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Skin is the first line of defence against waterborne pathogens, such as Moritella viscosa, which is the causative
agent of winter ulcer disease in Atlantic salmon (Salmo salar L.). The present study revealed that vaccination
protects against both M. viscosa-induced mortality and skin ulceration, but protection varied according to the

f]lim " strain used in the vaccine formulation. Examination of skin tissue 4 days post M. viscosa challenge indicated that
ceration . s _sae . . P . . . .
Vaccination M. viscosa initiated infection by colonising the scale surface. Sequencing the transcripts of the variable region of

the IgM heavy chain did not detect effect of vaccination or M. viscosa challenge on antibody repertoire and B cell
trafficking from the lymphatic organs to skin. Skin layer-specific responses were examined with 44 K oligonu-
cleotide microarray. Skin responded to vaccination and M. viscosa challenge by increasing transcription of
structural genes, stimulating metabolism, and regulation of developmental processes. Inmune responses to dead
(vaccine) and live M. viscosa were very similar and no pathogen-specific changes were found. Combined use of
skin transcriptional profiles and image analysis revealed differences in the infected skin layers between the study
groups. M. viscosa was likely retained in the epidermis of vaccinated salmon, whereas the dermis was colonised in
unvaccinated fish. Furthermore, decreased expression of lymphocyte-specific and antiviral genes in the dermis
indicated possible evasion of immune-related cells from skin in salmon challenged with M. viscosa. Our data also
indicated that intraperitoneal vaccination may prime the humoral innate response, which enables a rapid
response in the dermis layer of skin during M. viscosa invasion.

1. Introduction 1995). The extracellular products of M. viscosa are cytotoxic to fish cells

and lethal to Atlantic salmon (Bjornsdottir et al., 2009; Bjornsdottir

Outbreaks of ulcerative disease in farmed Atlantic salmon (Salmo
salar L.) occur across the North Atlantic region, and numerous bacterial
species have been isolated from ulcerated fish (Benediktsdottir et al.,
1998; Bruno et al., 1998; Benediktsdottir et al., 2000; Lunder et al.,
2000; Whitman et al., 2000; Olsen et al., 2011). Experimentally, skin
ulcers and mortality due to infection have been verified from Moritella
viscosa (Lunder et al., 1995), Tenacibaculum finnmarkense (Smage et al.,
2018), and Aliivibrio wodanis (Karlsen et al., 2014b). Ulcerative out-
breaks below seawater temperatures of 8 °C, termed classic winter ulcer
disease, commonly refer to infection with the bacterium M. viscosa. The
disease manifests with symptoms of superficial skin lesions that develop
into larger, chronic skin ulcers and degenerative changes in the under-
lying muscle tissue, followed by terminal septicaemia (Lunder et al.,
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et al., 2011), with several predicted toxin-related homologs and viru-
lence factors (Tunsjp et al., 2011; Karlsen et al., 2014a). Two major
phenotypic and genotypic clades (classic and variant) have been iden-
tified in M. viscosa (Grove et al., 2010) with different host-specific
virulence (Karlsen et al., 2014a). Genome analyses have shown that
the genome properties among M. viscosa are linked to strain relation-
ships (Karlsen et al., 2017a). This may suggest that lineages within
M. viscosa have evolved both antigenic and virulence variance. The
clinical diagnostic overview for isolates characterised from Norwegian
farmed Atlantic salmon has recently changed. A genetic shift in the
dominant sub-populations of M. viscosa is observed where the earliest
homogenous related classic M. viscosa is no longer the dominating ge-
notype (Sommerset et al., 2021).
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Several intraperitoneally (i.p.) administered oil-adjuvanted poly-
valent vaccines are currently available and used in commercial aqua-
culture against M. viscosa (Karlsen et al., 2017b). Although challenge
models have confirmed specific protection against disease development,
they have also revealed differences in vaccine efficacy (Karlsen et al.,
2017b). M. viscosa have different serotypes (Heidarsdottir et al., 2008),
and strains from Norwegian winter-ulcer outbreaks can be separated
into several genotype sub-populations (Sommerset et al., 2021), which
in part, could explain the persistence of outbreaks in vaccinated salmon
during production.

Once a vaccine is administrated, the process of eliciting an immune
response with memory is initiated through the activation of B cells that
will produce antigen-specific immunoglobulins (Igs) that in turn, will
help identify and neutralise foreign objects. Among the three teleost
types of Ig, IgM is the predominant type in Atlantic salmon, which plays
a key role in systemic responses (Makesh et al., 2015; Piazzon et al.,
2016; Jenberie et al., 2018). Sequencing of the variable region of IgM
heavy chain transcripts (Ig-seq) has been used to assess the diversity and
size of the antibody repertoire, detect responses to immunisation, and
examine B cell trafficking between tissues (Castro et al., 2017; Krasnov
etal., 2017; Bakke et al., 2020). However, further studies are required to
examine the mechanisms of vaccine protection against the development
of skin ulceration and mortality. It is unclear how the different layers of
the skin, including the outer epidermis, which is covered by a mucosal
layer, and the deeper vascularised dermis layers, respond to i.p.
immunisation and host-pathogen interactions. Each skin layer is
composed of different cell types that play important roles in protection
and regeneration after damage, as previously reviewed (Sveen et al.,
2020). The epidermis is the first line of defence and consists of live cells
(e.g. keratocytes and mucus cells) that can immediately respond to
environmental changes, including environmental challenges and path-
ogen exposure. The scales provide the skin with further armor and
strength to withstand mechanical pressure, while the dermis makes the
skin more flexible and elastic through the dense, irregular connective
tissue. A better understanding of the potential of i.p. inactivated vac-
cines with the use of adjuvants to induce immunity in the skin will help
development towards inducing appropriate responses against chal-
lenging Atlantic salmon pathogens.

The present study used microscopy combined with Ig and tran-
scriptome analyses to study host-microbial interactions in the skin of
unvaccinated and vaccinated Atlantic salmon during an experimental
challenge using a variant isolate of M. viscosa. Vaccination was per-
formed by i.p. injection using monovalent experimental vaccines con-
taining either classic or variant M. viscosa isolate and indicated that the
use of different strains of M. viscosa influenced the efficacy of the vac-
cine. Skin samples from fish vaccinated against only classic M. viscosa
were used for further analyses. Our results suggest that M. viscosa infects
the epidermis of vaccinated salmon and the deeper dermis layer in un-
vaccinated salmon. Although vaccination and bacterial challenge
induced similar changes in the dermis, its effects on the antibody
repertoire and immune gene expression were limited.

2. Material and methods
2.1. Bacterial isolates used for vaccine preparation and challenge

Isolates of M. viscosa used for vaccine formulation and challenge
were collected as submissions to the bacteriology laboratory at Pharmaq
(Norway). The isolates were sampled from winter ulcer outbreaks in
Norwegian Atlantic salmon and confirmed to be M. viscosa using a
commercial slide agglutination kit (Bionor) and gyrB sequencing
adapted from previously described methods (Grove et al., 2010).
Genomic DNA was isolated from single colonies on blood agar plates
using the InstaGene Matrix (Bio-Rad) according to the manufacturer’s
instructions. The partial gyrB gene was amplified and sequenced using
forward primer AGG TGG TTT ACA CGG TGT TGG TG and reverse
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primer GCA CCA CGG AAA CCA GCA AGG. The primers were designed
in Primer-BLAST (Ye et al., 2012) based on a subset of available se-
quences of M. viscosa and Moritella marina attained from GenBank. Gene
amplification was performed using a S1000 Thermal cycler (Bio-Rad),
and each 25-pL reaction was prepared using PuReTaqReady-To-Go PCR
beads (GE healthcare). The PCR reaction was performed as follows: one
cycle of 94 °C for 5 min, 35 cycles of 94 °C for 20 s, 55 °C for 30 s and
72 °C for 50 s, and one cycle of 72 °C for 7 min. Amplicons were
sequenced at LGC Genomics Ltd. Sequences were compiled using the
CLC Main Workbench version 8.0 (Qiagen) and aligned using ClustalW
prior to neighbour-joining analysis using MEGA 7.0 software. Ambig-
uous bases were excluded from the analysis. Bootstrap confidence values
were obtained with 500 re-samplings.

Two experimental monovalent vaccines were prepared as water-in-
oil formulations using a formaldehyde-inactivated classic or variant
strain of M. viscosa. Both vaccines were blended to contain equal con-
centrations of antigen. The water phase, which contains the antigens,
was dispersed into a mineral oil phase (continuous phase containing
emulsifiers and stabilizers).

Challenge material homologous to the variant M. viscosa used in one
of the vaccines was freshly cultivated from a frozen bacterial stock in
shake flask culture medium based on yeast extract at 12 °C for two days
with shaking.

2.2. Fish vaccination and infection challenge

The present study was performed at the Industrial and Aquatic
Laboratory (ILAB, Bergen, Norway) and included 130 unvaccinated
Atlantic salmon (mean weight of 30 g). The study was approved by the
Norwegian Food Safety Authority and conducted in accordance with the
regulations controlling experiments and procedures for live animals in
Norway.

The fish and tank environmental parameters were monitored daily
with a biomass density below the maximum acceptable limit of 40 kg/
m® in flow-through systems for salmonids. Fish were fed daily according
to their appetite throughout the study, except for 24 h prior to vacci-
nation and M. viscosa challenge, when the fish were starved. For vacci-
nation with oil-adjuvanted formalin-inactivated M. viscosa, the fish were
randomly removed from the holding tanks and anesthetised using tri-
caine 80 mg/L before being marked (by cutting the right maxillae or
adipose fin) and i.p. vaccinated (V+) or injected with phosphate-
buffered saline (PBS; V-) administered at a dose volume of 0.05 mL
per fish using calibrated pistol grip syringes. The fish were transferred to
500-L immunisation tanks and immunised for 1574 degree-days prior to
bacterial challenge. A continuous photoperiod of LD24:0 was used 5
weeks prior transfer to the disease facility. The fish were acclimatised to
8 °C and 34%o salinity prior to the challenge. Three tanks were used,
each containing vaccinated and PBS-treated fish. Two tanks were used to
investigate responses 4 days post-infection (dpi), including the sham-
exposed time-matched control, and one tank was used to assess cumu-
lative mortality after infection. Fish were subjected to a 1-h bath chal-
lenge using a freshly cultivated gyrB variant Atlantic salmon isolate of
M. viscosa isolated from an outbreak in the northern production area of
Norway. Adequate environmental parameters were ensured by
oxygenation and aeration during the challenge. Mortality was recorded
daily during the challenge period, which was terminated at day 28 post
infection. Extensive ulceration was observed on all fish that died during
the study period. For ethical reasons, ulcerated or moribund fish were
euthanised by tricaine overdose and recorded as mortalities. At the end
of the study period, all surviving fish were euthanised by tricaine
overdose, counted by group, and cutaneous lesions were scored in all
survivors from each tank using a previously described scoring system
(Karlsen et al., 2017b). Briefly, each survivor was visually inspected and
categorised according to score as follows: 0, no visible lesions; 1, at least
one superficial skin lesion not permeating the basement membrane or
swelling of scale pockets and superficial skin oedema; and 2, formation
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of at least one severe ulcer permeating the basement membrane. In-
dividuals categorised as score 2 were included in the final mortality
graph.

2.3. Sampling procedure

Fish were grouped according to treatment as follows: V-Mv-, not
vaccinated and not challenged with M. viscosa (control); V-Mv+, not
vaccinated and challenged with M. viscosa; V+Mv-, vaccinated and not
challenged with M. viscosa; and V+Mv+, vaccinated and challenged
with M. viscosa. Six fish per group were sampled at 4 dpi after being
euthanised by a tricaine overdose. Intact skin from the two non-
challenged groups was sampled by excising pieces from the left side of
each fish in the area posterior of the dorsal fin and above the lateral line
and immediately fixated as described below. In the two challenged
groups, initial skin ulcer areas, observed as raised scales, were sampled
above the lateral line for transcriptional analysis while initial skin ulcer
areas for image analysis also included samples below the lateral line.
Sections of the gill, spleen, and head kidney were aseptically removed
and immediately fixed. Samples for histology were placed in 20-mL pots
containing 10% buffered formalin (CellStor, CellPath) and stored at 4°C.
Samples for scanning electron microscopy (SEM) analyses were stored in
4% glutaraldehyde (Sigma Aldrich) 0.1 M sodium phosphate buffer and
stored at 4 °C. Samples for RNA analysis were stored in RNAlater
(Invitrogen), kept cool during transport, and stored at —80°C until used
for RNA extraction.

2.4. Histological staining

Samples fixed in buffered formalin were carefully dissected, orien-
tated, and placed in a tissue-embedding cassette (Simport). Tissue pro-
cessing was performed using an automated tissue processor (TP1020,
Leica Biosystems) in which samples were dehydrated using a graded
series of ethanol (up to 100%), followed by a clearant xylene bath and
infiltration in melted paraffin at 60 °C (Merck). Paraffin-embedded tis-
sue samples were cut to 5-pm sections using a Microtome (Leica RM
2165), mounted on polysinecoated slides (Avantor), and dried overnight
at 37 °C. The sections were deparaffinised and rehydrated, and staining
was performed using an automated stainer (Autostainer XL Leica Bio-
systems). Paraffin sections were stained using Alcian Blue Periodic Acid
Schiff (AB/PAS, pH 2.5, Alcian Blue 8GX, Sigma Aldrich). Slides were
examined using a light microscope slide scanner (Leica Microsystems)
and evaluated using an Aperio Image Scope (Leica). The thickness of the
epidermis was measured in pm using tools in Aperio. The total number
of mucus-producing cells, as well as their different colours (pink or
blue), were counted, and mucous cells per 100 pm of epidermis and the
ratio of pink/total mucous cell calculated. In addition, mucous cell
distribution in the epidermis (mucous cells touching the outer surface of
the epidermis were defined as “outer”) were counted, and ratio of outer/
total mucous cells calculated.

2.5. Scanning electron microscopy

Samples fixed in 4.0% glutaraldehyde 0.1 M sodium phosphate
buffer for SEM were gently washed in PBS, dehydrated in a graded series
of ethanol up to 100%, and dried using a critical point dryer (CPD 030,
Bal-tec AG) with liquid carbon dioxide as the transitional fluid. The
samples were mounted on stubs with carbon tape and coated with
gold-palladium (Polaron Emitech SC7640 Sputter Coater, Quorum
technologies) and examined using SEM (Zeiss EVO-50-EP, Carl Zeiss).

2.6. Immunohistochemistry
Samples were prepared as described in the Histological staining

section. In brief, immunohistochemistry (IHC) was performed by
blocking with horse serum (Sigma) for 20 min, followed by 30 min with
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rabbit antiserum raised against Moritella isolate NVI 478/88 (Lunder
et al., 1995). Slides were washed twice in PBS before incubating with
ImmPress AP-anti-Rabbit IgG (Vector Laboratories) for 30 min. Immpact
Vector Red substrate kit (Vector Laboratories) with alkaline phosphatase
was used for 30 min according to the protocol before counterstaining 30
s with haematoxylin (Sigma). All slides were scanned using a Leica slide
scanner and the Aperio images system and analysed using Zeiss Axio
Observer Z1 equipped with AxioVision software (Carl Zeiss
Microimaging).

2.7. Separation of skin layers and RNA extraction

Skin layer dissection was performed under a microscope (Leica, Wild
M3B). Scales were removed using forceps and placed side up on a sterile
petri dish. The epidermis (the outer surface exposed to the environment)
was gently scraped off the surface of the tip of six scales using a sterile
scalpel blade and collected into tubes prefilled with Lysis LBE buffer
(Beckman Coulter) for RNA extraction, and the scales were then dis-
carded. Any traces of subcutaneous tissue (adipose and muscle tissue)
were scraped off the remaining skin sample and transferred to separate
prefilled Lysis LBE buffered tubes. The tissue layer collected using this
method was defined as the dermis. Total RNA was extracted from the
epidermis and dermis of the skin, gills, spleen, and head kidney using an
automated Biomek 4000 (Beckman Coulter), including an on-column
DNase treatment according to the manufacturer’s protocol. RNA integ-
rity number > 7.5 was used as cutoff value for utilisation of sample for
transcriptome analysis and was measured using a 2100 Bioanalyzer and
RNA Nano Chips (Agilent Technologies) before RNA purity and con-
centration were measured using a NanoDrop ND-1000 Spectrophotom-
eter (NanoDrop Technologies). RNA samples were stored at —80 °C.

2.8. Ig-seq

Parallel sequencing of V(D)J junction (CDR3) is used for character-
ization of the IgM repertoire. Each unique sequence marks clonal B cells
and the number of reads shows the size of clonotype. Increased cumu-
lative frequency of hundred largest clonotypes (CF100) indicates recent
expansion of B cells clones. Co-occurrence of clonotypes in tissues from
the same fish reflects migration of B cells. Synthesis of cDNA was primed
with oligonucleotide to the constant region of the heavy chain of
Atlantic salmon IgM (TAAAGAGACGGGTGCTGCAG) using SuperScript
IV reverse transcriptase (Thermofisher Scientific) according to the
manufacturer’s instructions. A degenerate primer TCGTCGGCAGCGT-
CAGATGTGTATAAGAGACAGTGARGACWCWGCWGTGTATTAYTGTG
aligning to the 3’-end of all Atlantic salmon VH genes and a primer
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGAA-
CAAAGTCGGAGCAGTTGATGA aligning to the 5'-end of the constant
regions were used for PCR amplification of cDNA. Reaction mixtures
(20 pL) included 10 pL of 2x Platinum Hot Start PCR Master Mix
(Thermofisher Scientific), 0.5 pL of each primer (10 pmol/pL), 8 pL of
water, and 1 pL of template. A second PCR was performed using Illumina
Nexter XT Index Kit v2, with the reaction including 2 pL of each primer
and 2 pL of product of the first PCR. The PCR program included heating
for 1 min at 94 °C, amplification for 10 s at 94 °C, 20 s at 53 °C, and 20 s
at 72 °C (30 cycles in the first PCR and nine cycles in the second PCR),
and extension for 5 min at 72 °C. DNA concentration was measured
using Qubit (Thermofisher Scientific). Aliquots of libraries were com-
bined and purified twice using the Qiagen PCR clean-up kit. Sequencing
was performed using the Illumina MiSeq Reagent Kit v3 (150-cycle).
Libraries were diluted to 4 nM, and PhiX control was added to a con-
centration of 0.8 nM. Illumina adaptors and primers were trimmed, low-
quality reads were removed, and the sequences were transferred to a
database. The study groups were compared by CF100. Two metrics were
determined to assess co-occurrence of clonotypes in issues: the number
of leaders from tissue 1 also detected in tissue 2 with a frequency > 10~*
and the number of leaders from tissue 2 also detected in tissue 1.
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2.9. Microarray analysis

Microarray analyses were carried out on both skin layers from six fish
each in the four groups using Nofima’s Atlantic salmon genome-wide 44
K DNA oligonucleotide microarray, Salgeno-2 (GPL28080), totally 48
samples were analysed. The microarrays were manufactured by Agilent
Technologies and the reagents and equipment were purchased from the
same provider. RNA amplification and labelling were performed using a
One-Colour Quick Amp Labelling Kit, and a Gene Expression Hybridi-
zation kit was used for fragmentation of labelled RNA. The total RNA
input for each reaction was 500 ng. After overnight hybridisation in an
oven (17 h, 65 °C, rotation speed 0.01 x g), the arrays were washed with
Gene Expression Wash Buffers 1 and 2 and scanned using a microarray
scanner (SureScan, Agilent Technologies).

2.10. Statistical analysis

Differences in mortality between treatments were determined using
Kaplan-Meier analysis and applying the log-rank test. Lesion score data
were analysed using Kruskal-Wallis test followed by Steel-Dwass post
hoc tests for pairwise ranking to compare the groups. Group means were
tested by t-test to compare parametric data obtained from histological
images. Ig-seq data were analysed using ANOVA followed by Tukey’s
post-hoc test. Global normalisation of gene transcription data was
accomplished by equalising the mean intensities of all microarrays. The
individual values for each feature were divided by the mean value of all
the samples to produce expression ratios (ERs). The log2-ER was
calculated and normalised using the locally weighted non-linear
regression (Lowess). Differentially expressed genes (DEGs), repre-
sented by differently expressed probes on the array, were selected using
criteria of 1.75-fold change and P < 0.05. STARS annotations were used
for comparison of the functional groups of genes (mean log2-ER, t-test).
Gene expression data were processed and analysed using Nofima’s
bioinformatics package (Krasnov et al., 2011). Statistical analysis of
other data was performed using commercial software, including
GraphPad Prism v.8 and JMPPro v13.1.0.
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3. Results
3.1. Mortality and lesion scores

Extensive ulceration was observed on all fish that died during the
study period. Fish categorised as lesion score 2 at termination of the trial
were included in the final mortality graph. The cumulative mortality in
the PBS-treated control group was 73%. Significant (P = 0.0288: log-
rank test) protection was observed in fish vaccinated against both
variant and classic M. viscosa isolate (Fig. 1). Vaccine formulated with
the gyrB-variant isolate performed better (cumulative mortality of 11%)
than that formulated with the gyrB-classic isolate, which had a cumu-
lative mortality of 31%.

3.2. Imaging of initial colonisation and tissue response

Skin from the groups not challenged with M. viscosa (V-Mv-/V+Mv-)
showed normal morphology with intact epidermis, scales, and loose
connective tissue (Fig. 2). The epidermis was thinner towards the tip of
the scales, which was typically observed in healthy fish (Fig. 2B).
However, skin from fish in the V+Mv- (vaccinated, unchallenged) group
showed an increase in mucous cells located in the outermost epidermis
(measured as the ratio of outer mucous cells/total number of mucous
cells) (Fig. 2E).

Following M. viscosa challenge, the epidermis of fish in the V-Mv+
and V+Mv+ groups showed an increase in thickness at the tip of the
scales, giving the epidermis a rounder appearance, while the scales
developed a curly structure (Fig. 2D). Although intact skin from fish in
the V4+Mv+ group showed no difference in overall morphology, fish in
the V4+Mv+ group had fewer mucous cells at the outer border of the
epidermis than those in the V-Mv+ group (Fig. 2F), with purple mucous
cells observed at the outer surface of the epidermis. Skin areas without
ulcers from fish in the M. viscosa-challenged groups (V-Mv+/V+Mv+)
compared to those not challenged with M. viscosa (V-Mv-/V+Mv-) had
increased epidermal thickness and number of mucous cells (Fig. 2G, H).

Fish challenged with M. viscosa (V-Mv+/V+Mv-+) showed a more
disrupted skin structure with visible wounds. The skin of fish with mild
symptoms showed curly scales (Fig. 2I) with thicker epidermis and
damaged, loose connective tissue. All layers of the skin were affected in
fish with more pronounced wound development (Fig. 2J-L), including
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Fig. 1. Cumulative mortality (A) and ulceration (B) of Atlantic salmon vaccinated groups after bath challenged with variant M. viscosa. (A) Cumulative mortality (%)
between treatment groups intraperitoneal vaccinated with either PBS, classic isolate of M. viscosa or a homologous isolate of M. viscosa was significant different (P =
0.0288: log-rank test). At termination, fish with a lesion score of 2 were included in the mortality count, as shown by the increase in mortality at the end of the study
in the PBS-vaccinated fish. (B) Combined mortality and lesion scores at termination of the trial. Significant differences between groups are indicated. * P < 0.05, ** P

< 0.001 (Kruskal-Wallis and Steel-Dwass multiple comparisons test).
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Fig. 2. AB/PAS histological staining of Atlantic salmon skin from (A) fish in the V-Mv- group, which showed a normal skin morphology. The enlarged box in (B)
shows a thin layer of epidermis covering the tip of the scale (arrow). (C) Fish in the V+Mv- group showed a similar skin morphology to the V-Mv- group, but with
more mucous cells (hollow arrows) in the outer epidermis. (D) Bacterially challenged fish in both the unvaccinated and vaccinated groups (V-Mv+/V+Mv-+) showed
thickening of the epidermis around the tip of the scales (arrow), purple mucous cells (hollow arrow), and curving of the scales. (E) The ratio of mucous cells in the
outer epidermis was increased in vaccinated fish. (F) The ratio of mucous cells in the outer epidermis was decreased in fish in the V+Mv+ group. Intact skin of fish
challenged with M. viscosa (V-Mv+/V+Mv+) showed an increase in both (G) mucous cell number and (H) thickness of the epidermis. Fish with visible M. viscosa-
induced wounds (V-Mv+/V+Mv+) had severely increased epidermal thickness around curled scales in the regions with intact epidermis (I) and disintegrated loose
connective tissue and vacuolisation of epithelial tissue combined with immune-related cell infiltration in the scale pockets (J). Disintegrated scale pockets were also
accompanied by scale loss (K, arrow) and severe damage of the skin structures and the underlying tissue, with loss of epithelial tissue and scales, combined with
immune-related cell infiltration in subcutaneous tissue and necrotic muscle fibres (L). * P < 0.05, t-test (n = 24). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

vacuolisation of keratocytes, loss of epithelial tissue, disintegrated or
loss of scales, invasion of immune-related cells, and disintegrated con-
nective tissue.

SEM images of macroscopic swelling skin areas infected by M. viscosa
(Fig. 3) showed disintegration of epithelial tissue, typically with loss of
the distinct morphological features of the surface keratocytes, such as
their pentagonal shape and microridges (exemplified in Fig. 3A),
accompanied by complete disintegration and holes in the epithelial
tissue (Fig. 3B and F). Scales were exposed in areas where the epithelial
tissue was missing and frequently displayed bacteria on the scale sur-
faces (Fig. 3C-E). The bacteria were either found in small clusters
(Fig. 3H, and I), suggesting new colonies, or more extensive colonisation
with bacteria covering the entire surface of the fish scales (Fig. 3G).
Infiltration of white and red blood cells was prominent in heavily
infected areas (Fig. 3E, K), both in the scale pocket and the connective
tissue compartment between the epidermis and the scales, and in direct
contact with M. viscosa.

THC using antibodies against M. viscosa showed weak staining in fish
skin without wounds and intense staining in developed wounds. Positive
staining was detected in both the V-Mv+ and V+Mv+ groups with no
visible wounds, and the initial staining was limited to the area between
the epidermis and the top of the scales, with the grade of staining
varying between samples (Fig. 4A and B). Staining was more intense in
skin samples with more developed wounds with immune-related cell
invasion and disrupted loose connective tissue (Fig. 4C). Staining was
also observed in developed wounds in the scale pockets at both sides of
the scales. Most of the skin structures were lost in the wound centre, and
intense, positive staining was observed in the remaining tissue.
Furthermore, skin tissue layer infection differed between the V-Mv+ and
V+Mv+ groups. While unvaccinated fish with wounds showed more
intense staining in the dermis (Fig. 4D-F), vaccinated fish showed pos-
itive staining in the epidermis and loose connective tissue around the
scales (Fig. 4G-I).
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Fig. 4. IHC using M. viscosa antibody, with positive staining shown in red (arrow). (A) Positive staining (arrow) was found in both the unvaccinated and vaccinated
groups challenged with M. viscosa (V-Mv+/V-+Mv+), with localisation limited between the epidermis and scales. (B) Some skin samples showed more intense
staining in this region. (C) Staining was more evident along the borders of the developed wounds and was also found in the scale pockets and deeper layers of the
skin. (D) Unvaccinated M. viscosa-challenged (V-Mv+) fish showed staining in the wound centre, which was more intense in the remaining dermis (E and F). (G)
Vaccinated fish challenged with M. viscosa (V4+Mv+) showed staining in the loose connective tissue, as shown at higher magnifications in (H) and (I). Scale bar =
100 pm. Ed, epidermis; sc, scale; lc, loose connective tissue; ct, connective tissue. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.3. Ig-seq

Sequencing analysis did not detect effects of vaccination or M. viscosa
challenge on the IgM repertoire: CF100 and co-occurrence of clonotypes
were equal in all study groups. To take advantage of Ig-seq data, IgM
repertoires of Atlantic salmon tissues were compared. Large clonotypes
were predominant in the peripheral tissues and the 100 largest clono-
types yielded 52% and 73% of the transcripts in gill and skin (dermis),
respectively (Table 1). The cumulative frequencies in the lymphatic
tissues, head kidney and spleen were lower (22% and 27%, respec-
tively). Thus CF100, which is inversely related to the complexity, sug-
gested a small size of repertoire in the skin with predominance of the
largest clonotypes. Co-occurrence of clonotypes reflect the B cells traffic
between tissues. The population of B cells in the dermis was the least

similar to other tissues: only ~20% of the largest clonotypes were
detected elsewhere. Sharing of largest gill clonotypes with the lymphatic
organs was twofold greater (38%-39.5%), while the overlap between
gill and skin was only 14%. The repertoires of the head kidney and
spleen were closer to each other compared with the peripheral tissues.
The clonotypes of the lymphatic organs detected in gills was twofold
that of skin.

3.4. Transcriptome analyses

3.4.1. Effect of vaccination and challenge with M. viscosa

Differences in the skin transcriptional profiles between the study
groups are shown in Fig. 5. Ranking the effect according to the number
of DEGs showed that vaccination affected the dermis more than the
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Table 1
Percentage cumulative frequencies of the 100 largest
clonotypes shared across tissues.

Tissue distribution

Tissue CF100£SE  Dermis Gill HK Spleen
Dermis 73.22+1.49 19.7 208 203
Gill 52.06 + 1.49 14.2 38.0 395
HK 2224 +1.45 17.2 27.4
Spleen 26.61 +1.49 18.9 31.1

CF100, cumulative frequency; HK, head kidney; SE,
standard error.

epidermis and the response to M. viscosa was strongest in the dermis of
unvaccinated salmon (Fig. 5A). Vaccination and infection caused similar
expression changes in the dermis, as demonstrated by the correlation
between vaccinated and M. viscosa-challenged groups (Fig. 5B). In the
epidermis, comparatively large expression changes were only observed
in fish subjected to both treatments (V+Mv-+). While the dermis was
affected by both vaccination and M. viscosa challenge, the epidermis
seemed to only respond to the combined treatment with vaccination and
M. viscosa challenge (V+Mv+) (Fig. 5C).

Several functional gene groups showed coordinated expression
changes, with mean values significantly different from the V-Mv- group
and only three groups were related to immune responses (Fig. 6A).
Decreased expression of virus-responsive genes was observed in all study
groups. Reduced levels of transcripts encoding B and T cell-specific
genes, including many highly specialised genes, was observed in
vaccinated salmon (Fig. 6B). These changes were most likely caused by
the evasion of immune-related cells from skin. Apart from this finding,
immune responses to vaccination and pathogen challenge were very
similar with only a few genes showing significantly stronger activation
in V4+Mv+. Vaccination and live M. viscosa stimulated transcription of a
pathogen recognising toll-like receptor 13 and several proinflammatory
genes, including cytokines and signalling molecules (il1b, il21, chitinase,
and granulins) and effectors (cytochrome b-245 and a perforin-like gene).
Activation of eicosanoid metabolism may indicate signalling via lipid
mediators. With the exception of antiviral and T cells responses, all the
functional groups shown in Fig. 6A were activated. Vaccination and
M. viscosa challenge increased the expression of genes encoding struc-
tural proteins, including both intracellular (cytoskeleton including mi-
crotubules) and extracellular (mucus) proteins. These treatments also

Aquaculture 572 (2023) 739531

stimulated diverse processes involved in life support and maintenance of
cells, development, repair of tissue, and several metabolic pathways.
Similar responses were induced in the dermis and epidermis of vacci-
nated M. viscosa-challenged fish (V+Mv+).

3.4.2. Comparison of epidermis and dermis transcriptional profiles

Statistically significant and greater than twofold differential
expression between epidermis and dermis was found for 4439 genes.
Differences were observed between several functional groups (Fig. 7).
Genes associated with cell proliferation and keratin cytoskeleton were
up-regulated in the epidermis along with several genes that play various
protective roles, including genes encoding mucus proteins and proteins
involved in antigen presentation, innate antiviral responses, T cell-
specific genes, and xenobiotic metabolism. Regulators of epidermal
morphogenesis (e.g., Wnt) and proteins involved in cell-to-cell adhesion
(integrins, nectins, claudins, and cadherins) were also expressed at a
higher level in the epidermis. Transcripts with markedly higher
expression in the dermis encoded cytoskeleton components, myofiber
proteins, and proteins involved in motor activity. Also, mitochondrial
proteins and transporters involved in sugar and calcium metabolism
were up-regulated. Developmental processes appeared to be more active
in the dermis, as indicated by higher expression of growth factors,
proteins involved in scale development (pappalysins and periostins),
regulators of cell proliferation and differentiation, and genes encoding
proteins involved in the extracellular matrix and endothelium. Expres-
sion of genes encoding plasma and complement proteins and markers of
erythrocytes was also higher in the dermis. The number of genes with
dermis-specific expression was markedly larger and a >10-fold differ-
ence was shown for 233 genes in the dermis, compared with 19 genes in
the epidermis.

4. Discussion

Vaccination resulted in significant protection against both M. viscosa-
induced mortality and skin ulceration, although protection varied ac-
cording to the vaccine formulation, corroborating the difference be-
tween the classic and variant isolates. This could, in part, be due to the
existence of different M. viscosa serotypes, as previously suggested
(Heidarsdottir et al., 2008). Although a degree of cross-protection may
occur (Greger and Goodrich, 1999), which is further supported by the
findings of our study. Our results also suggest that the use of variant
M. viscosa may be important to improve vaccination against winter
ulcers.

Histological and immunohistochemical observations of fish infected
with M. viscosa showed similar morphologies to those previously
described for ulcers (Lunder et al., 1995). We observed early signs of the
pathology, including thickening of the epidermis, disintegration of the
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Fig. 5. Microarray analyses of Atlantic salmon skin. (A) The number of differently expressed genes (DEGs) compared with the V-Mv- (unvaccinated fish not
challenged with M. viscosa) group. (B) Pearson correlation (r) of expression profiles between the groups. (C) Summary of the transcriptional changes caused by
vaccination (V+), M. viscosa challenge (Mv+), or both treatments (V+Mv-+) in the epidermis and dermis layers of the skin.
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A B
Functional groups I Epidermis | Dermis Genes Epidermis Dermis

N \ V+Mv- \ V-Mv+ \V+Mv+| V+Mv-\ V-Mv+ \V+Mv+ V+Mv+ | V-Mv+ | V+Mv- | V+Mv- | V-Mv+ | V+Mv+
Cellular structures, processes and metabolism Toll-like receptor 13 1.71 | -1.03 1.20 1.84 1.44 1.57
Chromosome 23 1.17 | 1.01 | 1.65 | 1.94 | 1.41 | 1.65 C-X-C chemokine receptor type 5 1.56 1.04 1.23 1.80 1.51 1.72
Cytoskeleton 29 110 | 094 | 1.56 | 1.83 | 1.46 | 1.57 LPS-induced TNFa-like (*D) 1.63 | -1.03 | -1.18 | 2.58 1.42 1.92
Keratins 10 | 2.23 | 1.16 | 133 | 2.78 | 2.51 | 1.30 Interleukin-1 beta 550 | 113 | 1.93 |'764 | 335
Microtubules 14 1.26 | 1.06 | 2.05 | 2.38 | 1.70 IL-8 receptor (*E) 2.84 | -1.05 | 2.4 | 138 | -1.21 | 1.62
Motor proteins 8 1.18 | 101 | 1.61 | 1.71 | 148 Interleukin-21 271 | 111 | 138 | 333 | 235 | 2.73
Reticulum 13 1.22 | 101 | 1.78 | 2.16 | 1.67 Granulins-like 4.03 | 115 | 1.80 | 133 | 2.97 | 1.53
Signaling 43 1.26 | 1.00 | 1.88 | 1.98 | 1.49 Cytochrome P450 2K5 251 | -1.05 | 145 | 2.85 | 1.89 | 2.46
Transcription 22 141 | 1.07 | 2.46 | 2.88 | 2.07 Arachidonate 12-lipoxygenase 163 | 1.01 | 117 | 278 | 139 | 157
Transcription factors 14 | 1.30 | 1.03 | 210 | 253 | 1.73 Leukotriene B4 receptor 1-like 223 | 1.02 | 124 | 246 | 1.68 | 2.30
Protein folding 5 149 | 107 | 252 | 3.22 | 2.01 Hydroperoxide isomerase ALOXE3 1.98 | 1.04 | 139 | 2.62 | 2.20 | 2.00
Amino acid metabolism 18 1.23 | 1.01 | 1.90 | 2.08 | 1.59 CD97 antigen-like (*D) 1.77 1.04 1.16 2.65 1.41 2.78
Calcium metabolism 17 | 117 | -1.04 | 1.80 | 243 | 1.87 Complement Clg-like protein 2 138 | 1.02 | 119 | 2.76 | 154 | 1.63
Eicosanoid metabollsm 12 126 | 101 EESERIRENIRINESE Complement component c3a 1.78 1.04 1.29 1.94 1.44 1.88
lon metabolism 29 | 127 | 1.03 |ZO0TSISSHERISL0L Complement component 1q-like 3a 2.92 | 109 | 126 | 1.97 | 1.19 | 1.32
Lipid metabolism 50 | 125 | 1.01 EEESEIERIRIESS Cytochrome b-245 light chain 6417 106 | 1.95 [19.41] 414
Mitochondria 17 1.09 | -1.12 | 1.63 | 2.26 | 1.66 "
Proteases 17 129 | 100 | 2.62 | .46 | 126 TNF alpha |r_1duc*ed metalloreductase STEAP4 2.88 | -1.01 141 2.20 1.51 2.40
Steroid, bile metabolism 8 | 120 | 104 | 1.73 | 1.80 | 147 Perforin-1-ike (*D) 186 | 125 | 120 | 274 | 152 | 171
Sugar metabolism 25 | 077 | -1.49 ] 092 | 1.92 | 1.31 Perforin-1-ike 117 | 135 | 133 | 122 192 | 183
Transport 33 123 | 102 [ 2.97 | 2.34 | 1.69 MMP 13 or Collagenase 3 (*D) 3.89 | -146 | 3.22 131 | -2.38 | 2.07
Ubiquitin 2 1.28 | 1.01 m 2.27 1_70 Matrix metallo;l)roteinase-B (*D) 2.28 | -1.18 | 2.20 1.20 | -1.86 | 1.42
Xenobiotic metabolism IR E 110 E 5 E Coll’c?genase 3»I[ke (*D). -1.66 | 2.22 1.10 0.45 1.14 | -1.99
Immune system and tissues B‘arner-to-autmntegratlon factor (banf) (*D) -1.19 | -1.47 | =230 | 0.21 | -1.75 | -2.83
Antivural response 50 | 264 | 150 | 24z Gigl-2 212 | -1.83 | 2.05 | 0.29 | -2.74 | -265
Lymphocytes 12 | -114 [ 112 |-113 Gig2-2 =1.907|7-1.907|7-2.047| 0.28 [ -2.32 | -2.62
Immune receptors 11 1.05 | -1.01 | -1.03 Retinoic acid-inducible gene-I-1 -1.29 | -1.28 | -1.33 0.46 | -1.83 | -2.07
Collagens 10 1.22 | 0.98 | 1.58 Very large inducible GTPase 1-2 -2.19 | -2.09 | -252 | 0.23 | -3.03 | -2.94
Differentiation 45 1.17 | 1.02 | 1.63 BCR-associated protein (CD79) -1.47 | -1.17 | -1.21 | 0.50 | -1.42 | -1.69
Differetiation-hox 12 1.27 | 1.01 | 2.17 B-cell linker protein-like -1.20 | -1.16 | -1.04 | 0.55 | -1.53 | -1.50
Endocrine 20 1.25 | 1.04 | 1.70 B-cell receptor CD22-like-1 -1.18 | 1.07 | -1.11 | 0.50 | -1.50 | -1.77
Endothelium 3 1.31 | 1.02 | 2.36 B-cell receptor CD22-like-2 -1.01 | -1.15 | -1.04 | 0.54 | :1.78 | -1.54
Epithelium 11 | 1.25 | 0.98 | 1.90 Tyrosine-protein kinase LCK -1.34 | -1.02 | -1.06 | 0.54 | -1.22 | -1.65
Glycans 16 1.23 | 0.99 | 1.58 CD3 epsilon -151 | -1.11 | -1.21 | @.51 | -1.43 | -1.89
Growth factors 25 1.21 | 1.06 | 1.81 CD4-like -1.06 | -1.05 | 1.25 [ 0.56 | -2.23 | -1.64
Mucus 25 1.55 | 1.44 | 1.58 CD8 alpha -155 | -1.18 | -1.33 | 0.54 | -1.18 | -1.67
Neural 69 1.28 | 1.04 | 1.97 CD28 T-cell-specific surface glycoprotein -149 | -1.17 | -131 | 0.55 | -1.28 | -1.59
Secretory 12 1.07 1.00 | 1.73 Tyrosine-protein kinase ZAP-70 -1.40 -1.10 -1.15 | 0.50 | -1.28 -1.68

Fig. 6. Microarray analyses of Atlantic salmon skin: differences to the unvaccinated and uninfected (V-Mv-) control group. (A) Functional groups (STARS annotation)
with coordinated expression changes. The numbers of DEG are indicated. (B) Immune genes, each functional group is presented with no more than five DEG.
Notations after gene names with (*E) and (*D) indicate significant difference between vaccinated and challenged fish (V+Mv- and V-Mv+) in epidermis and dermis.
Data represent fold changes compared to V-Mv-. Differential expression is highlighted by underlined bold italics. Red and green colours denote up and down-
regulation of expression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

scale pocket connective tissue, and curling of the scale tip. These find-
ings correlated with weak staining using antibodies against M. viscosa
and may be linked to early diagnostic markers of M. viscosa infection.
Image analysis revealed that M. viscosa initiated infection by colonising
the scale surface. The skin from fish with more developed pathogenesis
showed prominent vacuolisation and infiltration of immune-related
cells together with intense staining of M. viscosa. Tissue responses
included the influx of blood and immune-related cells between the outer
surface of the scale epidermis in addition to thickening of the epidermis
and breakdown of the scales, and image analysis indicated disintegra-
tion of the epidermal layer from within.

It is believed that vaccination protects against pathogen mainly
through mounting of specific antibodies. Ig-seq was included in this
study due to recent discovery of the protective role of B cells recruitment
to the infected sites as a marked increase in B cell trafficking followed by
a subsequent reduction was observed in Atlantic salmon infected with
salmonid alphavirus, an effect accelerated in vaccinated fish (Bakke
et al., 2020). The present study did not find effect of vaccination nor
M. viscosa that could be detected using Ig-seq. This was in line with
minor overlap between IgM repertoire in skin and other tissues of
Atlantic salmon. However, the transcriptomic analysis suggested egress
of B and T cells from skin of vaccinated fish, which was reduced by
infection with M. viscosa.

Difference of responses of the immune-related genes to inactivated
(vaccine) and pathogenic M. viscosa was small, although a few genes
showed stronger upregulation in vaccinated fish that was not challenged
(V-+Mv-). The lack of M. viscosa or pathogen-specific responses in the
present trial could be related to an early infection stage at 4 dpi. This
contrasts the strong transcriptional changes recently reported from
RNAseq (Eslamloo et al., 2022) and microarray (Ramberg et al., 2022)

data of the skin wound edge of M. viscosa ulcers. In the latter study,
infection responsive miRNAs were also identified, but only associated
with severe skin ulcers. Although the study designs were different, both
used the edge of an ulcer that had penetrated the basement membrane
up to 29- or 34-days post infection as the focused area of infection. Such
infection sites would clearly be different from a stratified skin tissue
layer. Indeed, Eslamloo et al., (2022) reported effects beyond the skin
lesion site (~1 cm from the edge) to be subtle and more comparable to
control samples. Initial skin ulcer areas with visible scales that still have
epidermis and dermis layers intact, which has been the focus of this
study, would likely resemble effects beyond the ulcer edge.

Skin layer-specific genes assist in the interpretation of gene profiles
and elucidate the defensive roles of the epidermis and dermis, and have
previously been reported from the outer skin (epidermis and scale) and
inner skin (dermis) layers of Atlantic salmon (Sveen et al., 2021). In the
present study, the transcriptional profiles suggested effects on calcium
homeostasis that could indicate hypercalcemia. Pathogens may induce
calcium release (Brunet et al., 2000; Asmat et al., 2014), leading to
numerous effects, such as F-actin alteration (Brunet et al., 2000), which
is also exerted by M. viscosa in cell models (Tunsjg et al., 2009). Image
analysis revealed that this could be possible by M. viscosa colonising the
scales and deteriorating the epidermis, creating a breach in the barrier
between the epithelial layer and the seawater environment, which also
applies for open wounds. Invading bacteria constantly battle with the
host for transitional but essential metals that can be scavenged by bac-
terial siderophores, which M. viscosa also possess (Bjornsdottir et al.,
2011; Hjerde et al., 2015). In response, an influx of blood or bleeding
occurs and the host can respond using ferritins or heme-binding proteins
(Hood and Skaar, 2012). The transcribed patterns of these genes were
already at the level of infection in the immunised groups. Thus, the
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Functional gene group

Erythrocyte, globins 25
Myofiber 142
Plasma proteins 38 4.7
Complement 20 4.3
Cytokines 6 3.6
Endothelium 29 3.2
Retinoid metabolism 25 3.1
Extracellular matrix 84 2.9
Mitochondria 66 2.7
Growth factors 75 2.6
Calcium metabolism 37 24
Differentiation 151 2.1
Sugar metabolism 65 2.0
Microtubules 17 1.9
Cytoskeleton 147 1.8
Collagens 83 1.6
Lectins 42 -0.5
Cell DNA replication 22 -1.6
Cell cycle 100 -1.7
Xenobiotic metabolism 39
Chromosome maintenance 65
Innate antiviral response 34
T cells 35
Cytochrome P450 13
Mucus 52
Keratin cytoskeleton 21
Antigen presentation 19

No. of genes D/E fold

Gene D/E fold
GO/G1 switch protein 2
Myosin, heavy chain b
Troponin T2d, cardiac
Antimicrobial peptide 2
Fibrinogen-like
Thrombospondin 4b
Thrombospondin-1

Retinol dehydrogenase 10
C type lectin receptor B
Creatine kinase, muscle a
Serotransferrin
Mannose-binding protein C
Thiamine triphosphatase
Retinoid-binding protein 7
Complement component C6
Complement component C4-B
C-C motif chemokine 17
Interleukin 17D

C1qg TNF-related

Collagen type Il, alpha-1a
Cytochrome P450 1A1
Dnase gamma

Keratin type | 17

GMP Giant mucus protein
Calpain 1

Mucin 5B-2

Mucin 5B-1

C-type natriuretic peptide 1
C-type natriuretic peptide 2
WAP, Kazal, Ig, Kunitz, NTR-
domain

Fig. 7. Differences between transcriptomes in the epidermis and dermis. (A) Functional groups (STARS annotations), the number of differentially expressed genes are
indicated. (B) Genes with the greatest expression differences. Data represent the dermis-to-epidermis fold (D/E fold). All results are significant (P < 0.05). Red and
green colours denote up and down-regulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

effect of immunisation could prime a protective response to infection
beyond that of adaptive immunity. The transcriptional profiles of com-
plement factors indicted that vaccination enhanced readiness to
respond.

In fish, mediators of humoral immunity by vaccination could involve
controlling metal homeostasis mechanisms, and regulation of inflam-
mation and coagulation cascades (Braden et al., 2019). Several genes
involved in the intrinsic coagulation pathway (phosphatidylinositol
phospholipases, factor VIII and cofactor Ca%t, von Willebrand factor,
and thrombospondins and fibrinogens) were triggered in vaccinated and
M. viscosa-challenged groups; therefore, all the necessary components
are present in the blood. Acute mortality in Atlantic salmon in response
to injected bacterial components was previously suggested to be asso-
ciated with circulatory failure caused by bacterial-associated coagula-
tion (Salte et al., 1992; Salte et al., 1993). M. viscosa infection can lead to
external and internal haemorrhages with suspected final organ
dysfunction. Clotting and thrombi throughout the vasculature consume
large quantities of clotting factors, leading to increased risk of hae-
morrhaging (Davis et al., 2016). In mammals, development of severe
infection could over-activate cascades into sepsis-associated dissemi-
nated intravascular coagulation and multiorgan failure (Patel et al.,
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2019); however, it is unclear whether this may also occur in fish during
M. viscosa infection. If vaccination primes other features affecting im-
munity, such as a coagulation response, this could mediate more effec-
tive entrapment of the bacteria and prevent ulceration and later
systemic dissemination.

Interestingly, microscopy combined with skin transcriptional
profiling suggested that different skin layers were infected in the study
groups, although both layers may be degraded by M. viscosa. In the
dermis, the transcriptional profiles of vaccinated fish mimicked the ac-
tion of the pathogen at a lower level. Vaccinated fish showed strong
responses to the pathogen in the epidermis and minor responses in the
dermis. The opposite was observed in unvaccinated fish, which showed
minor responses in the epidermis but strong responses in the dermis.
These findings were supported by the presence of M. viscosa in the
different layers, as revealed by IHC. We propose that bacteria may have
been trapped in the scale pocket layer of the skin of vaccinated salmon
and induced similar transcriptional changes in the epidermis to those
observed in the dermis (Fig. 8). In unvaccinated fish, bacteria populated
the dermis layer, which may also explain why unvaccinated fish
developed more ulcers during infection. Bacterial infection of the dermis
layer of unvaccinated fish may also resolve the apparent paradox in the
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V+Mv+

Fig. 8. Illustration of skin transcriptional profiles from vaccination and M. viscosa challenge. Expression changes are indicated by the intensity of the red colour.
Vaccine and M. viscosa challenge (V+Mv+) induced similar changes in expression in the epidermis and the dermis, which were only seen in the dermis before
M. viscosa challenge. After M. viscosa challenge, M. viscosa (red spots) resided in the dermis of unvaccinated salmon and in the scale pocket of vaccinated salmon,
causing similar, although different by scale changes. Ed, epidermis; sc, scale; Ic, loose connective tissue; ct, connective tissue. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

microarray data that indicated that the epidermis responded to com-
bined (V+Mv+) but not individual treatment (V+Mv- or V-Mv+).
Interestingly, the same functional groups and genes responded to the
pathogen in the epidermis and dermis of vaccinated salmon, despite
profound differences between the transcriptomes of the skin layers.

5. Conclusions

The present study revealed that the use of variant M. viscosa in the
vaccination formula may improve vaccination against winter ulcers.
Specific antibody levels are unknown and our performed Ig-seq was not
able to show effect of vaccination or M. viscosa challenge on antibody
repertoire and B cell trafficking from the lymphatic organs to skin. Skin
transcriptional analysis suggested instead egress of B and T cells from
the skin of vaccinated fish, which was reduced by infection with
M. viscosa. Detected skin transcriptional immune responses to vaccine
and live M. viscosa were limited but similar and included up-regulation
of proinflammatory genes. It is suggested that M. viscosa initiates
infection by scale surface colonisation, which evolved differently be-
tween the study groups. M. viscosa was most likely harboured in the
epidermis layer of vaccinated salmon and colonised the dermis of un-
vaccinated fish, which could suggest why unvaccinated fish develop
greater ulceration. We propose that i.p. vaccination may prime the hu-
moral innate response and pre-activation of this response facilitates a
rapid response in the dermis of skin during bacterial invasion.
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