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Abstract

The present work investigated the effects of embryonic temperature on the responses of Atlantic salmon (Salmo salar)
alevins to a bacterial challenge using Yersinia ruckeri as a model pathogen. Embryos were reared at 4 °C, 6 °C, and 8 °C
from fertilization to the eyed-egg stage. Alevins, before the start of feeding, were challenged with the pathogen, and mor-
tality and early immune responses in mucosal organs were assessed. Fish from the 4 °C and 6 °C groups exhibited higher
survival probabilities than those from the 8 °C group 72 h post-infection. Mild histopathological changes were observed
in the gills and skin across all temperature groups, with bacterial antigen detected in the secondary lamellae of gills and in
the skin epithelial and basal layers. Gene expression profiling revealed slightly distinct immune gene expression patterns in
low-temperature groups (4 °C and 6 °C) compared to the 8 °C group. Gelsolin (gsn) expression increased in the skin across
all temperature groups at 72 h post-infection. Claudin (cldn4) and collagen (colla) were only upregulated in the skin of the
4 °C group, while heat shock protein 70 (hspala) was downregulated in the gills of infected fish at 72 h compared to controls.
Toll-like receptor 13 (tlr13) expression increased in infected fish at 24 h compared to controls. In the 6 °C and 8 °C groups,
gsn expression also increased at 72 h post-infection. Cldn4 expression increased only in the gills of 8 °C infected fish. This
study revealed that low embryonic temperature could influence survival and mucosal immune defences following a bacterial
challenge in Atlantic salmon alevins.
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Introduction embryonic development and is associated with phenotypic

variations in fish (Ytteborg et al. 2010), including Atlantic

Temperature is one of the most important environmental
factors affecting teleost fish (Burgerhout et al. 2017; Ignatz
et al. 2020; Jensen et al. 2015b). As ectotherms, their body
temperature regulation is influenced by the temperature of
the surrounding water, and key physiological and immuno-
logical processes are thermally regulated (Fry 1967; Mor-
van et al. 1998). Moreover, temperature affects the speed of
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salmon (Salmo salar) (Gorodilov 1996; Burgerhout et al.
2017; Hayes et al. 1953). Salmon embryos tolerate a range
of 0 to 16°C (Hayes et al. 1953), but increased mortalities
are documented at temperatures below 4°C and above 8°C
(Fraser et al. 2014; Gunnes 1979; Peterson et al. 1977).

To accelerate production, the temperature regimes at
commercial salmon hatcheries are often kept at 8°C (Som-
merset et al. 2023). However, higher temperatures can be
detrimental to fish health and may pose a risk of heart and
vertebral deformities during early life stages in Atlantic
salmon (Ytteborg et al. 2010). Changes in embryonic tem-
perature during a relatively short developmental window
during embryogenesis (i.e., from fertilization to the eyed-
egg stage) have been shown to affect muscle development
and growth in salmon (Burgerhout et al. 2017). Addition-
ally, salmon embryos reared at a lower water temperature
of 4°C during this window showed a significantly higher
growth potential in seawater stages compared to fish those
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reared at 8°C (Macqueen et al. 2008; Burgerhout et al.
2017). These findings highlight that manipulations of
embryonic temperature not only affect early development
but also shape the growth potential later in life. Besides
growth, it is believed that other production parameters,
such as health and disease resistance, can also be influ-
enced by temperature during development.

An efficient immune system is responsible for
sensing environmental threats and secreting cytokines,
chemokines, and inflammatory mediators. However,
early influences of temperature variation can modulate
host immunity and in some cases, impair the future
capacity to cope with environmental stressors such as
infectious agents (Zhang et al. 2018). The innate and
adaptive immune response depends on the species-
specific thermosensitivity and optimum tolerance levels
(Morvan et al. 1998). Little is known about the effect of
temperature on the developmental plasticity of immune
response during embryogenesis. On the other hand, the
effects of temperature on immunity, especially in post-
larval salmon, have been well documented (Ignatz et al.
2020, 2023; Jensen et al. 2015a, 2015b). Suboptimal
temperatures (15 °C instead of 28 °C) during ontogeny
suppress il1b, tnfa, ifng, and other genes involved in the
pro-inflammatory response in zebrafish (Danio rerio)
(Abram et al. 2017). Low temperature (5 °C) reduces the
phagocytic and complement activity in juvenile rainbow
trout (Oncorhynchus mykiss) (Scharsack and Franke 2022).
The skin of turbot (Scophthalmus maximus) shows high
activity levels of the antimicrobial peptides, lysozyme
and hepcidin as well as elevated levels of immunoglobulin
M (IgM), when exposed to higher temperatures (27 °C)
above the thermal tolerance level (16-20 °C) (Huang
et al. 2011). Similarly, variation in temperature modulates
the expression of genes associated with macrophage
activation, mucus secretion, and the pro-inflammatory
response in fathead minnows (Pimephales promelas)
(Wentworth et al. 2018).

The early rearing environment is a strong regulator of
immunity and may persistently influence the ability of fish
to respond to disease-causing agents later in life. However,
there is limited information on how early such robust
phenotypes can be observed. This study focuses on rearing
temperatures of 4°C, 6°C, and 8°C from fertilization to the
eyed-egg stage of Atlantic salmon. We describe the impact
of different embryonic temperature regimes on the disease
resistance and immune responses at mucosal sites. In the
current study, we employ Y. ruckeri as a model pathogen in
Atlantic salmon alevins. This pathogen is causative agent
of the enteric redmouth disease (ERM) and a relevant
model pathogen at this developmental stage.
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Material and Methods
Ethics Statement

A bacterial challenge experiment was performed on Atlantic
salmon alevins before the start of feeding. Therefore, FOTS
(Forsgksdyrforvaltningens tilsyns- og spknadssysteapproval)
approval was not required according to the guidelines of the
Norwegian Food Safety Authority (NFSA). According to
NFSA’s regulations (Forsgksdyrforskriften—Section 2.2),
fish species in early developmental stages are exempt from
approval requirements for experimental procedures before
reaching an independent life stage of self-feeding. Nonethe-
less, all experimental fish were treated humanely, including
euthanasia before sample collection, and humane endpoints
were identified and applied. Key personnel in the trial have
a FELASA-C certificate.

Fish and Manipulation of Embryonic Temperature

Eggs and milt of 10 females and 10 males (SalmoBreed strain)
were purchased from Benchmark Genetics, Norway, and sent
to the Aquaculture Research Station in Tromsg, Norway. Ten
batches of fertilized eggs (10 male X female crosses) were pro-
duced by following the protocol provided by Benchmark. After
fertilization, eggs were disinfected using a 1% buffodine solu-
tion (Evans Vanodine International PLC, United Kingdom) and
divided equally into 9 tanks (130 L each) in a flow-through sys-
tem, with each tank containing ~2000 eggs. Eggs were reared
from fertilization until the “eyed-stage” (320-day degrees,
DDG) at 3 different water temperatures: 4°C, 6°C, and 8°C.
This developmental period for temperature manipulation was
based on previous research showing that during this relatively
short time a change in embryonic temperature affected muscle
development and growth (Burgerhout et al. 2017; Macqueen
et al. 2008). Each group was randomly allocated with 3 repli-
cate tanks. Eggs were monitored daily, and dead eggs were dis-
carded. Upon reaching the “eyed-stage,” the water temperature
of the 4 °C and 6 °C groups was gradually increased to 8 °C
(2°C/day), which was maintained until start feeding (Fig. 1). As
temperature influences the rate of development, all procedures
were performed based on day degree. The embryos and alevins
were kept under photoperiod of OL:24D.

Preparation of the Model Pathogen

Y. ruckeri isolate serotype O1 (2014-70 646) was provided
by the Norwegian Veterinary Institute (NVI, Harstad,
Norway). The bacterial stock in glycerol was revived by
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Fig. 1 Diagram of experimental setup for Y. ruckeri microplate-based
challenge trial. Created with BioRender.com

streaking onto a blood agar plate, followed by incubation for
20-22 h at 12°C. A single colony was also cultured in brain
heart infusion (BHI) liquid media under continuous agita-
tion (150 rpm) at 12°C for 20 h. The optical density (OD) of
the culture was measured at 520 nm (UV-1600PC spectro-
photometer, VWR International, USA) and adjusted to 0.5
using sterile BHI media. The final density corresponded to
1x 10® colony forming units (CFU)/mL based on a previous
standard curve for OD and bacteria concentration.

Microplate-Based Infection

Alevins (~ 814 DDG) were randomly distributed in a 6-well
microplate with each well containing a single alevin in 8 ml
of freshwater (Fig. 1). The alevins were allowed to acclimate
in the tank water (refreshed after 24 h) from the research
station for 48 h at 8°C under a photoperiod of OL:24D before
experimental infection was conducted. All alevins were
already at 8 °C before first feeding thus infection was per-
formed in all groups at this temperature. Briefly, the water
was replaced with freshwater containing 1x 108 CFU/mL,
and alevins were exposed to the pathogen for 2 h. After the
exposure period, alevins were washed and transferred to a
new microplate with clean freshwater. The control was an
uninfected group that was handled similarly but without
the addition of the bacterial inoculum. Water was refreshed
after every 24 h for infected and uninfected fish until 72 h
post-infection. The plates were placed in an incubator with
a constant temperature of 8 °C.

Each treatment was performed in triplicate with 6 alevins
per replicate. Tissue sampling was performed at 24 and 72 h
after the challenge. Alevins were humanely euthanized by
overdose (30 mg/L) of isoeugenol (AQUI-S vet., MSD Ani-
mal Health, Norway). For gene expression analysis, skin
from the dorsal part of the body and gills were suspended in
RNAlater (Ambion) and stored at —20°C until analysis. For
histological and immunohistochemical evaluation, whole
alevins were fixed in 10% neutral buffered formalin (NBF)

for 36 h, transferred to 70% ethanol, and kept at room tem-
perature until processing.

Histological Evaluation

Alevins (upper body half towards the head end, n=9) were
decalcified in 10% Titriplex (Sigma-Aldrich), for 48 h prior
to histological processing. Dehydration and infiltration were
performed in an automated tissue processor (TP1020, Leica
Biosystems), followed by paraffin embedding to prepare tis-
sue blocks (Leica EG1150H, Leica Biosystems). Sections
with 5-pm thickness were prepared in a rotary microtome
and stained with haematoxylin and eosin (HE) through
an automated stainer (ST5010, Leica Biosystems). Tissue
images were generated by a digital slide scanner (Aperio
CS2, Leica Biosystems). Samples were then subjected to
histopathological evaluation.

Immunohistochemistry

Whole alevin sections (n=2, from each group per sam-
pling point) were mounted on a glass slide (Superfrost + ©,
Mentzel, Braunshweig, Germany) and dehydrated at 37°C for
24 h. Sections were baked at 60°C for 1 h, followed by depar-
affinization in an automated tissue stainer (ST5010, Leica
Biosystems, Nussloch, Germany) before transferring them
to distilled water. Sections were unmasked using a 1:1 ratio
of concentrated trypsin and trypsin buffer (Lot GR3327482-
1, Abcam UK) for 15 min. Tris buffered saline (TBS) with
Triton X-100 (0.1%) was used for permeabilization for 5 min
with intermittent shaking. To avoid unspecific staining, sec-
tions were blocked by a blocking solution (Bloxall ® Block-
ing solution; Lot ZJO817; Vector Laboratories, California,
USA) for 10 min at room temperature (RT).

Primary antibody (anti-Y.ruckeri, clone 4B12/F8; Lot
0Y7381MS, Ref FM-050AW; Ango, CA, USA) was diluted
(1:2000) in TBS with 5% bovine serum albumin (BSA)
and incubated for 60 min at RT. After washing with TBS-
tween 20 (0.1%) 3 times, secondary antibody (Envision™
System- HRP, labelled polymer, anti-mouse; Ref K4001,
Lot 11462074; Dako, Denmark) was added on sections
for 30 min at RT. Substrate chromogen (EnVision FLEX,
HRP Magenta Substrate, Chromogen System; Ref GV925,
Lot 41424219; Dako, Denmark) was added for 10 min at
RT to generate colour reaction followed by washing with
distilled water. Sections were counterstained with Mayer’s
Haematoxylin, Lillie’s Modification, Histological Staining
Reagent (Ref S3309, Lot 11401568; Dako, Denmark) for
2 min and mounted with VectaMount® AQ Aqueous Mount-
ing Medium (H5501, Vector Laboratories Inc. CA, USA).
Scanning was done using a digital slide scanner (Aperio
CS2, Leica Biosystems, Illinois, USA).
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Gene Expression Profiling

A panel of 42 carefully selected primer pairs was used to
profile the gene expression in the gills and skin of infected
versus uninfected alevins (Supplementary File 1). Twenty-
nine primers for this panel were adapted from four stud-
ies on bacterial infections in Atlantic salmon including Y.
ruckeri, Moritella viscosa, Renibacterium salmoninarum
(Bridle et al. 2011; Carvalho et al. 2020; Eslamloo et al.
2020; Rozas-Serri et al. 2020). A further 13 primer pairs
originate from a previous report based on more than 100
transcriptional studies on immune-challenged salmonid
fish to identify robust markers for immunocompetence
(Krasnov et al. 2020). Primers for ribosomal protein S20
(rps20) and elongation factor-1 (eflab) were used to quan-
tify the expression of two reference genes (Lgvoll et al.
2011).

Total RNA from the gills and skin of alevins after bac-
terial challenge were isolated using an Agencourt RNAd-
vance™ Tissue Total RNA Purification Kit (Beckman Coul-
ter., CA, USA). RNA purity and quantity were determined
by a NanoDrop 8000 Spectrophotometer (ThermoFischer
Scientific, USA). The integrity of a selected number of sam-
ples was analysed in BioAnalyzer™ RNA 6000 Nano kit
(Agilent Technology Inc., Santa Clara, CA, USA). Six 48.48
gene-expression biochips (Standard BioTools) were used to
profile the expression of the above primer panel in a total
of 252 samples (n=9). First, the total RNA was adjusted to
a concentration of 5 ng/uL and reverse-transcribed in 1 pL
(42 °C, 30 min) using Reverse Transcription Master Mix
(Standard BioTools). The resulting cDNA aliquots were
mixed with primers (100 uM) and PreAmp master mix
(Standard BioTools) and individually preamplified in 13
cycles (95 °C, 15 s; 60 °C, 4 min) in a TAdvanced thermo-
cycler (Biometra).

After the pre-amplification step, exonuclease I (New
England BioLabs) was added to degrade single-stranded
oligonucleotide primers at 37 °C for 30 min. 43 uL of TE
buffer (Sigma) was added to each sample. Each 50-uL cDNA
sample was diluted in SsoFast EvaGreen Supermix with
Low ROX (Bio-Rad) and 20 x DNA Binding Dye Sample
Loading Reagent (Standard BioTools) to produce the sam-
ple mixes. After transferring the primer and sample mixes
together with one no-template (water) control to the assay
and sample inlets, the 48.48-gene expression chips were
primed in the MX Controller (Standard BioTools). Finally,
multiplex qPCR was conducted in the BioMark HD sys-
tem (Standard BioTools) by following the manufacturer’s
thermal protocol (GE Fast 48.48 PCR + Melt v2.pcl). The
gene expression data were retrieved as Cq values using Flui-
digm Real-Time PCR analysis software v. 4.5.2 (Standard
BioTools) and normalized against the reference gene with
the least standard deviation, rps20 (Supplementary Fig. S1).
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Statistical Analysis

All the graphical layouts for statistical analysis were per-
formed with GraphPad Prism version 9.0 (Graphpad
Software Inc., La Jolla, CA, USA). Survival data were
analysed using Kaplan—Meier survival estimator curves
(p-value < 0.03). Multiple comparisons were done for sig-
nificant gene expression analysis using two-way ANOVA in
terms of normalized copy numbers of target genes in com-
parison to the expression level in uninfected fish (control)
from all temperature groups at each timepoint. The threshold
for statistical significance was set as p <0.05. Heat maps
were generated using the “pheatmap” package in R studio
(bioconductor; https://www.bioconductor.org/).

Results
Survival after Bacterial Infection

Alevins with different embryonic temperature histories var-
ied in survival 72 h after the challenge with Y. ruckeri. The
8 °C group was affected from higher cumulative mortality
(n=13 deaths/36 survivors) compared to the 6 °C (n="7/36)
and 4 °C (n=5/19) groups (Fig. 2A). Some alevins from
the 4 °C group died after transport prior to the challenge,
which reduced the number of alevins exposed to Y. ruckeri
infection in this group (data not shown). The 6 °C group
fish had relatively higher survival probability compared to
other groups, albeit not statistically significant. There was
a difference of 16.69% between the 6 °C (80.56%) and 8 °C
(63.89%) groups (p-value <0.11) (Fig. 2B). The control
groups exposed to 4 °C and 6 °C had fewer mortalities com-
pared to the 8 °C control group.

Histological Examination of Gills and Skin
from Infected vVrsus Uninfected Alevins

Overall, no major histopathological changes were observed
in the gills and skin at 24 h and 72 h after Y. ruckeri chal-
lenge in all temperature groups. Gills from the 6 °C and
4 °C groups showed normal filaments with intact lamellae
but occasional cases of fused lamellae, especially in the 6°C
group at 24 h post infection (Fig. 3). Indications of epithelial
lifting were observed in the gills of some individuals from
the 8 °C group (Fig. 3A). After 72 h, structurally defined
primary and secondary lamellae were visible with lamel-
lar fusion rarely occurring in the 8 °C (Fig. 3D) and 4 °C
(Fig. 3F) groups.

Similarly, no major histopathological changes were
observed in the skin apart from a few epidermal disruptions
reflected by a rough outer epidermal layer (Fig. 4). After
24 h, these variations were present in the 6 °C group, but not
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Fig. 3 Representative histological sections of the gills from 8°C, 6°C, topathological changes were observed in different groups, such as
and 4°C groups at 24 h (A,B,C) and 72 h (D,E,F) after infection with lamellar fusion (arrows) and epithelial lifting in secondary lamellae
Y. ruckeri. Sections were stained with H&E. A few non-specific his- (arrowhead) (scale bar=100 um)

6iC

=
Sweo S
T G

72 hrs

Fig.4 Representative histological sections of the skin from 8 °C, (arrows) at various regions in all temperature groups whereas the
6 °C, and 4 °C groups at 24 h A,B,C and 72 h D,EF after infec- stratum spongiosum layer was intact (scale bar=100 um)
tion with Y. ruckeri. Few disrupted epithelial surfaces were observed
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common in other groups (Fig. 4B). A few areas had loosely
detached epidermis after 72 h in the 8 °C group (Fig. 4D)
and occasional disruptions and pits in outer skin surface in
4 °C group (Fig. 4F). However, these abnormalities barely
occurred in the skin of the 6 °C group after 72 h. Control
groups showed smooth and well-defined epithelial structures
(Supplementary Fig. S2).

Immunohistochemical (IHC) Detection
and Localization of Y. Ruckeri

Y. ruckeri was detected in the gills of infected fish from all
temperature groups. Mild signals were observed in the sec-
ondary lamellae, especially in epithelial surfaces. Bacterial
antigen was detected in the periphery of melanized cells in
the gill arch and the base of lamellae, and positive staining
was noticed near the interbranchial lymphoid tissue (ILT)
(Figs. 5C and F). In general, a moderate number of posi-
tively stained cells were detected in the gills from all tem-
perature groups 72 h post infection (Fig. 5).

In the skin, the bacterial antigen was localized both in the
epidermal layer and basement membrane (Fig. 6). Positive
staining was noticed in chromatophores in all temperature

groups, but no bacterial localization was observed in the
skeletal muscle. The immunolabelled bacterial antigen could
be detected until 72 h in all temperature groups either in
smaller or larger aggregates. Fish from the control groups
showed no positively stained cells (Supplementary Figs. S3
and S4).

Gene Expression Profiles of Infected Versus
Uninfected Alevins

The gills revealed high expression levels of gsn, colla,
cldn4, statl, hspala, sox9, and mpegl and very low tran-
script levels of fcgrla, ncfl, and cxcll0 (Fig. 7A). Only four
of the 42 selected immune-relevant genes were significantly
differentially expressed in the gills between the treatment
groups (Fig. 7A). Toll-like receptor 13 (tlrl3) was upregu-
lated (1.7-fold, p <0.01) in the infected group compared
to the control group in 4 °C group at 24 h after infection
(Fig. 7B). At 72 h post infection, the transcript levels of
gelsolin (gsn) were elevated (1.5 and 1.2-fold, p <0.0001)
in the 8 °C and 6 °C groups, respectively, relative to the
control group.

Fig.5 IHC detection of Y. ruckeri in the gills of 8°C, 6°C, and 4°C
groups at 24 h A,B,C and 72 h D,E,F after challenge. Arrows show
positively stained (magenta) cells with bacterial antigen in second-
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ary lamellae (red arrows), around gill arch area (black arrows), and
near interbranchial lymphoid tissue (ILT) (red arrowheads) (scale
bar=100 pm)
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Fig. 6 IHC detection of Y. ruckeri in the skin of fish from 8°C, 6°C, and 4°C groups at 24 h A,B,C and 72 h D,E,F after challenge. Arrows show
positively stained (magenta) cells with bacterial antigen in epidermal (black arrow) and basement layer (red arrow) of skin (scale bar=100 um)

The level of heat shock 70 (hspala) transcripts signifi-
cantly increased (5.2-fold, p <0.0001) at 8 °C compared to
the control group at 24 h after infection. However, it was
significantly decreased (0.7-fold, p <0.01) in 4 °C relative to
the control group at 72 h after infection. The 6 °C group had
negligible hspala transcript levels after 72 h. Moreover, the
claudin 4 (cldn4) expression level increased in the infected
group relative to the control in the 8 °C group after 24 h
(1.1-fold, p<0.05) and 72 h (2.3-fold, p <0.0001).

Strikingly, the tissue-specific expression patterns in the
gills and skin shared the same high-level transcripts, includ-
ing gsn and colla, as well as the same low-level transcripts,
including fegria, cxcll0, and ncfl (Fig. 8A). Likewise,
only a few differences between the groups were detected.
At 24 h and 72 h after infection, gelsolin (gsn) transcript
levels were 1.2- to 1.6-fold higher (with p <0.0001) in all
temperature groups compared to the control groups. In addi-
tion, gsn expression in the infected group was significantly
higher than the control at 24 h post-infection in the 8 °C
group. The 4 °C group showed the highest increase in the

gsn level by 1.6-fold (with p <0.0001) at 72 h after infec-
tion. At the same timepoint, the levels of claudin-4 (cldn4)
and collagen-I (colla) were upregulated by 2.2- and 1.2-fold
(with p<0.01) only in the 4 °C group relative to the control
groups (Fig. 8B).

Discussion

Temperature is a strong environmental stimulus that influ-
ences nearly every physiological process in poikilothermic
vertebrates, including teleost fish (Volkoff and Rgnnestad
2020; Ern et al. 2023). In Atlantic salmon, temperature
adjustments during early life stages have been shown to
be potentially effective in generating phenotypes with
enhanced production performance later in life (Burgerhout
et al. 2017; Macqueen et al. 2008). In the present study, we
investigated the potential impact of embryonic temperature
on the mucosal immune response to a bacterial stimulus.
We found that lowering the incubation temperature during
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Fig.7 Expression profile of selected genes in the gills. A Hierarchical
clustering of log,-transformed transcript numbers averaged across
the individual transcript concentrations in the gills of uninfected
(ctr) and infected (inf) salmon alevins 24 h and 72 h after treatment
(as indicated below the heatmap). B Differentially expressed genes

salmon embryogenesis (from fertilization to the eyed-egg
stage) influenced the responses against Y. ruckeri. These
distinctions were observed as early as before the first feed-
ing. In particular, alevins from the lower temperature groups
(4 °C and 6 °C) had a higher survival rate than alevins from
the 8 °C group. In addition, low-temperature groups exhib-
ited distinct molecular responses following infection with Y.
ruckeri relative to the 8 °C group.

Embryonic Temperature Effects on Survival
of Alevins after a Bacterial Challenge

Embryonic development exhibits temperature-dependent
plasticity that can either boost or impair fish performance
(Scott and Johnston 2012). Albeit not showing strong sta-
tistical differences, survival after a bacterial challenge in
the lower temperature groups (4 °C and 6 °C) appeared to
have of higher survival tendencies than in the group reared
at 8 °C. The present study suggests that rearing salmon at
temperatures below those often used in the industry might
improve disease resistance even before the first feeding. It
is likely that temperature histories might have changed the
susceptibility of the alevins to Y. ruckeri, associated with
different survival rates among the temperature groups.
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in gills of infected (blue bars) and control alevins (cyan bars). Bars
represent the median expression level in each group. Multiple com-
parisons (Holm-Sidak test) were performed for differential expres-
sion analysis. Asterisks indicate significant differences (*p<0.05,
*¥p <0.01, **** p <0.0001)

Mucosal barriers on the gills and skin of teleost fish play
an important role in preventing pathogen adherence and
subsequent entry into the host body (Cabillon & Lazado
2019, Scott and Johnston 2012). Gills have been suggested
as the main entry point for Y. ruckeri. Upon a successful
breach of the mucosal barrier, bacteria proliferate in various
organs, such as the spleen, kidneys, and gut, thus causing
systemic infection (Tobback et al. 2009). It has also been
demonstrated that the lateral canal line, dorsal fin, and gas-
tro-intestinal tract can also serve as active uptake portals
(Khimmakthong et al. 2013). Histological evaluation indi-
cated that infection did not result in major alterations in the
morphological structures of the gills and skin in all tempera-
ture groups. We expected limited histological changes in the
target organs following infection because the post-infection
period was short. Nonetheless, this observation showed that
structural mucosal barrier integrity was good in the experi-
mental fish, despite undergoing transport and handling.
Immunohistochemical analysis demonstrated the sparse
localization of bacterial antigen in secondary lamellae and
near the gill arch in all temperature groups at 24 h and 72 h
post-challenge. This is consistent with an earlier study on
rainbow trout exposed to Y. ruckeri, which detected no intact
bacterial particles in the gills after 24 h (Khimmakthong
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Fig. 8 Expression profile of selected genes in the skin. A Hierarchical
clustering of log,-transformed transcript numbers averaged across
the individual transcript concentrations in the skin of uninfected (ctr)
and infected (inf) salmon alevins at 24 h and 72 h after treatment. B
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et al. 2013). The bacterial antigen was also detected in the
ILT region, which is a vital part of gill-associated lymphoid
tissue (GIALT) maintaining immune tolerance and defence
in the gills (Aas et al. 2017). In the skin, Y. ruckeri was more
abundant, particularly in the epidermal layer and basement
membrane in all temperature groups. Weak reactions in the
chromatophores were consistent, which could be related
to the classic external pathology of yersiniosis involving
darkening of the skin (Pajdak-Czaus et al. 2019). Chroma-
tophores are responsible for skin pigmentation, which may
change due to bacterial infections (Wildgoose 1998; Lazado
et al. 2023).

This study only captured a limited number of timepoints
after infection and only directed at the early responses to
a bacterial challenge. Therefore, future research must be
directed at understanding the temporal and spatial contexts
of the infection dynamics of the model pathogen in Atlantic
salmon, from evasion of mucosal barrier to infection pro-
gression in internal organs, leading to systemic infection.

Thermal Plasticity of Inmune Response

Teleost fish are heavily dependent on innate immunity, espe-
cially during the early developmental stages, when adaptive
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trol alevins (cyan bars). Bars represent the median expression level in
each group. Multiple comparisons (Holm-Sidak test) were performed
for differential expression analysis. Asterisks indicate significant dif-
ferences (*p <0.05, **** p<0.0001)

immunity is not well developed (Cornet et al. 2020). The
overall expression profiles in the skin and gills following
infection showed limited changes relative to the control
group. The immunohistochemical detection of Y. ruckeri
in mucosal organs days after infection was an indication
that experimental infection had been successfully carried
out. There might be several explanations why only limited
changes were observed in the expression of the target genes.
First, it could be possible that the timepoints selected were
not the best time to capture the antimicrobial response. Sec-
ond, the strain used was isolated from fish at parr stage and
was earlier found to trigger antibacterial response in this
life stage (Hovda Aas 2022). It could be possible that the
life stage in the current study might have influenced this
apparent discrepancy in the host—pathogen response. Third,
the fish might have experienced transport stress before infec-
tion which might have slightly affected the responses of the
fish to the pathogen. Nonetheless, the changes observed
in several marker genes offer insights into the impacts of
embryonic temperature history on the responses following
infection.

Unique structures on pathogens are recognized by pat-
tern recognition receptors (PRRs), such as Toll-like recep-
tors (TLRs), which induce a cascade of immune response

@ Springer



1 Page 10 of 12

Marine Biotechnology (2025) 27:1

(Giirtler and Bowie 2013; Medzhitov 2001). Tlr13, which
binds to conserved bacterial 23S ribosomal RNA (Li and
Chen 2012; Sahoo 2020), was upregulated after Y. ruckeri
infection in the gills of the 4°C group, where such change
was not observed in the two other temperature groups. Fur-
ther evaluation is needed to determine whether this expres-
sion profile is related to the observed higher survival rate at
4 °C following infection.

Stress proteins including heat shock protein 70 (encoded
by hsp70 or hspala) are considered important markers
for inflammation and other specific and non-specific host
responses to environmental stressors or infections (Roberts
et al. 2010). Hspala was significantly upregulated in the
gills of 8 °C group at 24 h after infection compared to the
negligible expression level in 4 °C group. Moreover, after
72 h, hspala expression was significantly downregulated
in the low-temperature group, which may indicate its sup-
pression following bacterial challenge. In fathead minnow
(Pimephales promelas), low temperature have been reported
to induce Asp70 expression, but it was restricted to the mus-
cles and brain (Roberts et al. 2010). Upregulation of asp70
in the head kidney has been documented in other salmo-
nid species after Y. ruckeri infection (Fajardo et al. 2022).
Mucosal organs (i.e., gills and intestine) in other teleost fish
show high expression of hsp70 when exposed to bacterial
infection (Baharloei et al. 2021). Given the detection of
the antigen in mucosal organs, one might expect a striking
inflammatory response as a classic reaction to the pathogen.
However, we observed limited changes in other key inflam-
matory response markers (e.g., il1b) therefore it is difficult to
speculate the influence of temperature changes on inflamma-
tory responses following infection. Nonetheless, the changes
showed in Asp70 expression in the two temperature groups
after infection indicate that embryonic temperature changes
might influence inflammatory responses, but the extent
could not be substantially established by the current data.

Extracellular matrix (ECM) proteins regulate antimi-
crobial and inflammatory responses. The fibrillar colla-
gen (encoded by colla) constitutes a major portion of the
ECM that mediates cell receptor functions, enhances tensile
strength, regulates cell adhesion, and promotes tissue devel-
opment (Frantz et al. 2010). Moreover, collagen is important
in activating phagocytes in response to lipopolysaccharide
(LPS), one of the most well-studied pathogen-associated
molecular patterns (Castillo-Bricefio et al. 2009). Colla
exhibited slightly higher expression in the skin from the 4 °C
temperature group at 72 h after infection, whereas a down-
ward trend was noticed for the 8 °C and 6 °C groups. Despite
minimal gross pathological changes, a considerable differ-
ence in the colla transcription indicates a noticeable poten-
tial for tissue regeneration in the low-temperature group.

Structural proteins such as the actin-binding gelso-
lin (gsn) are also present in the ECM and involved in
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cytoskeleton remodelling and re-epithelialization in dam-
aged tissue (Méré et al. 2005; Wittmann et al. 2018). They
are associated with other mucosal proteins that are highly
expressed under inflammatory or stress conditions due to
disturbed homeostasis and are considered as a marker of
health status (Sanahuja and Ibarz 2015). Y. ruckeri can target
the actin cytoskeleton in the process of cell invasion (Trosky
et al. 2008). Gelsolin expression was high especially in the
skin at 72 h after Y. ruckeri infection and was not affected
by different temperature history. This indicates that gelsolin
could be a crucial defence molecule in salmon against Y.
ruckeri, which is not influenced by temperature history.

Claudins such as claudin-4 (encoded by cldn4) are impor-
tant components of tight junctions, constituting the major
molecular structure in epithelial barrier functions. Previous
studies demonstrated their crucial involvement in bacterial
infection and “fencing” formation between epithelial cells
in teleost fish (Deng et al. 2022; Kolosov and Kelly 2020).
These junctions act as an ideal target for the translocation of
pathogens to invade the host (Paradis et al. 2021). Reduced
inflammation of mucosal surfaces in Turbot (Scophthalmus
maximus) correlates with increased cldn4 expression result-
ing in better barrier function (Dai et al. 2020). In the pre-
sent study, cldn4 was significantly upregulated in the gills of
infected individuals of the 8 °C group at 24 h and 72 h after
infection, while cldn4 was only elevated in the skin of the
4 °C group at 72 h post infection. However, it is worth noting
that the basal gene expression of c/dn4 increased in the gills
of uninfected alevins from the low-temperature groups (i.e.,
4 °C), which masked the difference between the control and
infected groups.

Conclusions

This study has presented evidence of how slight variation in
the rearing temperature during the crucial period of embry-
onic development could result in different phenotypes,
which could be observed as early as before the first feeding.
The survival data and gene expression analysis of mucosal
organs (skin and gills) suggested that the improved survival
probability following Y. ruckeri infection in low-temperature
groups was likely influenced by the regulation of key mole-
cules in barrier functionality and immune defence. Nonethe-
less, the slight and limited changes observed in the panel of
marker genes indicated potential confounding factors influ-
encing the dynamics of mucosal responses to the pathogen.
Additional insights are needed to better understand the con-
tribution of production history on the spatial and temporal
Y. ruckeri infection dynamics in Atlantic salmon.
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