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ARTICLE INFO ABSTRACT

Keywords: Renibacterium salmoninarum is a Gram-positive, intracellular bacterial pathogen that causes Bacterial Kidney
Salmo salar Disease (BKD) in Atlantic salmon (Salmo salar). The host transcriptomic response to this immune-suppressive
Microarray pathogen remains poorly understood. To identify R. salmoninarum-responsive genes, Atlantic salmon were in-
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traperitoneally injected with a low (5 x 10° cells/kg, Low-Rs) or high (5 x 107 cells/kg; High-Rs) dose of
formalin-killed R. salmoninarum bacterin or phosphate-buffered saline (PBS control); head kidney samples were
collected before and 24 h after injection. Using 44K microarray analysis, we identified 107 and 345 differentially
expressed probes in response to R. salmoninarum bacterin (i.e. High-Rs vs. PBS control) by Significance Analysis
of Microarrays (SAM) and Rank Products (RP), respectively. Twenty-two microarray-identified genes were
subjected to qPCR assays, and 17 genes were confirmed as being significantly responsive to the bacterin. There
was an up-regulation in expression of genes playing putative roles as immune receptors and antimicrobial ef-
fectors. Genes with putative roles as pathogen recognition (e.g. clec12b and tlr5) or immunoregulatory (e.g.
tnfrsféb and tnfrsf11b) receptors were up-regulated in response to R. salmoninarum bacterin. Also, chemokines
and a chemokine receptor showed opposite regulation [up-regulation of effectors (i.e. ccl13 and ccl) and down-
regulation of cxcrl] in response to the bacterin. The present study identified and validated novel biomarker
genes (e.g. ctsll, lipe, cldn4, ccny) that can be used to assess Atlantic salmon response to R. salmoninarum, and will
be valuable in the development of tools to combat BKD.

1. Introduction haematopoietic kidney tissue and extend to other internal organs (e.g.

posterior kidney and liver) of the fish [7-9]. BKD can cause up to 40%

Aquaculture has been predicted to be the main source fulfilling the
future global demand for fish consumption [1,2]. Atlantic salmon
(Salmo salar) is one of the most economically important species in
marine finfish aquaculture, and its production is increasing worldwide
[1,3]. However, Atlantic salmon are susceptible to several bacterial
pathogens that can cause high mortalities and economic losses [4,5].
Renibacterium salmoninarum is a nonmotile, Gram-positive, rod-shaped
bacterium causing Bacterial Kidney Disease (BKD) in salmonid species
such as sockeye salmon (Oncorhynchus nerka), rainbow trout (O. mykiss)
and Atlantic salmon in both freshwater and seawater environments [6].
This bacterium can be horizontally and vertically transmitted, and BKD
has been reported in several countries worldwide including Canada and
Chile [6,7].

Following R. salmoninarum infection, granulomas — white nodules
containing epithelioid cells such as macrophages — develop in the
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and 80% cumulative mortality in Atlantic salmon and Pacific salmonids
(Oncorhynchus spp.), respectively [8,9]. BKD-derived mortalities are
also attributed to immunosuppression by R. salmoninarum and, conse-
quently, the increased susceptibility of infected fish to secondary pa-
thogens [10]. Live-attenuated and formalin-killed R. salmoninarum
vaccines have been reported to improve the resistance of salmonids
such as Atlantic salmon to BKD [9,11]. The grave threat posed by R.
salmoninarum to Atlantic salmon aquaculture, alongside the im-
munosuppressive feature of this pathogen, necessitates the studying of
the Atlantic salmon response to BKD and formalin-killed R. salmoni-
narum. Previous studies showed a BKD-induced serum antibody re-
sponse in Atlantic salmon and rainbow trout [12], and an inducible nitric
oxide synthase (inos) transcript expression response in rainbow trout
kidney [13]. Furthermore, in vitro studies determined the expression of
inflammation-related genes of rainbow trout macrophages [14] or
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Atlantic salmon kidney (ASK) cell line [15] in response to R. salmoni-
narum. Suppressive subtractive hybridization (SSH) and qPCR-based
studies were conducted to identify the genes associated with R. salmo-
ninarum response in Chinook salmon (O. tshawytscha) [16,17]. How-
ever, the genes, biological processes and molecular pathways activated
in response to live or formalin-killed R. salmoninarum in Atlantic salmon
remained uncharacterised.

Microarray analyses can be employed to profile the transcriptome
response of a species to a given stimulus, and can help to draw a
comprehensive picture of the immune pathways involved [18]. For
example, microarray analyses were previously used to determine the
global gene expression of Atlantic salmon in response to Piscirickettsia
salmonis [19], Aeromonas salmonicida [20], live A. salmonicida vaccine
[21] and commercial vaccines (e.g. for immunization against Yersinia
ruckeri and Vibrio spp.) [22,23].

The consortium for Genomic Research on All Salmonids Project
(cGRASP)-designed Agilent 44K salmonid oligonucleotide microarray
[24] is a powerful tool that was previously used to profile the im-
munological responses of Atlantic salmon and rainbow trout [25-28].
In the present study, we used this 44K salmonid microarray platform to
profile the Atlantic salmon head kidney transcriptome response to
formalin-killed R. salmoninarum. The current study aimed to identify
biomarker genes and immune pathways dysregulated in response to
killed R. salmoninarum, thus developing a better understanding of the
molecular processes underlying the Atlantic salmon response to this
bacterin. Further, given the high level of genomic similarity among
salmonids [29], our results may be valuable in the identification of
biomarkers for evaluating the immune response of other salmonid
species such as rainbow trout to formalin-killed R. salmoninarum. Here,
we found that formalin-killed R. salmoninarum induced the expression
of genes associated with inflammation-relevant, antibacterial as well as
cytokine responses, and it suppressed the expression of genes playing
putative roles as a cytokine receptor and kinase regulator.

2. Materials and methods
2.1. R. salmoninarum strain and culture

R. salmoninarum (ATCC33209) was cultured in complex KDM-2
[1.0% Peptone (Difco), 0.05% Yeast (Difco), 0.1% 1r-cysteine HCl
(Sigma-Aldrich, St. Louis, MO), 10% fetal bovine serum (Gibco, Thermo
Fisher Scientific, Waltham, MA)] [30] at 15 °C for 4 weeks. When re-
quired, 1.5% agar (Difco) was added.

2.2. Bacterin preparation

Ten KDM-2 agar plates were inoculated with a fresh culture of R.
salmoninarum and incubated at 15 °C for 4 weeks. The bacteria grown
on the agar plates were harvested and re-suspended in phosphate-buf-
fered saline (PBS; pH 7.2, Gibco). The bacterial cell suspension was then
washed three times with PBS by centrifugation at 4200 X g for 10 min at
4 °C. R. salmoninarum cells were inactivated with 6% formaldehyde for
3 days at room temperature with gentle agitation. Formalin was re-
moved by centrifugation at 4200 x g for 10 min at 4 °C. The bacterial
cell pellet was re-suspended and dialysed in Slide-A-Lyzer Dialysis
Cassettes (20 K MWCO, 12 ml, Thermo Fisher Scientific, Waltham, MA)
in PBS for 3 days at 6 °C. The bacterin cell concentrate was quantified
using Bacteria Counting Kit (Invitrogen, Thermo Fisher Scientific,
Waltham, MA) for flow cytometry based on the manufacturers’ in-
structions. Also, a BD FACS Aria II flow cytometer (BD Biosciences, San
Jose, CA) and BD FACS Diva v7.0 software were used for bacterial cell
quantification. The number of bacterial cells ml ™! of the cell suspen-
sion was calculated by dividing the number of signals in the bacterial
frame by the number of signals in the microsphere frame (Supplemental
Fig. S1). Formalin-killed R. salmoninarum bacterin was then stored at
4 °C at a concentration of 10% cells ml~! until immunization.
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Inactivation of the bacteria was confirmed by sub-culturing of formalin-
killed bacterin on KDM-2 agar plates. R. salmoninarum bacterin was
diluted using PBS (Gibco) to achieve the final concentration of
5 x 107 cells m1™! (high dose) and 5 x 10° cells m1~! (low dose) for
injection.

2.3. Bacterin injection and sampling

For this study, we used 23 Atlantic salmon [1.66 = 0.07 kg
(mean + SE)] from a local farm that had been PIT (passive integrated
transponder)-tagged and reared at the Dr. Joe Brown Aquatic Research
Building (JBARB; Ocean Sciences Centre, St. John's, NL, Canada). Three
weeks prior to the sampling and injection, fish were transferred to a
3000 L tank supplied by a flow-through seawater system. Fish were fed
at 1.0% of their average body weight every 2 days using a commercial
diet at ~10 °C and under 12-h light photoperiod during the adaptation
period. Fish were fasted 24 h before injection and sampling. Fish were
euthanized with an overdose of MS222 (400 mg L™'; Syndel
Laboratories, Vancouver, BC) before sampling; tissue samples were
flash-frozen using liquid nitrogen and kept at —80 °C until RNA ex-
traction and analyses. Five fish were euthanized and sampled for head
kidneys before the remaining fish were injected. This group was used as
the unstressed (pre-injected) control group (Pre-Inj; n = 5). The re-
maining 18 Atlantic salmon were lightly anaesthetised using MS222
(50 mg L™1), and subsequently injected intraperitoneally with either a
low (5 x 10° cells kg~' wet mass; Low-Rs; n 6) or high
(5 x 107 cells kg~ ' wet mass; High-Rs; n = 6) dose of formalin-killed
R. salmoninarum, or PBS (PBS control; n = 6). The low and high doses of
bacterin in the current investigation were close to the doses of live R.
salmoninarum that were previously reported to cause varying rates of
mortality in Atlantic salmon. Daly et al. [11] found that 5 x 10° R.
salmoninarum can cause mortalities (100% after 40-50 days) in Atlantic
salmon, but earlier mortalities were seen when fish were infected with
10® R. salmoninarum (100% after 15 days). Fish in all experimental
groups were injected with 1 ml kg~ ! wet mass. The injected fish were
held in a 3000 L tank connected to the flow-through water system until
sampling. Fish were euthanized using an overdose of MS222
(400 mg L. *; Syndel Laboratories), and the head kidney samples were
collected at 24 h post-injection (HPI). All procedures in this study were
approved by Memorial University of Newfoundland's Institutional An-
imal Care Committee (protocol number: 18-01-MR), based upon the
guidelines of the Canadian Council on Animal Care.

2.4. RNA extraction and purification

Total RNA was extracted using TRIzol (Invitrogen) following the
manufacturer's instructions. Head kidney samples were TRIzol-lysed
using RNase-Free Disposable Pellet Pestles (Thermo Fisher Scientific),
and lysed samples were passed through QIAshredder (Qiagen, Hilden,
Germany) homogenizer spin columns prior to the RNA extraction. To
remove residual genomic DNA, RNA samples (~50 pg) were treated
with 6.8 Kunitz units of DNasel (Qiagen) for 10 min at room tem-
perature, according to the manufacturer's instructions. DNase-treated
RNAs were then purified using the RNeasy MinElute Cleanup Kit
(Qiagen) based on the manufacturer's recommendations. The column-
purified RNAs were quantified and checked for purity using NanoDrop
spectrophotometry (ND-1000), and RNA integrity was determined by
1% agarose gel electrophoresis. The RNA samples used in this study
were of high purity (i.e., A260/230 and A260/280 ratios > 1.8) and
integrity (i.e., tight 18S and 28S ribosomal RNA bands).

2.5. Microarray experimental design and hybridization
Based on qPCR data obtained from the analysis of 2 well-known

antibacterial genes [i.e. hepcidin antimicrobial peptide (hamp) and ca-
thelicidin antimicrobial peptide (camp); see Fig. 6 in the Results section]
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in all head kidney samples, the High-Rs group was selected for tran-
scriptome profiling. The qPCR methods (e.g. ¢cDNA synthesis, nor-
maliser and PCR program) for these assays are described in section 2.8.
Head kidney samples collected from 6 individuals in PBS and High-Rs
group were subjected to microarray analysis (i.e. 12 samples in total).
The present microarray experiment was designed following the MIAME
guidelines [31], using the cGRASP-designed Agilent 44K salmonid oli-
gonucleotide microarray [24] as described in Xue et al. [32]. Briefly,
anti-sense amplified RNA (aRNA) for each individual sample was gen-
erated by in vitro transcription using 1 pug of DNase-treated and column-
purified RNA and the Amino Allyl MessageAmp™ II aRNA Amplification
Kit (Ambion, Thermo Fisher Scientific, Waltham, MA), according to the
manufacturer's instructions. The aRNAs were quality-checked and
quantified using agarose gel electrophoresis and NanoDrop spectro-
photometry, respectively. The common reference consisted of a pool
from aRNA of all 12 samples (i.e. 15 pg from each sample) in this ex-
periment. Using a standard ethanol precipitation method, 20 pg of
aRNA from each experimental sample or common reference were pre-
cipitated and re-suspended in coupling buffer (Ambion). Then, the
common reference was labelled with Cy3 (GE Healthcare Life Sciences,
Buckinghamshire, UK), and the experimental samples were labelled
with Cy5 (GE Healthcare Life Sciences) following the manufacturer's
instructions. The labelled aRNA concentration and labelling efficiency
were determined using the microarray feature in NanoDrop spectro-
photometry software (ND-1000 v3.8.1). The labelled aRNA from each
experimental sample (i.e. 825 ng) and the common reference (i.e.
825 ng) were pooled and fragmented following the manufacturer's re-
commendation (Agilent, Santa Clara, CA). Thereafter, each pool (i.e. an
individual sample and common reference) of fragmented labelled aRNA
was co-hybridized to a 44K microarray at 65 °C for 17 h with rotation
(10 rpm) using an Agilent hybridization oven. Slides were washed with
Gene Expression Wash Buffer 1 (Agilent) at room temperature and then
Gene Expression Wash Buffer 2 (Agilent) at 37 °C using 50 ml conical
centrifuge tubes and a rocking platform [VWR Rocker (Radnor, PA):
speed 40, tilt 6] for 5 min. These wash buffers were supplemented with
0.5 ul ml™! of 10% Triton X-102 (Agilent), as recommended by the
manufacturer. Before scanning, the residual wash buffer was removed
from slides by centrifuging at 200 x g for 5 min at room temperature.

2.6. Microarray data acquisition and analyses

Microarray slides were scanned at 5 pm resolution using a SureScan
Microarray Scanner System (Agilent) and Microarray Scan Control
Software v.9.1 following the Agilent HD 2-color gene expression micro-
arrays scan protocol. The Cy3 and Cy5 channel photomultiplier tube
(PMT) settings were automatically adjusted by the Software and the raw
data were saved as TIFF images. Agilent Feature Extraction Software
v12.0 (Agilent) was used to extract and Loess-normalise the signal in-
tensity data. Thereafter, using GeneSpring Software v14.9 (Agilent), the
data were quality-checked so that probes with low and marginal quality,
as well as absent values in more than 25% of all 12 arrays, were removed
from the dataset. The missing values were imputed by GeneSpring
Software. The final dataset exported from GeneSpring and subjected to
the statistical analyses in this study consisted of 31,974 probes for all
arrays (GEO accession number: GSE135168). Significance Analysis of
Microarrays (SAM) [33] and Rank Products (RP) [34,35] were used to
identify differentially expressed probes (DEP) responsive to R. salmoni-
narum bacterin in this study. SAM and RP analyses were conducted using
R (version 3.4.3) and the Bioconductor packages siggenes [false dis-
covery rate (FDR) = 10%] and RankProd [percentage of false-positives
(PFP) = 10%], respectively.

The SAM- and RP-identified transcripts were re-annotated using the
contigs [24] used to design the 60mer oligonucleotide probes. Blast2GO
software version 5.1 (BioBam Bioinformatics S.L., Valencia, Spain) was
employed to conduct the BLASTx searches of NCBI's non-redundant (nr)
amino acid sequence from human and Swiss-Prot databases (E-value <
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le-5) [36-38]. Blast2GO software was used to conduct Gene Ontology

(GO) term enrichment analysis (Fisher's exact test, FDR cutoff of 5%).
The microarray log, ratios of the SAM- and RP-identified DEP and the
genes selected for qPCR validation were median-centred and subjected to
Pearson correlation and complete linkage hierarchical clustering using
the Genesis software, version 1.8.1 (Rockville, MD) [39].

2.7. Pathway analysis

The Pathifier analysis [40] utilises pathway annotation resources
(e.g. Molecular Signatures Database, MSigDB) [41] to calculate the
Pathway Deregulation Score (PDS) of a given pathway in each sample.
Pathifier Bioconductor package 1.16.0 implemented in R was used to
compute the PDS for each pathway on microarray expression data of
individual samples [40]. MSigDB version 6.1 contains 17,786 gene sets
divided into 8 main collections and several sub-collections based on
database types, ontology resources or positional annotation. From the
normalised gene expression data (i.e. the microarray data subjected to
the SAM and RP analyses), Pathifier transformed the signal values of
genes into pathway-level measurements i.e. PDS ranges from 0 to 1 in
which higher value of PDS reflects a higher degree of dysregulation
compared to the reference (i.e. PBS control group). The normalised
microarray data consisting of 10,008 genes (31,974 probes) from 12
samples (6 High-Rs and 6 PBS control) were used as input for Pathifier.
The output of Pathifier analysis was each pathway/gene set per sample.

2.8. qPCR validation

A subset of microarray-identified transcripts was subjected to qPCR
analysis to confirm the microarray results. We selected 16 (i.e. 15 up-
regulated and 1 down-regulated) R. salmoninarum bacterin-responsive
transcripts identified by both SAM and RP analyses. Also, 6 R. salmo-
ninarum bacterin-responsive transcripts (i.e. 1 up-regulated and 5
down-regulated) identified only by RP were included in the qPCR ex-
periment. Transcript levels of these genes of interest (GOIs) were
measured in all of the collected samples from all groups (i.e. Pre-Inj,
PBS, Low-Rs and High-Rs; 23 samples in total).

First-strand cDNA templates were synthesized in 20 pl reactions
using 1 pg of DNasel-treated, column-purified total RNA, 1 pul of dNTPs
(10 mM each; Invitrogen), random primers (250 ng; Invitrogen) and M-
MLV reverse transcriptase (200 U; Invitrogen) with the first-strand
buffer (1X final concentration) and DTT (10 mM final concentration)
following the manufacturer's instructions. The cDNA synthesis was
performed at 37 °C for 50 min, and the reaction was then inactivated by
incubation at 70 °C for 15 min.

The qPCR assays used in this study were conducted according to the
MIQE guidelines [42]. All qPCR assays were performed in the ViiA 7
Real-Time PCR system (384-well format) (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA) using 13 pl reactions consisting of 1X
Power SYBR Green PCR Master Mix (Applied Biosystems), 50 nM of
each forward and reverse primers, and the indicated cDNA quantity
(see below). The qPCR assays in this study were performed in triplicate,
except for the normaliser test that was conducted in duplicate. The
details of qPCR reactions and program are described in Eslamloo et al.,
[43]. Primers used for qPCR assays were either designed using Pri-
mer3web v4.0.0 (http://primer3.wi.mit.edu) or taken from previous
studies (see Table 1). Two pools were generated using cDNA of 3 in-
dividuals from High-Rs or PBS groups for primer quality control (QC) of
up- and down-regulated genes, respectively. For each GOI and candi-
date normaliser, the performance and amplification efficiencies of
primer sets were calculated using a 5-point, 3-fold serial dilution of the
given cDNA template (i.e. standard curves; starting with cDNA re-
presenting 10 ng of input total RNA), as well as a no-template control.
Primer QC tests were carried out in triplicate. Primer pairs that had no
primer-dimer present in the no-template control, an amplicon with a
single melting peak and an amplification efficiency [44] between 90
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Table 1
Primers used in qPCR studies.
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Gene name GenBank accession Primer sequence 5’ to 3’ R? Amplification Amplicon size
number efficiency (%) (bp)
Genes of interest
toll-like receptor 5 (tIr5) AY628755 Forward ATCGCCCTGCAGATTTTATG 0.998 98.9 103
Reverse GAGCCCTCAGCGAGTTAAAG
tumor necrosis factor receptor superfamily member ~ EG881931 Forward CCCAGGTCGCACCACTATAC 0.994 104.1 112
6b (tnfrsféb) Reverse CATCAACTCCCCATCACAGA
tumor necrosis factor receptor superfamily member ~ BT049358 Forward CTGTCCTCAGGGGTACGTGT 0.997 95.1 154
11b (tnfrsf11b) Reverse CTGACCAGCTTCCTCAGCTT
C-type lectin domain family 12 member b (clec12b)  EG842232 Forward GGGTATTGGATCGGTTTGAC 0.991 95.7 109
Reverse TCCCTCCATTTCGACTGTTC
C-type lectin receptor a (clra)® AY572832 Forward CGAATCTTCAATCATGGAGAAG 0.997 101.1 117
Reverse TTCAGCCCCTGGGTATTTTG
C-type lectin domain family 3 member a (clec3a)” EL698766 Forward CCAACCGTTACTGGAGCACT 0.999 99.8 174
Reverse GGCTCCCCTTAACCCAGATA
C-type lectin domain family 4 member e-like EG928463 Forward CCACCAATCACGCAACAT 0.996 104.1 115
(clecde) * Reverse TCACGCCTCTTCACTTCTCA
chemokine receptor 1-like (ccrl) * EG825373 Forward GACCACGGGATGAACTTTGT 0.999 102.4 149
Reverse CACACCTCGGTTTCCACTTT
C-X-C chemokine receptor type 1-like (cxcrl) * CX355704 Forward ATGCTGATTCCCCCTACTCC 0.994 99.6 103
Reverse ACACTGCTCAAGCCCAAGAT
CC motif chemokine 13 (ccl13) BT048088 Forward ACTCCTCCTGGGACTGCTCT 0.986 99.1 109
Reverse CCTCTTTGGGTGGAACTTCA
CC chemokine (ccl) EG850594 Forward TTCCCTGTGTCAATGCTGTC 0.998 96.6 137
Reverse GGTGGTGTTCTGTGTGTCCA
hepcidin antimicrobial peptide (hamp) BT125319 Forward ATGAATCTGCCGATGCATTTC 0.994 93.5 134
Reverse AATGGCTTTAGTGCTGGCAG
cathelicidin antimicrobial peptide (camp) AY360357 Forward AGACTGGCAACACCCTCAAC 0.990 104.9 112
Reverse TTGCCTCTTCTTGTCCGAAT
cathepsin L1-like (ctsl1) EG876363 Forward GTTGACTGCTCCGGTGATTT 0.997 93.5 147
Reverse GTAGCGGCACTTCTTGTCCT
lipase e, hormone-sensitive (lipe) NM_001140535 Forward ACCCAACTTTCCACGTCAAG 0.996 100.8 137
Reverse CAGTAGATCCCCGATGTCGT
complement factor d (cfd) BT058155 Forward ATCCGCTCAGTGGTTCTTCA 0.998 96.6 147
Reverse TTGACCTCGGGACTGTAAGG
cholesterol 25-hydroxylase-like protein a (ch25ha) ~ BT046542 Forward TAGAGCTGTGATGCTAGTTTAC 0.990 102.9 106
Reverse ACCCAGTAGCACTGAGAAGTC
cytokine-inducible sh2-containing protein (cish) BT057484 Forward TGGAGCCACGTCAGACATAA 0.997 104.3 153
Reverse GCACCATGTGTTTTCCAGTG
e3 ubiquitin-protein ligase znrf1 (znrfl) EG922586 Forward CAGCACGTCATCGTTGTAGG 0.983 97.4 103
Reverse CAAGTGTCCTGTCTGCTCCA
claudin-4, paralogue a (cldn4-a)® BT125246 Forward GGCCAGATGCAGTGTAAGGT 0.986 99.1 110
Reverse AAGATGCCGACGATACCTGT
claudin-4, paralogue b (cldn4-b)* ° BT048350 Forward CAACATCGTGACTGCTCAGG 0.998 98.9 108
Reverse GGTAAGGCCAGAAGGGAGTC
cyclin-y-like (ccny) EG918014 Forward CAACTTGAGCTTCCCTCTGG 0.996 93.7 111
Reverse TTCTTGCCAGCTCTCCTAGC
Normalisers
60S ribosomal protein 32 (rpl32) BT043656 Forward AGGCGGTTTAAGGGTCAGAT 0.997 105.5 119
Reverse TCGAGCTCCTTGATGTTGTG
eukaryotic translation initiation factor 3 subunit D GE777139 Forward CTCCTCCTCCTCGTCCTCTT 0.998 103.8 105
(eif3d) Reverse GACCCCAACAAGCAAGTGAT

Transcript names were taken from BLASTx searches against NCBI's non-redundant (nr) amino acid sequence using the nucleotide query sequences.
@ These transcripts were selected from the only-RP identified list, and the rest of the transcripts were selected from the SAM- and RP-overlapping gene list.
> Fach paralogue-specific primer (i.e. forward or reverse) was designed to contain at least 3 base mismatched sequence with the other paralogue.

and 110% were used for qPCR assays (Table 1).

Prior to the qPCR assays, in order to select endogenous controls (i.e.
normaliser genes), the expression of seven candidate normalisers [i.e.
60S ribosomal protein 32 (rpl32), elongation factor 1 alpha-1 (eflal),
elongation factor 1 alpha-2 (efla2), polyadenylate-binding protein, cyto-
plasmic 1 (pabpcl), eukaryotic translation initiation factor 3 subunit D
(eif3d), ATP binding cassette sub-family f member 2 (abcf2), and RNA
polymerase 2 (polr2)] was measured in duplicate for 50% of the ex-
perimental samples (3 fish per treatment) as described below. Then, the
resulting fluorescence cycle threshold (Cy) values were analysed by
geNorm using the gBase software [45]. As suggested by geNorm, two
normaliser transcripts, eif3d and rpl32, which showed low M-values (i.e.
M < 0.15; a measure of transcript expression stability) and a com-
parable expression (i.e. Cy values) in all samples, were selected for the
gPCR assays in the current study. Thereafter, the transcript (mRNA)
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levels of the GOIs were measured using cDNA template representing
5 ng of input RNA per PCR reaction. The GOIs and endogenous controls
were tested in triplicate in all 23 samples using 384-well plates, in-
cluding a no-template control. Using the ViiA 7 Software, Relative
Quantification Study Application (Version 1.2.3) (Applied Biosystems),
the relative quantity (RQ) of each tested transcript was calculated
through normalisation to both endogenous control transcripts. Also, the
amplification efficiencies of all genes' primer pairs were incorporated
into the calculations, and the RQ value of each transcript was calibrated
to a sample that showed the lowest normalised expression level (i.e.
assigned an RQ value = 1).

The normality of data (i.e. RQ values) was tested using the
Kolmogorov-Smirnov normality test. One-way ANOVA was used to
determine the differences among groups. This analysis was followed by
Tukey's multiple comparisons post hoc test to identify significant
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Fig. 1. Overview of microarray results.
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Fig. 2. Selected significantly enriched GO terms. A subset of significantly enriched GO terms associated with immune responses were selected; the full list of
enriched GO terms is shown in Supplemental Table S2. The bar chart depicts the percentage of R. salmoninarum bacterin-responsive probes in Atlantic salmon head
kidney [Test; SAM (FDR < 0.1) and/or RP (PFP < 0.1)] that were annotated with each GO term (Biological Process and Molecular Function), compared with the
Reference (i.e. the entire 44K microarray).

differences (p < 0.05) between groups. These statistical analyses were Atlantic salmon head kidney to R. salmoninarum bacterin (Fig. 1). We
performed using the Prism package v7.0 (GraphPad Software Inc., La used RP and SAM methods to identify Atlantic salmon transcripts dif-
Jolla, CA). ferentially expressed in response to formalin-killed R. salmoninarum (i.e.

High-Rs group vs. PBS control). SAM found 106 probes up-regulated in
3. Results response to formalin-killed R. salmoninarum injection, but it only

identified one down-regulated probe (i.e. cyclin-y-like) in response to
3.1. Microarray results bacterin injection. On the other hand, RP identified 345 DEP in re-

sponse to formalin-killed R. salmoninarum injection in Atlantic salmon
A 44K microarray platform was used to profile the response of head kidney: 219 and 126 up- and down-regulated probes, respectively.



K. Eslamloo, et al. Fish and Shellfish Immunology 98 (2020) 937-949

GO_CHEMOKINE_RECEPTOR_BINDING
GO_CHEMOKINE_ACTIVITY

GO_CXCR_CHEMOKINE_RECEPTOR_BINDING
GO_POLYAMINE_METABOLIC_PROCESS
GO_CELLULAR_RESPONSE_TO_MECHANICAL_STIMULUS
GO_SPLEEN_DEVELOPMENT
GO_REGULATION_OF_STRIATED_MUSCLE_CELL_APOPTOTIC_PROCESS
GO_CYTOKINE_ACTIVITY

GO_CRANIOFACIAL_SUTURE_MORPHOGENESIS
GO_POSITIVE_REGULATION_OF_EPITHELIAL_CELL_APOPTOTIC_PROCESS
GO_COLUMNAR_CUBOIDAL_EPITHELIAL_CELL_DEVELOPMENT
GO_CELLULAR_RESPONSE_TO_INTERFERON_GAMMA
GO_NEGATIVE_REGULATION_OF_GLIAL_CELL_PROLIFERATION
GO_CELLULAR_AMINO_ACID_CATABOLIC_PROCESS
GO_PROTEIN_DNA_COMPLEX_SUBUNIT_ORGANIZATION
GO_REGULATION_OF_VIRAL_ENTRY_INTO_HOST_CELL
GO_HEAD_MORPHOGENESIS
GO_PROTEIN_TRANSPORT_ALONG_MICROTUBULE
GO_REGULATION_OF_UBIQUITIN_PROTEIN_LIGASE_ACTIVITY
GO_CELLULAR_RESPONSE_TO_ETHANOL
GO_NEGATIVE_REGULATION_OF_POTASSIUM_ION_TRANSMEMBRANE_TRANSPORT
GO_AUTONOMIC_NERVOUS_SYSTEM_DEVELOPMENT
GO_RIBOSOME_BINDING
GO_REGULATION_OF_NEUTROPHIL_CHEMOTAXIS
GO_HYALURONIC_ACID_BINDING

GO_CELL_CORTEX

GO_PROTEIN_HOMOTRIMERIZATION

GO_REGULATION_OF_HUMORAL_IMMUNE_RESPONSE
GO_HUMORAL_IMMUNE_RESPONSE_MEDIATED_BY_CIRCULATING_IMMUNOGLOBULIN
GO_CELL_CELL_RECOGNITION

GO_PURINE_CONTAINING_COMPOUND_CATABOLIC_PROCESS
(GO_PROTEIN_KINASE_C_ACTIVATING_G_PROTEIN_COUPLED_RECEPTOR_SIGNALING_PATHWAY
GO_NEGATIVE_REGULATION_OF_CHROMOSOME_SEGREGATION
G0_BLOOD_COAGULATION_INTRINSIC_PATHWAY
GO_REGULATION_OF_RAC_PROTEIN_SIGNAL_TRANSDUCTION
GO_POSITIVE_REGULATION_OF_INTERLEUKIN_6_SECRETION
GO_ERYTHROSE_4_PHOSPHATE_PHOSPHOENOLPYRUVATE_FAMILY_AMINO_ACID_METABOLIC_PROCESS
GO_CARBOHYDRATE_PHOSPHORYLATION
GO_REGULATION_OF_CYTOKINE_PRODUCTION_INVOLVED_IN_IMMUNE_RESPONSE
GO_POSITIVE_REGULATION_OF_MYELOID_LEUKOCYTE_CYTOKINE_PRODUCTION

GO_PHOSPHATIDATE_PHOSPHATASE_ACTIVITY

GO_NEGATIVE_REGULATION_OF_INNATE_IMMUNE_RESPONSE

GO_HEXOSAMINIDASE_ACTIVITY
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Fig. 4. Hierarchical clustering analyses of samples using microarray data of the differentially expressed probes (DEP) subjected to the qPCR validation. Samples
from the PBS control group are shown in cobalt boxes, whereas magenta boxes indicate samples from the High-Rs group. Repeated gene names show different DEP
that represent an identical transcript.
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Fig. 5. qPCR for R. salmoninarum bacterin-responsive transcripts playing roles as PRRs or other immune receptors. Data are presented as mean *+ SE.

Different letters indicate the significant differences between the groups (p < 0.05). The fold-change values compared with the PBS group (e.g. High-Rs/PBS) are
shown below the figures. Fish were sampled before injection (Pre-Inj; n = 5) or 24 h after injection with phosphate-buffered saline (PBS; n = 6), a low (Low-Rs;

n = 6) or a high (High-Rs; n = 6) dose of formalin-killed R. salmoninarum.

There were 73 DEP overlapping between SAM- and RP-identified
transcript lists, whereas 34 and 272 DEP were only found by SAM and
RP, respectively (Fig. 1). Supplemental Table S1 provides additional
details on the SAM and RP-identified probes in the current study.

As shown in Fig. 1, all of the samples in either PBS or High-Rs group
clustered together based on the expression of SAM- and RP-identified
genes. This suggests that the expression profiles of the transcripts in
both SAM and RP lists are comparable in their ability to segregate in-
dividuals by treatment (High-Rs or PBS). Using Fisher's exact test (FDR
cutoff of 5%), 79 GO terms (i.e. 72 over- and 7 under-represented GO
terms), reduced to the most specific terms, were determined to be en-
riched or depleted in the global R. salmoninarum bacterin-responsive
gene list (i.e. all probes identified by RP and/or SAM) compared to the
whole microarray dataset (Supplemental Table S2). Fig. 2 shows a
subset of selected enriched GO terms that are associated with immune
responses. Molecular Function (MF) and Biological Process (BP) GO
terms related to chemokine and cytokine regulation and production
(e.g. chemokine-mediated signalling pathway, positive regulation of
cytokine production and C-C chemokine receptor activity) were over-
represented, whereas BP terms related to JNK cascade were under-re-
presented in our gene list. Moreover, GO terms related to the anti-
bacterial response, and bacterial elimination, were over-represented in
the gene list identified as R. salmoninarum bacterin-responsive by RP
and/or SAM in the present study.

3.2. Pathway analyses
Pathifier analysis found several pathways associated with immune

responses to be dysregulated in response to R. salmoninarum bacterin
injection (Fig. 3). Several identified dysregulated pathways (i.e.

943

chemokine receptor binding and cytokine activity) were similar to the
over-represented GO terms in R. salmoninarum bacterin-responsive gene
list identified by Fisher's exact test. Moreover, Pathifier identified
dysregulation in pathways associated with regulation of immune re-
sponses (e.g. positive regulation of interleukin 6 secretion, regulation of
cytokine production involved in immune response and negative reg-
ulation of innate immune response; Fig. 3).

3.3. gPCR validation

Sixteen R. salmoninarum bacterin-responsive transcripts overlapping
between SAM and RP gene lists, as well as 6 R. salmoninarum bacterin-
responsive transcripts identified only by RP (i.e. 22 transcripts in total),
were subjected to qPCR validation. Supplemental Table S1 shows the
comparison between microarray and qPCR results (i.e. fold-changes of
transcripts representing microarray-identified probes). Six R. salmoni-
narum bacterin-responsive transcripts identified only by RP were stu-
died by qPCR (Table 1). Fig. 4 shows the clustering analysis of micro-
array results for the genes selected for qPCR validation. All qPCR-
analysed genes showed the same fold-change direction to microarray
results (Supplemental Table S1). The microarray results were sig-
nificantly validated (p < 0.05) by qPCR assays for 15 of 16 identified
genes overlapping between SAM and RP, and significant validation (i.e.
High-Rs versus PBS control) was only not seen for camp. The microarray
results for only 2 [i.e. C-X-C chemokine receptor type 1-like (cxcrl) and
claudin-4, paralogue b (cldn4-b)] of 6 RP-only identified transcripts were
significantly confirmed by qPCR, although the other 4 transcripts
showed the same fold-change directions in both microarray and qPCR
analyses.

The expression levels of 9 transcripts playing putative roles as
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Fig. 6. qPCR for R. salmoninarum bacterin-responsive transcripts playing roles as immune effectors. Data are presented as mean =+ SE. Different letters
indicate the significant differences between the groups (p < 0.05). The fold-change values compared with the PBS group (e.g. High-Rs/PBS) are shown below the
figures. Fish were sampled before injection (Pre-Inj; n = 5) or 24 h after injection with phosphate-buffered saline (PBS; n = 6), a low (Low-Rs; n = 6) or a high (High-
Rs; n = 6) dose of formalin-killed R. salmoninarum.

pattern recognition receptors (PRRs) or other immune receptors were in microarray analyses, whereas the rest [i.e. C-type lectin receptor a
subjected to qPCR validation (Fig. 5). The transcript levels of toll-like (clra), C-type lectin domain family 3 member a (clec3a) and C-type lectin
receptor 5 (tlr5), tumor necrosis factor receptor superfamily member 6b domain family 4 member e-like (clec4e)] were selected from the RP-only
(tnfrsféb) and tumor necrosis factor receptor superfamily member 11b identified gene list. The expression of clec12b significantly increased by
(tnfrsf11b) were up-regulated in response to R. salmoninarum bacterin 2.3-fold in the High-Rs compared with the PBS group, but no significant
injection in the High-Rs group compared to the PBS group (3.4-, 4.5- up-regulation was observed for clra (Fig. 5D-E). Also, the expression of
and 5.4-fold increase, respectively; Fig. 5SA-C). We also subjected 4 clec3a and clec4e did not significantly vary between High-Rs and PBS,
members of C-type lectin receptor family to qPCR assays. C-type lectin although they showed the same fold-change direction in qPCR and
domain family 12 member b (clec12b) was identified by both SAM and RP microarray results (Fig. 5F-G). Moreover, clec3a showed a significant
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Fig. 7. The putative pathways differentially regulated by R. salmoninarum-derived antigens in Atlantic salmon head kidney. This figure was developed using
the identified genes in this study and their known functions and regulatory pathways in mammals as explained in the discussion section
[58,59,64,65,77,79,82,83,85-87]. The R. salmoninarum bacterin-responsive genes are shown in red font. The microarray results were validated by qPCR for all of the
shown genes except for camp and clec4e. Black and blue arrows show activatory and regulatory effects, respectively. Yellow arrows show gene expression induction,
whereas red lines indicate inhibitory effects. Oval circles and clouds reflect gene expression activation and biological processes, respectively. TLR (Toll-like receptor),
MyD88 (myeloid differentiation primary response 88), NFKB (nuclear factor kappa-B), MAPK (mitogen-activated protein kinase), ILs (interleukins), CCL13 (CC motif
chemokine 13), CAMP (cathelicidin antimicrobial peptide), ZNRF1 (e3 ubiquitin-protein ligase znrf1), CLDN4 (claudin-4), IFNs (interferons), IFNRs (IFN receptors),
CLECA4E (C-type lectin domain family 4 member e-like), STAT (signal transducer and activator of transcription), CH25HA (cholesterol 25-hydroxylase-like protein a),
CISH (cytokine-inducible sh2-containing protein), HAMP (hepcidin antimicrobial peptide), CTSL1 (cathepsin L1-like), TNFRSF11B (tumor necrosis factor receptor
superfamily member 11b), TNFRSF6B (tumor necrosis factor receptor superfamily member 6b), CXCR1 (C-X-C chemokine receptor type 1-like).

down-regulation when comparing the High-Rs with Pre-Inj group. Two
RP-only identified down-regulated chemokine receptors [i.e. chemokine
receptor 1-like (ccrl) and cxcrl; Fig. SH-I] had the same fold-change
direction in both microarray and qPCR analyses, although significant
differences between High-Rs and PBS groups were only seen for cxcrl.
There appeared to be a dose-dependent response to R. salmoninarum
bacterin for cxcrl.

The qPCR results of the 13 R. salmoninarum bacterin-responsive
transcripts playing putative roles as immune effectors are shown in
Fig. 6. All of these transcripts were microarray-identified as sig-
nificantly R. salmoninarum bacterin-responsive by both SAM and RP,
except for cldn4-b, which was selected from the RP-only identified gene
list. The expression levels of CC motif chemokine 13 (ccl13), CC chemo-
kine (ccl) and hamp were strongly induced in High-Rs group (38.9-,
13.6- and 8.5-fold increase in comparison with PBS, respectively;
Fig. 6A-C) compared to the other groups. Although camp showed the
same fold-change direction to microarray results, significant up-reg-
ulation was only seen in Low-Rs group compared to the PBS group
(Fig. 6D). There was more than 2-fold up-regulation in the levels of
cathepsin L1-like (ctsl1) and lipase e, hormone-sensitive (lipe) in the High-
Rs group compared with the PBS group (Fig. 6E-F). The transcript le-
vels of complement factor d (cfd) were slightly (1.4-fold), but sig-
nificantly, up-regulated by R. salmoninarum bacterin injection in both
Low-Rs and High-Rs groups compared with the PBS group (Fig. 6G).
The levels of cholesterol 25-hydroxylase-like protein a (ch25ha), cytokine-
inducible sh2-containing protein (cish) and e3 ubiquitin-protein ligase znrf1
(znrf1) were induced (3.2-, 1.6- and 2.1-fold, respectively; Fig. 6H-J) in
High-Rs group compared to the PBS control. Both paralogues of claudin-

4 (76% similarity on the nucleotide level) were found to be responsive;
however, significant induction of cldn4-a compared with PBS was seen
in both Low-Rs and High-Rs groups, whereas cldn4-b levels were only
significantly increased in the High-Rs group (Fig. 6K-L). In this study,
there were two microarray-identified probes (CO57R006: 0.47-fold, RP-
identified probe; C073R096: 0.47-fold, RP- and SAM-identified probe)
representing a cyclin-y-like (ccny) transcript. qPCR assays confirmed a
0.6-fold down-regulation for ccny in the High-Rs group compared to the
PBS group (Fig. 6M). Among all the genes assessed by qPCR in the
current study, only camp, cfd and cldn4-a showed a significant differ-
ence between Low-Rs and PBS groups (Fig. 6D, G, K).

4. Discussion

The present study was conducted to develop a better understanding
of the molecular mechanisms underlying the Atlantic salmon head
kidney response to R. salmoninarum bacterin. We used SAM and RP,
which have different statistical algorithms [35,46], to determine the
differentially expressed transcripts upon R. salmoninarum bacterin in-
jection. SAM and RP identified 107 and 345 DEP, respectively, in head
kidney of Atlantic salmon injected with R. salmoninarum bacterin. Ad-
ditionally, the majority of R. salmoninarum bacterin-responsive tran-
scripts identified herein did not show a robust gene dysregulation. For
example, only 5 of the DEP were up-regulated greater than 5-fold by R.
salmoninarum bacterin. Other than the current study, there is no pub-
lished data on the transcriptome responses of Atlantic salmon to R.
salmoninarum or its bacterin. Using SSH, a previous study identified 132
ESTs responsive to R. salmoninarum infection in Chinook salmon [16].
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However, previous studies profiling the transcriptome responses of
fishes to different pathogen-associated molecular patterns (PAMPs)
identified larger numbers of responsive genes compared to the current
study. For example, an SSH-based study identified 1655 and 1239 ESTs
in the spleen and head kidney, respectively, of Atlantic cod (Gadus
morhua) injected with formalin-killed A. salmonicida (i.e. a Gram-ne-
gative pathogen) [47]. Our previous microarray study identified more
than 3000 DEP in Atlantic salmon macrophage-like cells stimulated
with virus-like dsSRNA PAMP [i.e. polyriboinosinic polyribocytidylic
acid (pIC)] [28]. The differences observed between the current and
previous studies may be caused by PAMP-specific responses that are
activated by various PRRs. For example, virus-like dsRNA activates
signalling pathway downstream of TLR3 [48]. TLR4 recognises the li-
popolysaccharides (LPS) of Gram-negative bacteria, whereas the pep-
tidoglycan of Gram-positive bacteria is detected by TLR2 [49]. Despite
some similarities, human exhibits distinct responses and
munoregulatory patterns to Gram-positive and Gram-negative bacteria
[50,51]. It has been noted that Gram-negative bacteremia causes
stronger cytokine induction compared to Gram-positive bacteremia in
human [52]. Likewise, the numbers of differentially expressed genes
(i.e. more than 2-fold down- or up-regulation) in the kidney of Japanese
flounder (Paralichthys olivaceus) injected with formalin-killed Gram-
negative bacterial cells (Edwardsiella tarda) at 6 and 12 HPI were
greater than those with formalin-killed Gram-positive bacterial cells
(Streptococcus iniae) [53]. The lower number of DEP by R. salmoninarum
bacterin observed herein compared to other bacterins (e.g. formalin-
killed A. salmonicida) or PAMPs (e.g. virus-like dsRNA) in previous
studies may be related to the immune pathways activated differently in
response to various immunogens (e.g. Gram-positive and Gram-nega-
tive bacteria) as well as species-specific immune responses and ex-
perimental design.

To validate the microarray results, a subset of R. salmoninarum
bacterin-responsive transcripts was subjected to qPCR validation. Since
RP and SAM use different approaches to identify significant responsive
genes [33,35], the R. salmoninarum bacterin-responsive transcripts
overlapping between these two statistical methods were considered as
the most trusted transcript list, and most of the selected transcripts for
gqPCR assays were taken from this list. All gPCR-assessed transcripts
showed the same fold-change direction as the microarray results, al-
though microarray results were not significantly validated for 5 (i.e. 1
SAM- and RP-identified and 4 RP-only-identified transcripts) out of 22
transcripts. The differences between qPCR and microarray results may
be explained by the variations in both stringency level and statistical
methods used for data analyses. Among all the qPCR-assessed tran-
scripts, R. salmoninarum bacterin induction in Low-Rs group was only
observed for cfd, cldn4-a and camp, and it reflects a dose-dependent
response of Atlantic salmon to R. salmoninarum bacterin.

Fig. 7 shows the putative pathways activated by R. salmoninarum
bacterin in Atlantic salmon. The levels of tir5, tnfrsféb and tnfrsf11b
transcripts were up-regulated in the High-Rs group compared to the
PBS control. Mammalian TLR5 is a PRR recognising bacterial flagellin,
resulting in activation of MyD88-dependent pathway and the produc-
tion of pro-inflammatory cytokines [54]. Flagellin recognition of TLR5
and TLR5-mediated NFKB activation have been reported in teleosts
(e.g. rainbow trout and Japanese flounder) [55]. Also, tlr5 was shown
to be up-regulated in the kidney of striped catfish (Pangasianodon hy-
pophthalmus) in response to E. tarda (i.e. a motile, Gram-negative bac-
terium) at 24 HPI [56]. Unlike E. tarda, R. salmoninarum is a non-motile
species [6]. Therefore, it is not clear if the induction of Atlantic salmon
tlr5 by R. salmoninarum bacterin seen herein occurred following the
TLR5-dependent pathogen recognition or activation of immune re-
sponses by other PRRs. Although a tissue-dependent response of tir5 to
S. iniae (a Gram-positive, non-motile bacterium) was observed in turbot
(Scophthalmus maximus) [57], further studies are needed to determine
the function of teleost TLR5 in response to bacteria lacking flagella.

Mammalian TNFRSF6B (alias DcR3) is involved in regulation of

im-
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Th17 activity and cytokine immune responses [58] (Fig. 7). In addition
to its function in osteoclastogenesis, TNFRSF11B (alias Osteoprote-
gerin) can regulate LPS-induced cytokine responses of mice [59]. We
found that R. salmoninarum bacterin stimulation influenced pathways
related to the regulation of cytokine production, and this may be re-
lated to the regulatory role of tnfrsf11b in cytokine responses. Although
up-regulation of tnfrsf6b and tnfrsf11b in response to viral and bacterial
PAMPs was seen in Atlantic salmon mononuclear phagocytes [60], the
function of these transcripts in Atlantic salmon immune response re-
mained unknown. A previous in vitro study reported up-regulation of
tnfa in R. salmoninarum-infected rainbow trout macrophages at 24 HPS
[14], but tnf induction was not seen in the present study. This may be
explained by differences in response to killed and live R. salmoninarum
or species-specific responses as well as in vivo versus in vitro studies.

In the present study, transcripts encoding different members of the
C-type lectin domain family variably (e.g. up-regulation of clec12b and
down-regulation of clec3a) responded to R. salmoninarum bacterin in
Atlantic salmon. C-type lectin receptors can activate (e.g. as PRR) a
wide variety of immune signalling pathways and are involved in a large
number of immune processes (e.g. antibacterial, antifungal and cell
death) [61]. clec12b is a poorly characterised transcript and does not
have any known ligand [62]. clec3a was found to be associated with
mammalian tumor progression [63]. As in the microarray experiment,
qPCR showed clec4e to be down-regulated in response to R. salmoni-
narum bacterin; however, this change was not statistically significant in
the qPCR analysis. Mammalian clec4e (alias mincle) was described to
trigger the inflammatory responses by recognising pathogenic fungi or
yeast [64]. However, the function of these genes in antibacterial re-
sponses of teleost fish is yet to be determined.

Microarray analyses in the present study revealed suppression of
Atlantic salmon chemokine receptors (ccrl and cxcrl) in response to R.
salmoninarum bacterin, although these results were only significantly
validated for cxcrl (alias il8ra). A previous study showed the up-reg-
ulation of other chemokine receptors (i.e. cxcr4 and ccr7) in rainbow
trout macrophages following infection with R. salmoninarum for 24 h
[14]. This suggests that various cytokine receptors may have different
regulation (e.g. tissue- or species-specific) and function in salmonid
response to R. salmoninarum. Mammalian CXCR1 is a specific receptor
for IL8 (Fig. 7), which recruits neutrophils to the inflammation site and
enhances the antibacterial activity of neutrophils [65]. As in the current
findings, cxcrl was down-regulated in peripheral blood leucocytes of
fugu (Takifugu rubripes) 12 h after LPS stimulation [66]. Therefore, the
suppressed expression of cxcrl seen herein may be attributed to the
immunoregulative responses caused by inflammation, since we ob-
served opposite regulation of chemokines (ccl13 and ccl) and cxcrl in
response to R. salmoninarum bacterin stimulation. Our qPCR results,
alongside over-representation of molecular functions related to che-
mokine receptor activity and dysregulation of pathways associated with
chemokine receptor and binding, reflect the importance of chemokines
in responses of Atlantic salmon to R. salmoninarum bacterin (Fig. 7).

Thirteen R. salmoninarum bacterin-responsive transcripts with pu-
tative roles as immune effectors were subjected to qPCR validation. All
of these transcripts, except for ccny, were up-regulated in response to R.
salmoninarum bacterin injection, and the microarray results were con-
firmed for all of them except for camp. Fig. 7 depicts the putative
pathways dysregulated in response to R. salmoninarum bacterin in
Atlantic salmon. In agreement with the gene expression responses of
ccl13 and ccl, pathways associated with cytokine and chemokine ac-
tivity were found to be dysregulated in R. salmoninarum bacterin-in-
jected Atlantic salmon (Fig. 7). ccl studied herein is not a fully char-
acterised transcript, and further structural studies on this transcript are
needed to have a better understanding of its function. Human CCL13
exhibits antibacterial activity against Pseudomonas aeruginosa [67].
Although ccl13 showed induction in pIC-stimulated Atlantic salmon and
cod [28,68], further studies are needed to elucidate its antibacterial
role in teleosts.
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As in the current study, hamp and camp were up-regulated in
Atlantic salmon and Atlantic cod head kidney 24 h after injection of live
A. salmonicida vaccine [21] and formalin-killed A. salmonicida [47],
respectively. Synthetic or recombinant HAMP of teleost fishes (i.e.
rainbow trout, medaka (Oryzias melastigna) and European seabass
(Dicentrarchus labrax)] showed bactericidal activity against both Gram-
positive and Gram-negative bacteria [69-71]. Using a zebrafish model,
it has been shown that the regulatory role of HAMP in iron metabolism
positively contributes to its antimicrobial activity [72]. The anti-
bacterial activity of rainbow trout CAMP against both Gram-positive
and Gram-negative pathogens is mediated through membrane per-
meabilisation [73] (Fig. 7). Besides these AMPs, the transcript level of
cfd was slightly up-regulated in both Low-Rs and High-Rs groups
compared to PBS control. Mammalian CFD is involved in the alternative
complement pathway [74]. While the current study showed the in-
duction of c¢fd, hamp and camp by R. salmoninarum bacterin, the bac-
tericidal functions of these genes against R. salmoninarum remain un-
determined, and warrant further investigation.

We identified two R. salmoninarum bacterin-responsive up-regulated
transcripts (i.e. ch25ha and lipe) involved in lipid metabolism that may
also play roles in immune responses. Lipe (Lipase E, hormone sensitive)
contributes to triacylglycerol hydrolysis in mammals [75]. Although
insect Lipase exhibits antibacterial activity against Gram-positive and
Gram-negative bacteria [76], the potential immune-related function of
Lipases in teleosts or mammals remains unknown. Besides cholesterol
biosynthesis regulation, mammalian CH25H also exhibits antiviral ac-
tivities, and both positively and negatively regulates the inflammatory
responses following the production of bacterial or viral-induced IFNs
(Fig. 7) [77]. A conserved antiviral function was found for teleost
CH25H [spotted grouper (Epinephelus coioides)] [78], but its im-
munoregulatory role is not fully understood in teleost species.

We identified transcripts that play putative roles in regulation of
inflammatory or immune responses. In the present study, cish and znrf1
were found to be up-regulated in response to R. salmoninarum bacterin.
Parallel to the putative regulatory function of CH25H, CISH suppresses
the immune response through binding to phosphorylated residues of
the cytokine receptors [79]. Rainbow trout cish transcripts were found
to be up-regulated in cytokine-exposed leukocytes and head kidney of
fish challenged with Yersinia ruckeri for 24 h [80], but the im-
munoinhibitory activity of salmonid CISH has not yet been functionally
validated. Moreover, as shown in Fig. 7, mammalian ZNRF1 is a reg-
ulator of LPS-induced inflammatory responses [81]. Induction of znrf1
in response to a high dose of R. salmoninarum bacterin in the current
study suggests that this transcript may have some conserved roles in
Atlantic salmon. In the present study, two paralogues of cldn4 were up-
regulated in response to R. salmoninarum bacterin. Although clbn4-b
was only significantly up-regulated in the High-Rs group compared to
the PBS control, cldn4-a induction occurred independent of R. salmo-
ninarum bacterin dose, suggesting a paralogue-specific response of cldn4
to a low dose of bacterin. Mice clbn4 is associated with the attenuation
of the induced inflammatory responses [82] (Fig. 7), but its role in
immune responses of teleosts remains undetermined. Cathepsins are
apoptotic regulators that accelerate cell death through degradation of
anti-apoptotic proteins [83]. Accordingly, the ctsl1 induction in the
current study suggested that R. salmoninarum bacterin injection in-
creases the pro-apoptosis process in Atlantic salmon head kidney.

We observed a down-regulation in ccny in response to R. salmoni-
narum bacterin; this gene is a member of a family of kinases involved in
the regulation of various biological processes (e.g. cell progression,
cancer and neuronal differentiation) in human [84]. Future structural
and functional studies can provide a better understanding of the mo-
lecular functions of ccny in Atlantic salmon.

5. Conclusions

This was the first report on the transcriptome profile of Atlantic
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salmon head kidney response to R. salmoninarum bacterin, and it pro-
vided a broader picture of molecular processes underlying early
Atlantic salmon responses to formalin-killed R. salmoninarum bacterin.
Our results showed the activation of pathways associated with che-
mokine receptor, cytokine activity and regulation of immune responses.
gPCR results showed that Atlantic salmon responds to R. salmoninarum
bacterin in a dose-dependent manner. R. salmoninarum bacterin does
not cause an extensive and strong gene regulation response in Atlantic
salmon, and this may be related to the immunosuppressive functions of
this pathogen. R. salmoninarum bacterin influenced the expression of
transcripts with putative functions involving pathogen recognition,
immune signalling, antimicrobial activity, cell death and regulation of
immune responses. The differentially expressed genes identified herein
can be used as biomarkers for future studies such as evaluating the
influence of diets and feed ingredients on Atlantic salmon response to R.
salmoninarum-derived antigens as well as the response of Atlantic
salmon to BKD. Future genomics-based studies using R. salmoninarum
pathogen are needed to expand our knowledge on molecular processes
involved in Atlantic salmon response to BKD.
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