or PRV-3, immunized with an 

inactivated, adjuvanted PRV vaccine (InPRV-1), and mock controls originated from a previously 

published experimental trial [29]. Briefly, 300 fish of a mean weight of 41.3 g (+/- 5.8 g) were divided 

into five experimental groups and kept in freshwater (10 °C, 24:0 light: dark cycle, >90% O2). The 

experimental fish were injected intraperitoneally (IP) with 0.2 mL of the following materials. The PRV-

1 infection material was based on an infected blood pellet (PRV-1 isolate NOR2012-V3621). The isolate 

had been passaged in previous experimental trials in A. salmon, all resulting in HSMI [9]. The PRV-3 

infection material was prepared from a blood pellet harvested during a disease outbreak in 2014 (PRV-

3 NOR2014) [16], that had been passaged in rainbow trout leading to HSMI-like pathology [17]. Mock 

blood lysate was obtained from non-infected A. salmon. Frozen blood pellets from PRV-1, PRV-3 and 

mock control samples were diluted 1:10 in L15-medium, sonicated, centrifuged, and the supernatant 

was collected. PRV-2 infection material originated from a frozen spleen sample from coho salmon [20]. 

The tissue sample was homogenized in L15 medium, sonicated and centrifuged. Inactivated PRV-1 

material was prepared from purified PRV-1 particles (PRV-1 NOR2012, 5.35∙109 copies/ mL) by 

PHARMAQ AS as described earlier [30]. Briefly, the batch was inactivated by formalin immersion and 

prepared as a water-in-oil formulation where the water phase (containing PRV antigens) was dispersed 

into a mineral oil continuous phase containing emulsifiers and stabilizers. Ten weeks post injection with 

PRV-1-3 infection material or InPRV-1 vaccine, the groups were infected horizontally by addition of 

PRV-1 infected shedder fish, and the full immunization trial lasted 18 weeks, reporting on the cross-
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protective potential of the injected viruses and inactivated vaccine against subsequent PRV-1 infection 

and HSMI [29]. Additional details on the trial are presented in Malik & Teige, 2021 [29]. 

Eight fish were sampled prior to injection (week 0), and from each of the five experimental groups 

(PRV-1-, PRV-2- or PRV-3- infected fish, immunized fish with InPRV-1 vaccine and mock controls) 

at week 2 and 5 after IP injection. Blood was drawn from the caudal vein of the fish using BD Medical 

Vacutainer heparin-coated tubes (BD Medical, Mississauga, ON, USA). The samples were stored at 4 

°C for a maximum of 6 h, centrifuged (3000 × g for 5 min at 4 °C), and plasma and blood pellets were 

separated into different microtubes and stored at -80 °C. 

In the present study, blood samples from six fish per group sampled at week 2 and four fish per group 

sampled at week 5 were analyzed. In addition, blood samples from four fish sampled at week 0 were 

used as additional controls. The sample selection was based on RNA quality, to ensure optimal RNA-

seq results.  

2.2. RNA isolation and sequencing 

Blood cell pellets of 20 μL were resuspended in MagNA Pure LC RNA Isolation Tissue (Roche) to a 

final volume of 400 μL and homogenized using 5 mm steel beads and TissueLyzer for 3 min at 25 Hz. 

MagNA Pure 96 Cellular RNA Large Volume Kit (Roche) was used for automated total RNA isolation 

following the manufacturer’s protocol. RNA was quantified using Multiskan SkyHigh microplate 

spectrophotometer (Thermo Fiscer Scientific). RNA quality (RIN >8) was ensured using Agilent 2100 

Bioanalyser (Agilent, USA) before being sent for sequencing. 

Total RNA from 30 samples harvested week 2 (Mock control, n= 6; PRV-1 infected, n= 6, PRV-2 

infected, n= 6; PRV-3 infected, n= 6; Inactivated PRV-1, n= 6), 20 samples harvested week 5 (Mock 

control, n= 4; PRV-1 infected, n= 4, PRV-2 infected, n= 4; PRV-3 infected, n= 4; Inactivated PRV-1, 

n= 4), and 4 samples from week 0, were sent to the Norwegian Sequencing Centre (NSC, Norway). 

Library preparation was performed using strand-specific TruSeq mRNA-seq Library prep kit (Illumina, 

CA, USA). The libraries were pooled and sequenced on one lane of Illumina NovaSeq S4 flow cell to 

obtain 150bp paired end reads. The raw sequencing data are available in NCBI SRA BioProject - 

PRJNA1148351. 

2.3. RT-qPCR for PRV variants  

RNA loads of PRV-1 and PRV-3 were assessed using Qiagen One-Step RT-qPCR kit (Qiagen). The 

input was standardized to 50 ng (10 μL of 5 ng/ μL) of total RNA per reaction and the samples were run 

in duplicates. Prior to RT-qPCR, the template was denatured at 95 °C for 5 min. The RT-qPCR reactions 

were performed under the following thermal conditions: 50 °C for 30 min, 94 °C for 15 min, and 45 
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cycles for 30 s at 95 °C and 1 min at 60 °C. To define a sample as positive, a cutoff of Ct < 35 was set. 

For PRV-2, a Quantitect SYBR Green RT-qPCR kit (Qiagen) was used according to manufacturer’s 

instructions. A total of 50 ng RNA (5 μL of 10 ng/ μL) was denatured at 95 °C for 5 min and the samples 

were run in duplicates with the following thermal conditions: 50 °C for 30 min, 94 °C for 15 min, and 

40 cycles for 15 s at 94 °C, 30 s at 60 °C and 30 s at 72 °C. To assess the specificity of the assay, melting 

curve analysis was performed. A cutoff of Ct < 35 was set, similar for PRV-1 and PRV-3. Probes and 

primer sequences are given in Supplementary File A, Table A1 [29]. 

2.4 Bioinformatic processing and statistical analysis 

Raw sequence data (Fastq files) were processed to trim/remove adapter and low quality sequences using 

BBDuk tool in BBMap v.38.18 suite (parameters: ktrim=r, k=23, mink=11, hdist=1, tbo, tpe, qtrim=r, 

trimq=15, maq=15, minlen=36, forcetrimright=149) [32]. Cleaned reads were mapped to Salmo salar 

genome (ENSEMBL ICSASG_v2) using the HISAT2 v.2.2.1 (parameters: –rna-strandness RF) [33]. 

FeatureCounts v.1.4.6-p1 (parameters: -p -s 2) was used for estimating the number of reads and aligning 

against the reference genes in ENSEMBL r104 GTF annotation [34]. Initial raw data analysis was 

performed using SARTools v.1.7.4 and R v.4.1.1 [35, 36]. Normalization and differential expression 

between groups and against the control at week 2 and 5 were performed using DESeq2 v.1.34.0 [37]. 

The annotation tables were cleaned using median count reads > 10 as a cut off, to omit genes with zero 

or low counts. Adjusted p-value (padj) was calculated using Benjamin-Hochberg (BH) correction and 

gene with padj below 0.05 were considered as differentially expressed genes (DEGs). For gene 

regulation, upregulated features with less than 2-fold change and downregulated features with higher 

than 0.5- fold change in expression (0.5 < fold change < 2) were filtered out.  

STRING Database v.12.0 was used for gene ontology (GO) and Kyoto Encyclopedia of Genes and 

Genomes (KEGG) enrichment analysis with 0.05 as p-value cutoff, BH adjusted [38]. In particular, 

DEGs were sorted into functional categories via KEGG pathway and gene ontology GO enrichment 

analyses. Potential functions of uncategorized genes were explored within databases primarily focused 

on mammalian genome and gene function, such as Reactome and InterPro, and were also considered. 

The magnitude of transcriptional similarities/ differences of each PRV genotype to PRV-1 was 

determined using heatmaps. To better understand how PRV immunization/injection affected gene 

regulation over time, heatmaps were constructed using Log2-fold changes (Log2FC) of a selected set of 

DEGs, compared to week zero (transcripts) as baseline reference. 
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3. Results 

3.1. Overview of PRV immunization trial data 

 

Figure 1. Experimental setup and results of the original Piscine orthoreovirus (PRV) infection trial [29]. Fish were allocated 

into five experimental groups injected intraperitoneally (IP) with blood lysate containing PRV-1 or PRV-3, spleen homogenate 

containing PRV-2, purified, inactivated and adjuvanted PRV-1 (InPRV-1 vaccine control) and blood lysate originating from 

uninfected healthy fish (Uninfected control). RNA loads of PRV-1-3 in spleen (open dots) and whole blood (filled dots) were 

measured two- and five-weeks post injection using RT-qPCR assays targeting virus-specific parts of the S1 genome segment. 

Virus levels are presented as Ct-values for each individual and as average (n= 6/group in week two and n= 4/group in week 

five). PRV-1 levels colored red; PRV-2 levels colored blue; PRV-3 levels colored green; InPRV-1 colored yellow. A PRV-1 

cohabitation challenge took place 10 weeks post immunization, in the PRV-2-, PRV-3-infected groups and InPRV-1 vaccinated 

controls, along with the uninfected control group. The infection outcome and cross- protection conferred by the three PRV 

genotypes and InPRV-1 vaccine was assessed through histopathological analysis of HSMI in week 15 and 18, as mean of 8 

individuals (score 0- no HSMI, score 3- full HSMI) by Malik and Teige [29]. 
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The transcriptional analysis performed in this study further investigates key observations from a 

previous published work by Malik & Teige et al., 2021 [29]. Here, we measured the RNA load of PRV 

genotypes in whole blood of A. salmon two and five weeks post injection, to explore potential 

correlation between transcriptional responses and viral replication status. These results are shown in 

Figure 1, together with an overview of the original experimental setup and key findings reported by 

Malik & Teige et al., 2021 [29]. The trial consisted of two distinct parts; fish immunization (week 0-10) 

and secondary PRV-1 infection by cohabitation challenge (week 10- 18). RNA loads of PRV genotypes 

in spleen were similar in week 2 (~Ct 25), but diverged in week 5, where PRV-1 and PRV-3 levels 

increased, while PRV-2 levels decreased over time [29]. In whole blood, RNA loads of PRV-1 and 

PRV-3 showed the same increasing pattern over time as in spleen, whereas PRV-2 levels were lower 

both week two and five. These findings supported the ability of PRV-2 and PRV-3 to infect A. salmon 

when injected IP. However, in contrast to the original analyses in spleen, only PRV-1 and PRV-3 could 

be confirmed to replicate in whole blood. 

The protection against secondary PRV-1 cohabitation challenge (week 10), and HSMI was shown by 

histopathological analysis of heart tissue at week fifteen and eighteen [29]. Infection by PRV-3 

efficiently blocked secondary PRV-1 infection and HSMI (no individual developed pathology, HSMI 

mean score =0), while PRV-2 and InPRV-1 injection only partially protected against HSMI (PRV-2: 6 

out of 8 fish, HSMI mean score =2, and InPRV-1: 2 out of 8 individuals, HSMI mean score =0,5) [29]. 

3.2. Transcriptional analysis of infected and uninfected Atlantic salmon whole blood 

In the RNA-Seq data obtained from blood, the reads were mapped to a total of 55,819 features (genes) 

in the A. salmon genome (ENSEMBL ICSASG_v2/ ENSEMBL r104 annotation). Information on total 

sequenced reads and alignment rate of mapping of the biological groups in week zero, two and five is 

provided in Supplementary File B, Table A1 and A2. Most of the samples showed overall alignment 

rate > 75%, to the A. salmon genome.  

Principal component analysis (PCA) was performed to assess the variability of samples from infected 

groups and uninfected controls at two and five weeks post injection (Supplementary File B, Figure A1 

and A2). All biological groups showed wide dispersion at week two, but blood replicates from PRV-1 

and PRV-2- infected fish tended to cluster in closer proximity. PCA at week five showed lower 

variability within the biological replicates of each infected group, while distribution of the clusters 

against the first principal component indicated that PRV-1 and PRV-3, along with PRV-2 and InPRV-

1 are more closely related at week 5. Considering the increasing viral load of PRV-1 and PRV-3 from 

week 2 to 5, not found for PRV-2 and InPRV-1 in whole blood (Figure 1), PCA clustering may be in 

line with the replication status of each PRV genotype. 
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Two uninfected controls from week two were identified as outliers in the PCA plot. Three out of four 

controls from week five showed an overall alignment rate below 50%. Therefore, these samples were 

omitted from further analysis. 

 

Figure 2. Number of significantly regulated genes (DEGs) in whole blood of A. salmon infected by PRV genotypes and the 

inactivated adjuvanted PRV-1 (InPRV-1) vaccinated control. (A) Number of DEGs in whole blood of A. salmon two weeks 

after infection, compared to uninfected controls. Cutoff ≥ 2- fold (higher) and ≤ 0.5- fold (lower), and a cutoff of normalized 

median read counts ≥ 10 were applied. (B) Number of DEGs in whole blood of A. salmon two and five weeks after infection 

compared to vaccinated with vaccinated controls. Cutoff ≥ 2- fold (higher) and ≤ 0.5- fold (lower), and a cutoff of normalized 

median read counts ≥ 10 were applied. (C) Number of DEGs in whole blood of A. salmon two and five weeks after infection 

compared to PRV-1 infected fish. Cutoff ≥ 2- fold (higher) and ≤ 0.5- fold (lower), and a cutoff of normalized median read 

counts ≥ 10 were applied. 
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3.3. Differentially expressed genes in whole blood of PRV- infected Atlantic salmon 

Differential gene expression analysis was performed to assess differences in gene expression patterns 

between immunization groups (PRV-1, 2, 3 and InPRV-1) and compared to uninfected controls of whole 

blood of A. salmon at week two (Figure 2A). Whole blood of PRV-3 infected fish showed the greatest 

transcriptional differences compared to uninfected controls (655 genes with higher expression and 305 

with lower expression level). PRV-1 triggered intermediate transcriptional differences, with more genes 

showing lower (191 genes) than higher (146 genes) expression compared to controls. Immunization with 

PRV-2 resulted in the fewest transcriptional differences out of the three PRV genotypes (88 higher and 

32 lower expressed genes). For PRV-1 vaccine group, there were almost no expression differences 

compared to the uninfected controls. No such comparison was performed between infected and 

uninfected groups at week five, as week five control datasets were excluded. 

To identify shared and/or unique expression patterns, we compared the whole blood transcriptional 

responses of all PRV- infected groups to each other both for week two and five (Figure 2B-C). Although 

PRV-1 viral load in whole blood was higher than PRV-2 loads, indicating more efficient replication of 

PRV-1 in blood cells, comparing PRV-1 and PRV-2 induced gene expression did not reveal any 

significant expression differences after two weeks. This is consistent with the PCA plot, where data 

from PRV-1- and PRV-2- injected individuals clustered together (Supplementary File B, Figure A1). A 

comparison between PRV-1 and PRV-3 revealed 148 host genes exhibiting higher expression in PRV-

3- infected blood, as opposed to only 6 genes expressed higher in PRV-1- infected blood. This, together 

with the higher numbers of DEGs upregulated for the PRV-3 infected group versus controls, may 

indicate a stronger and faster response to PRV-3 than PRV-1. Transcriptional differences between PRV-

1 and vaccinated controls were only few at week two. By week five, PRV-1 infected blood showed 

distinct transcriptional differences compared to the PRV-2 injected group and vaccinated controls, with 

approximately 1000 genes higher expressed and 500 genes lower expressed in PRV-1 infected blood 

(Figure 2C). It is worth noting that no differentially expressed genes were detected when comparing 

vaccinated with PRV-2 infected fish at week two, and only a total of 24 genes differed at week five 

Figure 2B). A comparison between PRV-3 and PRV-2 revealed that at week two, 449 genes had 

significantly higher expression in PRV-3- infected blood, whereas only 19 genes showed lower 

expression (higher expression in PRV-2- infected). By week five, 509 genes were identified with higher 

expression in PRV-3- infected blood, compared to 259 genes with higher expression for PRV-2 

(Supplementary File F, Figure A1). A similar relationship was found between PRV-3 and vaccinated 

controls at both week two and five (Figure 2B), based on gene numbers. 

3.4. Categorization of differentially expressed genes (DEGs) into functional groups and heatmaps for 

targeted differential expression analysis 
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DEGs in whole blood of infected A. salmon compared to uninfected controls at week two were 

categorized into functional groups using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

and gene ontology (GO) enrichment analyses for biological process (GO:BP) and molecular function 

(GO:MF) (Supplementary File C, Table A1-3). Transcriptional analysis of whole blood from vaccinated 

fish (compared to uninfected control) revealed a total of 13 DEGs (Figure 2A). Thus, KEGG and GO 

enrichment analyses were not applicable. The categorization of the DEGs between PRV-3 vs PRV-2 

and PRV3 vs InPRV-1 are provided in Supplementary File F (Figure A2-3). It is worth noting that 

several genes identified in A. salmon whole blood were not categorized into any functional group 

(uncategorized genes).  

Transcriptional responses in whole blood of PRV-1- injected fish were compared to PRV-2, -3 and 

InPRV-1 at weeks two and five. Functional groups and heatmaps of each comparison with PRV-1 are 

provided separately in Figures 3, 6 and 8. 

3.4.1. Comparison of whole blood transcriptional responses to PRV-1 versus PRV-3 over time 

Enrichment analysis for DEGs with higher expression in PRV-1-infected blood cells compared to PRV-

3, revealed only three functional groups related to innate and adaptive immune responses (Figure 3A) 

At two weeks, PRV-1 infection resulted in the induction of 31 genes encoding proteins with transcription 

regulatory activity, while only 9 genes involved in immune system processes (Supplementary File C, 

Table A1). In comparison, PRV-3 infection led to induction of 147 genes involved in immune system 

processes and 99 genes associated with responses to intracellular and/or external stimuli (Supplementary 

File C, Table A2). Both PRV-1 and PRV-3 infection suppressed genes involved in apoptosis, 

transmembrane transporter and transcription regulator activity. PRV-1 suppressed 12 genes involved in 

the MAPK signaling pathway (Supplementary File C, Table A3). 

PRV-1 and PRV-3 replicated at a similar level in A. salmon blood, but diverged in the ability to cause 

HSMI pathology. The comparison of whole blood gene expression in response to PRV-1 versus PRV-3 

revealed a total of 154 DEGs at week two and only 2 at week five (Figure 2C). Focusing on week two, 

6 genes exhibited higher expression level in response to PRV-1 and 148 genes in response to PRV-3 

(Figure 2C). Indicatively, genes such as proteasome 26S subunit ATPase 3 (PSMC3) interacting protein 

(PSMC3IP) involved in meiotic recombination, and cell surface protein tetraspanin 8-like (TSPAN8), 

showed higher expression levels in PRV-1 only. In contrast, genes with higher expression level in PRV-

3 were primarily associated with innate and adaptive immune processes (Figure 3D). The expression 

pattern of these genes in response to PRV-1 became equivalent to PRV-3 by week five. A few genes, 

such as IQ motif containing GTPase activating protein 2 (IQGAP2), urokinase plasminogen receptor 

(uPAR) and lysosomal protease cathepsin B (CATB), were slightly inhibited in response to PRV-1 at 

week two. However, their expression levels exceeded those induced by PRV-3 by week five (Figure 

3B-C, E).  
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Figure 3. Gene expression profile in whole blood of A. salmon injected with PRV-1 and PRV-3. DEGs with fold- change > 2 

(higher expression induced by PRV-1) and < 0.5 (lower expression induced by PRV-1) were included in the analysis. Log2-

fold change of the selected DEGs compared to uninfected controls at week zero. Red: Higher expression level at week two 

and/or five compared to week zero; Green: Lower expression level at week two/five compared to week zero; White: No 

expression difference between week two/five and week zero. The darker the color, the stronger the regulation (higher or lower). 

(A) Functional groups of DEGs between PRV-1 and PRV3 at week two. (B) Gene expression pattern of DEGs between PRV-

1 and PRV-3, involved in immune system processes over time, compared to uninfected fish at week zero. (C) Gene expression 

pattern of DEGs between PRV-1 and PRV-3, involved in adaptive immune system, compared to uninfected fish at week zero. 

(D) Gene expression pattern of DEGs between PRV-1 and PRV-3, involved in cytokine mediated signaling, compared to 

uninfected fish at week zero. The colored band at the top of each heatmap corresponds to the functional group shown in A. (E) 

Expression levels of selected genes involved in “Immune system process” and “Adaptive immune system” groups as 

normalized transcript reads in whole blood of A. salmon infected with PRV genotypes or vaccinated. *: p ≤ 0.01. 

Some uncategorized genes were strongly induced by PRV-3 at week two, including, interferon-induced 

protein with tetratricopeptide repeats 9 (IFIT9) and galectin 9 (LEG9) (Figure 4). These genes are also 
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involved in activation of innate immunity and antiviral defense and have previously been found induced 

in A. salmon erythrocytes in response to PRV-1 in vivo at later stages of infection [22]. Genes such as 

protein phosphatase Mg2+/Mn2+ dependent (PPM) 1H (PPM1H) and PPM1F, as well as RNA binding 

motif protein 38 (RBM38), potentially associated with cell survival and viral genome replication [39, 

40], also exhibited high differential expression in PRV-3 infected relative to control blood at week two 

(Figure 3 and 4, respectively). DEGs of all identified functional groups and uncategorized DEGs in 

PRV-1 and PRV-3 at week two are provided in Supplementary File E. 

 

Figure 4. Examples of uncategorized genes with higher relative expression in PRV-3 compared to PRV-1 infected blood at two 

and five weeks post infection. (A) DEGs with higher relative expression induced by PRV-3 than by PRV-1. Log2FC of DEGs 

between PRV1 and PRV-3 was calculated relative to controls from week zero. Wpi: Weeks post infection. (B) Expression 

levels of the same genes as normalized transcript reads in whole blood of A. salmon infected with PRV genotypes or vaccinated. 

*: p ≤ 0.01. 

At week five, the two genes with higher expression induced by PRV-1 compared to PRV-3 encode 

barrier-to-autointegration factor (BANF) b and BANF-like DNA-binding protein (Figure 5A). In 

mammals, these genes take part in various biological processes, such as transcription regulation, DNA 

damage response and innate immunity against viruses [41]. Infection with PRV-1 triggered the strongest 

transcriptional response of BANFB and BANF-like compared to other PRV genotypes and vaccinated 

controls (Figure 5B). 
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Figure 5. Expression profile of barrier-to-autointegration factor (BANF) b and BANF-like DNA-binding protein genes 

overtime. BANFB and BANF were the only two genes with significantly higher expression in PRV-1 infected blood relative 

to PRV-3 at week five. (A) Log2FC of BANFB and BANF between PRV1 and PRV-3 relative to controls from week zero. 

Wpi: Weeks post infection. (B) Expression levels of BANFB and BANF genes as normalized transcript reads in whole blood 

of A. salmon infected with PRV genotypes and inactivated PRV-1 vaccine. *: p ≤ 0.01. 

3.4.2. Comparison of whole blood transcriptional responses to PRV-1 compared to PRV-2 over time 

Whole blood from PRV-2 infected fish showed 88 genes with lower expression level compared to 

uninfected controls, but only 3 categories were generated from the GO and KEGG analysis. These genes 

belonged to functions related to MAPK signal transduction, protein folding and apoptosis 

(Supplementary File C, Table A3). 

PRV-2 did not exhibit the same level of replication in whole blood of A. salmon compared to PRV-1 

and PRV-3, but showed similar host gene expression profile to PRV-1 at week two. DEGs between 

PRV-1 and PRV-2 were explored to identify gene expression associated with virus replication. Only the 

phospholipase DDHD1-like (DDHD1A) gene exhibited 2-fold higher expression in PRV-2- relative to 

PRV-1- infected blood (raw data file- BioProject PRJNA1148351).  
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Figure 6. Gene expression profile in whole blood of A. salmon injected with PRV-1 and PRV-2. DEGs with fold- change > 2 

(higher expression induced by PRV-1) and < 0.5 (lower expression induced by PRV-1) were included in the analysis. Log2-

fold change of the selected DEGs were compared to uninfected controls at week zero. Red: Higher expression level at week 

two and/or five; Green: Lower expression level at week two/five; White: No expression difference between week two/five and 

week zero. The darker the color, the stronger the regulation (higher or lower). (A) Functional groups of DEGs with higher and 

lower expression in PRV-1 (top and bottom, respectively) compared to PRV-2 at week five. (B) Transcriptional profile of 

DEGs between PRV-1 and PRV-2, involved in immune system processes (left) and identified functional groups (right) 

compared to uninfected fish at week zero. The colored panel to the left of each heatmap corresponds to a functional group from 
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