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Fish are ectotherm organisms that move through different thermal zones according
to their physiological requirements and environmental availability, a behavior known
as thermoregulation. Thermoregulation in ectothermic animals is influenced by their
ability to effectively respond to thermal variations. While it is known that ectotherms are
affected by thermal changes, it remains unknown how physiological and/or metabolic
traits are impacted by modifications in the thermal environment. In captivity (land-based
infrastructures or nets located in the open sea), fish are often restricted to spatially
constant temperature conditions within the containment unit and cannot choose among
different thermal conditions for thermoregulation. In order to understand how spatial
variation of temperature may affect fish welfare and stress, we designed an experiment
using either restricted or wide thermal ranges, looking for changes at hormonal and
molecular levels. Also, thermal variability impact on fish behavior was measured. Our
results showed that in Atlantic salmon (Salmo salar), a wide thermal range (AT 6.8°C)
was associated with significant increases in monoamines hormone levels and in the
expression of clock genes. Aggressive and territoriality behavior decreased, positively
affecting parameters linked to welfare, such as growth and fin damage. In contrast, a
restricted thermal range (AT 1.4°C) showed the opposite pattern in all the analyzed
parameters, therefore, having detrimental effects on welfare. In conclusion, our results
highlight the key role of thermal range amplitude on fish behavior and on interactions with
major metabolism-regulating processes, such as hormone performance and molecular
regulatory mechanisms that have positive effects on the welfare.

Keywords: confinement, fish husbandry, behavior, HPI-axis, thermoregulation

INTRODUCTION

Nowadays, there is considerable public debate regarding welfare of fish kept in captivity, specifically
under aquaculture conditions. This debate has also raised interest in the scientific community,
leading to precise the meaning of welfare in fish through the study of their emotional and cognitive
capacities and how captivity may influence these parameters. In this context, studying the dynamics
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of social interactions in captive fish is of high relevance for
understanding the behavioral biology of a particular species
as well as for optimizing its production and avoid negative
impacts of culture procedures (1-3). Social interactions are
crucial for the development of specific traits, which rely upon
a succession of particular interactions among individuals,
leading to the development of hierarchies (4). Among those
interactions, the result of aggressive encounters has been
described as a key factor determining the establishment
of dominant or subordinated individuals (5), and for
both, aggressive encounters imply an intense social stress
(6,7).

Regarding aquaculture species, salmonids from the genus
Salmo stand out among other major commercial fish species
as they develop, either in nature or captivity, social hierarchies
that rely on dominance and social rank, both having important
consequences in the physiology and life history of individuals
(8, 9). In captive fish, it has been observed that environmental
modifications drive changes at hormonal and physiological
levels, impacting the social stress and welfare (10). The molecular
mechanisms underlying these changes have been widely studied
in both endotherms and ectotherms. Among them, circadian
regulator genes, monoamine neurotransmitters like serotonin
(5-HT) and dopamine (DA) and hormones such as melatonin
and cortisol have been demonstrated to play an important
role in the stress response and social interaction (11-13). In
addition, these molecules have been widely used as welfare and
stress assessment indicators, as they are involved in homeostatic
mechanisms responsive to allostatic challenges and aggressive
behaviors (14, 15).

It has been extensively recognized that appropriate
environmental enrichment, defined as a deliberate increase in
environmental complexity, with the aim to reduce maladaptive
and aberrant traits in fish reared in otherwise stimuli-deprived
environments, is widely used in research and culture conditions
as a tool for managing fearfulness, undesirable behaviors,
stress and welfare of captive animal (16). Understanding
the effects of the environmental thermal enrichment in the
regulation of behavior and physiology is of high relevance for
the identification of the biological mechanisms associated with
stress and welfare, not only for captive fish, but also in wild fish
under the thermal stress conditions associated to climate change.
Given the considerations mentioned above, this study assessed
how thermal enrichment can improve the welfare of Salmo salar.
In our work, the paradigm of maintaining fish at a selected fixed
temperature and in contrast, allowing the fish to choose among a
broad range of temperatures, thus helping fish to develop natural
behavior is discussed. We propose that fish aggressive behavior
associated to an estricted thermal environment is driven by a
neuroendocrine and molecular response. In order to test this
hypothesis, we used a Salmo salar model to ask the following
three questions:

e Can environmental thermal enrichment improve salmon
health?

e How does thermal range amplitude affect fish hormone
performance and, ultimately the behavior?

MATERIALS AND METHODS

Fish Husbandry and Experimental

Conditions

All animal experiments conformed to international animal
research regulations (the British Home Office Regulations.
Animal Scientific Procedures Act 1986; care guidelines, EU
2010/63) and follow the guidelines for the use of laboratory
animals established by the Chilean National Commission for
Scientific and Technological Research (CONICYT), authorized
by the Universidad de Concepcion Institutional Animal Care
and Use Committee. Thermal experiments were carried out
at the ThermoFish Lab, Biotechnology Center, University of
Concepcion, Concepcién, Chile. Fertilized eggs (n = 8,000)
at the eyed egg stage from Salmo salar were obtained from
AquaGen S.A. (Melipeuco, Chile) in December 2015. After
arrival, the eggs were disinfected in iodophore (100 ppm)
for 15min. followed by a wash with clean water. Hatchery
conditions were used as described by Boltafia et al. (17). Fish
embryos were initially maintained in a temperature-controlled
room (18°C). Two recirculating freshwater systems (210 x
150 x 90 cm) were used, with each system using UV-sterilized
water and a flow rate of 5 m®> h™!. Each system contained
three independent tanks (60 x 140 x 70cm). The water
temperature of each tank was measured twice per day (7 %+
0.7°C). Each tank was supplied with oxygen, with a saturation
between 100 and 150% throughout the entire experiment.
Dissolved oxygen was also measured daily and always remained
above 9 mg/L~!. Ammonia, nitrite and pH were measured
twice per week. Total ammonia and nitrite concentrations in
each tank were maintained under 0.05 and 0.01 mg L~!, and
pH remained at 8.0 £ 0.5. A 24-h dark cycle photoperiod
was used until the embryos hatched. Water temperature, pH
and dissolved oxygen were measured with a Multiparameter
Water Quality Meter 9829 (Hanna Instruments®, Woonsocket,
United States). Ammonia and nitrate / nitrite were measured
with QUANTOFIX® test strips (MACHEREY-NAGEL, Dueren,
Germany). Larvae were gradually acclimatized to a 12-h light:
12-h dark photoperiod cycle and after the yolk was fully
absorbed (40 days post hatching, [dph]), water temperature was
increased by 1°C per h until reaching the required thermal
ranges. As a note, S. salar specimens were raised from first
feeding (40 dph) to 5 months post hatching under a 12-h light:
12-h dark photoperiod to artificially reproduce the Autumn-
Winter seasons, in correspondence with the annual cycle of
species (18). First-feeding (f.f.) was initiated about 40 days
after hatching. For the first 2 weeks after ff., fish were fed
according to appetite. Thereafter, they were fed at a daily rate
corresponding to approximately 2.5% of bodyweight. Larvae
were fed with biomar larvae diet (INICIO PLUS follow by
PLUS 18%, Biomar, S.A., Puerto Montt, Chile) twice a day for
5 months. All experiments were performed in a temperature-
controlled room (12°C). Fish were randomly assigned to two
thermal treatment groups according to Boltafia et al. (19) and
kept at a density of 10 kg/m>. Temperature gradients for both
groups were established using an external water jacket system
set at different temperatures. This setup provided a continuous
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vertical thermal gradient within the tanks, thus generating
two treatment conditions (Figure 1): (1) wide thermal range
(WTR), AT 6.8°C (Tmin 9.6°C to Tmax 16.4°C) from top
to bottom, respectively, thereby mimicking a natural thermal
gradient and (2) restricted thermal range (RTR), AT 1.4°C (Tmin
11.3°C to Tmax 12.7°C). Water temperature in the vertical
column was recorded by thermal sensors located at different
points within the water column (Thermocouple thermometer
53/54 1I; Fluke® Corporation, Washington, United States).
No significant differences were recorded in oxygen levels
throughout the gradient. In the WTR, the temperature gradient
was constantly maintained (i.e., 24/7). The gradient ranges
were set based on (1) the natural thermal range of S. salar,
which is between 7 and 22°C (20, 21) and (2) constant
laboratory conditions that considered the most common land-
based farming conditions. Eight individuals were randomly
sampled per point, and tissues were stored in RNAlater® solution
(Ambion, United States) at —80°C. To inspect the post morten
analysis liver and kidney and gills of lived or dead fish were fixed
in 10% buffered formalin for histopathological- and immune-
histochemical (IHC) examination (data no shown).

Monoamine Analysis

For the hormone analysis, the brain and the whole body of
three replicates per treatment (WTR and RTR) and time (41,
71, 124, and 156 dph) were snap-frozen in liquid nitrogen and
conserved at —80°C. The brain and body content of melatonin,

dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC, a
major da metabolite), 5-HT, and 5-hydroxyindoleacetic acid
(5-HIAA) were analyzed in triplicate by high performance liquid
chromatography with electrochemical detection as previously
described by Gesto et al. (22). Briefly, tissues were homogenized
by ultrasonic disruption in 0.5ml of mobile phase with the
following composition: 85mM sodium hydrogen phosphate,
0.72mM octanosulfonic acid, 18% methanol, and adjusted to
pH 3.0. Homogenates were centrifuged (16,000 x g for 10 min
at room temperature) and prior to analysis supernatants were
diluted 1:1 or 1:2 (supernatant/mobile phase). A 20-p.1 aliquot of
each sample was injected into the HPLC system consisting of a
Jasco PU2080 pump equipped with a Jasco AS-2057 autosampler,
and an ESA Coulochem II detector (Bedford, MA, USA). The
detection system included a M5011 ESA analytical cell with
electrode potentials set at +20 and 4300 mV, respectively. All
separations were performed at room temperature at a flow rate
of 8 ml/min. Acquisition and integration of chromatograms were
performed by using the ChromNAYV version 1.12 software (Jasco
Corp.).

RNA Extraction, cDNA Synthesis and

mRNA Abundance Quantification

Random fish (n = 24, four per tank) were sampled for each
treatment (WTR and RTR) and time (41, 71, 124, and 156 dph)
and subsequently snap-frozen in liquid nitrogen and conserved
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at —80°C. Total RNA was extracted from brain and liver with the
TRI Reagent® (0.5 mL; Sigma-Aldrich Missouri, United States)
and quantified by absorbance at 260 nm. Only samples with an
A260/280 ratio between 1.8 and 2.1, and an A260/230 ratio above
1.8 were used for reverse transcription. Purified RNA integrity
was confirmed by agarose denaturing gel electrophoresis. cDNA
was synthesized from total RNA (200 ng/j.L) using the RevertAid
H Minus First Strand cDNA Synthesis Kit (Fermentas, Waltham,
MA, United States) according to the manufacturer’s indications.
RT-qPCR was performed using the StepOnePlus™ Real-Time
PCR System (Applied Biosystems, Life Technologies, Carolina,
United States), and each assay was run in triplicate using the
Maxima SYBR Green qPCR Master Mix (2x) (Bio-Rad, Carolina,
United States). cDNA used in qPCR assays was first diluted
with nuclease free water (Qiagen, Hilden, Germany). Each qPCR
mixture contained the SYBR Green Master Mix, 2 il cDNA, 500
nmol/L each primer, and RNase free water to a final volume of 10
nl. Amplification was performed in triplicate on 96- well plates
with the following thermal cycling conditions: initial activation
for 10 min at 95°C, followed by 40 cycles of 15s at 95°C, 30s
at 60°C, and 30s at 72°C. A dilution series made from known
concentrations of plasmid containing the PCR inserts was used to
calculate absolute copy numbers for each of the genes examined
(17). Real-time PCR assay was carried out in order to analyze
the expression pattern in the liver of salmon for genes related to
biosynthesis and function of cortisol (Steroid Acute Regulatory
Proteins (stara and starb) and Glucocorticoid Receptor 1 (grl)
and in the brain for different clock genes (bmal, clock, perl, cry2,
aanat2, nrldl; see details Supplementary Table 1).

High-Throughput Transcriptome
Sequencing: Library Construction and

lllumina Sequencing

To drive this analysis the brain of nine individuals from each
experimental set-up (WTR and RTR) time (14, 41, 71, 124,
and 156 dph) was dissected, snap-frozen in liquid nitrogen
and conserved at —80°C. RNA was individually isolated using
Ribo-Pure™ Kit (Ambion®, United States) according to the
manufacturer’s instructions. The obtained RNA was subsequently
treated with DNase I (Fermentas, Massachusetts, United States)
to remove genomic DNA according to the manufacturer’s
protocol. RNA integrity number (RIN) was evaluated through
the 2200 TapeStation (Agilent technologies, California, USA)
using the R6K screen tape and reagents (Agilent Technologies,
California, USA). Samples with RIN > 8 and 260/280 ratio
>1.8 were used for library construction. Total RNA from each
condition (RTR and WTR) and time (41, 71 124, and 156
dph) were pooled (n = 3 individuals by time and treatment)
and quantified with Qubit® 2.0 Fluorometer (Invitrogen,
California, United States). Samples pools were prepared for
Mlumina sequencing using KAPA Stranded mRNA-Seq Kit
(KapaBiosystems, Massachusetts, United States) according to the
manufacturer’s instruction. Libraries were analyzed on the 2200
TapeStation (Agilent technologies, California, United States)
using D1000 screen tape and reagents (Agilent Technologies,
California, United States) and quantified by qPCR using the

Library Quantification Kit Illumina/Universal (KapaBiosystems,
Massachusetts, United States) according to the manufacturer’s
instructions before pooling for sequencing on MiSeq (Illumina,
Inc., California, United States) platform using a run of 2 x 250
paired-end reads at the Laboratory of Biotechnology and Aquatic
Genomics, Interdisciplinary Center for Aquaculture Research
(INCAR), Universidad de Concepcion, Chile. The raw data for
each sequenced developmental stage were separately trimmed by
removing adaptor sequences, low quality sequences (quality score
of 0.05), and sequences with lengths < 50 nucleotides, using the
CLC Genomics Workbench software (Version 11.0.1, CLC Bio,
Denmark). The cleaned reads from each developmental stage
were used to analyze the differential expression between WTR
and RTR groups, and the relative gene transcription levels for
a panel composed of 28 transcripts associated with biosynthesis
of monoamines and circadian clock. These sequences were used
as references to map the reads of each dataset. Using the CLC
Genomic Workbench software, values for the reads per kilobase
per million mapped reads (RPKM) were separately calculated
from the mapping sequences obtained for each developmental
stage (two library replicates per stage). The settings used were a
mismatch cost of 2, an insert cost of 3, a length fraction of 0.8
and a similarity fraction of 0.8. To visualize the results, a volcano
graph showing differentially expressed genes between WTR and
RTR groups was used (23). In addition, a hierarchical clustering
of features was executed for the dataset, and a heatmap was
constructed to plot significant differences in gene transcription
between the developmental stages of S. salar.

Gene Ontology (GO-DAVID Analysis) and

Interactome Analysis

Enrichment of specific gene ontology (GO) terms among the
set of probes that are specific to challenges was assessed to
correlate a specific set of mRNAs within a brain. In all GO
analyses, Ensembl Gene Identifiers were tested using DAVID
Bioinformatics Resources (https://david.ncifcrf.gov/home.jsp),
(24, 25). Enrichment of each GO term was evaluated through use
of the Fisher’s exact test and corrected for multiple testing with
FDR [pFDR < 0.05; (26)]. We applied a Bonferroni correction to
account for multiple tests performed. Each gene set comprised
of at least 4 transcripts that shared the same GO biological
process or annotation term. The final GO enrichment analysis
was carried out with the Cytoscape Cytoscape 3.5.1. (http://
www.systemsbiology.org). Topological analysis of individual and
combined networks was performed with Network Analyzer, and
jActiveModules 2.2 was used to analyze network characteristics
(27, 28). GO analyses were conducted with the Biological
Network Gene Ontology (ClueGO, version 2.0) plugin (29) used
for statistical evaluation of groups of proteins with respect to the
current annotations available at the Gene Ontology Consortium
(http://www.geneontology.org). In addition, we conducted a
complementary analysis with ClusterMaker cytoscape plugin
(30), using the MCL algorithm to search protein-protein
interaction network modules derived from TAP/MAS (tandem
affinity purification/mass spectrometry). This approach clustered
the network into modules based on PE Score to indicate the
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strength of the node association and given a fixed set of genes
with high protein-protein affinity (interactome cluster nodes).

Group Structure and Behavioral Records

To analyse fish group structure, we captured images at each
successive 30 min, resulting in 48 images. One group of
10 individuals of each tank (three groups for each thermal
treatment) was used. The position of each fish in each image was
mapped using its XY coordinates and determined by its center of
mass using Image-Pro Plus 7 software (Media Cybernetics, Inc.,
Rockville, MD, United States). For group structure, we used three
parameters to characterize each individual: the nearest neighbor
distance (NND), the mean of inter-individual distances (D) and
the variance of these inter-individual distances (V) as previously
described by Colchen et al. (31). For each group of thermal
treatment, the mean and SE of NND, D and V were calculated
from 48 images. Aggressive behavior was recorded from the front
and side of the tank. A total of 4 videos per tank were obtained.
Ten minutes of each video recording were analyzed. Although
experimental fish had been accustomed to and not disturbed
by the presence of the observer, the first minute of each video
was excluded to eliminate possible disquiet caused to the fish by
the setting of the camera. Aggressive behavior was estimated by
counting the number of aggressive acts as previously described
Batzina and Karakatsouli (32) and Batzina et al. (33). Behavioral
patterns observed and counted as one aggressive act were: (a)
chasing without nipping or biting, (b) nipping without prior
chasing, (c) biting without prior chasing, (d) chasing that ended
up as nipping and (e) chasing that ended up as biting. Data refer
to the whole fish group since fish were not marked and it was
impossible to identify which one performed or received an attack.
Group structure and behavioral records were analyzed for three
consecutive days at the end of the experiment (154, 155, and 156
dph).

Quantification of Fin Damage

Digital photographs were taken at the end of the experimental
period and fin damage was evaluated in every fish using the
Relative Fin Index (RFI) as described by Bosakowski and Wagner
(34). RFI has been suggested to allow reliable and objective
measurement of the degree of fin damage (35) and it was obtained
by dividing the maximum total fin length (longest fin-ray length
from body) by the fork length in each individual fish. Pectoral,
caudal and dorsal fins were measured and quantified using this
index. Fin erosion was measured using an ordinal scale of 0,
1, 2, and 3, corresponding to no erosion (0% of fin eroded),
mild erosion (1-24% of fin eroded), moderate (25-49% of fin
eroded) and severe erosion (>50% of fin eroded), respectively
(36, 37).

Growth Analysis

Random samples (n = 10 per group) were taken at 41, 71, 124,
and 156 dph. Sampled fish were anesthetized with MS-222 (3-
aminobenzoic acid ethyl ester; Sigma, Vienna, Austria). Body
mass (W [g]) was measured using a microbalance Radwag WTB
200 (RADWAG®, Radom, Poland) and digital photographs were

taken for body length measurement (TL [mm])using the Image-
Pro Plus 7 software (Media Cybernetics, Inc., Rockville, MD,
United States). The individual data of the effect of two-thermal
treatments on the weight-length relationships were plotted
together in order to examine whether there was any pattern
in the way that W changes correlated with TL across group.
Additionally, Fulton’s condition factor (K) was calculated (38).
In addition, the interindividual variance of weight was calculated
by computing of coefficient of variation (CV) distributions based
on individuals from each thermal group. CV value was calculated
for each group by dividing the standard deviation of its weight by
its average group weight and present as a CV percentage.

Final Thermal Preferendum

The final thermal preferendum analysis was carried out by
recording the thermal behavior of fish in each experimental set-
up (WTR and RTR). Three video cameras provided continuous
monitoring of each tank. During the experiment, temperatures
were recorded for 10 s every 15 min throughout 24 h (96 recorded
events). Fish distribution inside the tank was monitored over
time with video cameras and the number of fish in each
compartment was counted manually from the images captured
at each successive 15 min, resulting in 96 measurements per day.
WTR was achieved with a mean difference in temperature of
6.8°C (Tmin 9.6°C to Tmax 16.4°C). RTR was achieved with a
mean temperature of 12.0 £ 0.7°C (AT 1.4°C; Tmin 11.3°C to
Tmax 12.7°C). All temperatures were recorded each day at the
same time of the day.

Statistical Analyses

All data was tested for normality and variance homogeneity s
using the Shapiro-Wilk's and Levene’s test, respectively. When
necessary, data was log;o transformed to achieve normality and
homogeneity in all variances. For gene expression (absolute
mRNA quantification by real-time polymerase chain reaction
qPCR), monoamine content, relative fin index (RFI), total
number of fish affected, quantification degree of fin damage,
total length, body mass and Fulton’s condition factor (K), data
was analyzed using a two-way ANOVA followed by the Tukey
HSD post-hoc test for multiple comparisons, using treatment
(WTR and RTR) and sample time (41, 71, 124, and 156 dph),
or fin (dorsal, perctoral and caudal) as independent variables.
For aggressive behavior observations, group structure and body
weight variation coeflicients, the obtained data was analyzed
using Student’s ¢-test. Statistical analysis was undertaken using
JMP 11.0.0 (SAS Institute, Cary, NC, United States) and results
were considered significant when p < 0.05. Graphs were plotted
with GraphPad PRISM v6.0 (GraphPad Software, Inc. California,
United States).

RESULTS

Analysis of Brain Transcriptomes

To explore how thermal ranges drive changes in gene regulation,
we profiled gene expression using RNA-Seq in the brain of
salmon under two different thermal conditions, (1) wide thermal
range (WTR), and (2) restricted thermal range (RTR). A total of
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FIGURE 2 | Effects of the temperature on the gene expression levels. (A) Heatmaps of log2-transformed gene expression levels for rank-associated genes of each
thermal range during the development. (B) Gene ontology enrichment analysis of 415 differentially expressed transcripts (GO DAVID and ClueGo Cytoscape Plugin) in
Salmo salar brain during development (156 days post-hatching). Experimental groups are restricted thermal range (RTR, AT 1.4°C) and wide thermal range (WTR, AT
6.8°C). Transcript abundance is represented as color scales show relative transcript expression in RPKM values.

415 differentially expressed genes (DEGs) were obtained (log,
fold change > [2|; P < 0.05). The RPKM values of selected
candidate genes were visualized in a heatmap based on a
hierarchical clustering of features (CLC Genomic Workbench
nomenclature) (Figure 2). Statistical analysis confirmed that
thermal ranges modified the transcriptomes of Atlantic salmon,
evidencing the formation of clusters of transcripts with different
expression patterns. Our RNA-seq results show that genes related
to the biosynthesis of dopamine and serotonin, such as dcc (124
and 156 dph), tphl (71 and 156 dph) and tph2 (71 and 124 dph)
were upregulated in the group of fish with access to thermal
gradient (WTR), while genes involved in the degradation of
monoamines, such as monoamine oxidase a (maoa) and aldehyde
dehydrogenase 2 family (aldh2) were downregulated in the same
group of fish at 156 dph. Genes related to the biosynthesis of
melatonin such aanat (156 dph), asmt (124 dph) and mtnrlb
(71 and 156 dph) were upregulated in WTR. Furthermore,
the expression of clock genes perl-2, nrldl and cryl were

upregulated in the WTR group and only arnt2 was upregulated
in RTR group (Figure 3).

Absolute mRNA Abundance Quantification
We also profiled the expression of several genes related to
the most commonly indicators of stress using absolute mRNA
abundance quantification, which did not show large differences
with the registered by the analysis of RNA-seq. Among these
were cortisol biosynthesis related genes (liver samples) and
clock genes (brain samples), important regulators of circadian
rhythms, under two different thermal conditions (WTR and
RTR). Both stara [two-way ANOVA; F3 gg) = 3.249; p = 0.0496]
and starb [two-way ANOVA; F(3 gg) = 3.334; p = 0.0461]
showed significantly higher mRNA abundance in the restricted
thermal range group (RTR) when compared to the wide thermal
range group (WTR) from 71 dph onwards. grl transcriptional
levels were also higher in the RTR group; however, significant
differences were registered only at 71 dph [two-way ANOVA;
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F, g3y = 3.956; p = 0.0291, Figure 4A]. We measured absolute
mRNA abundance of four clock genes (bmal, clock, perl and
cry2) in both thermal groups of fish (RTR and WTR). According
to Figure 4B, in wide thermal range (WTR), perl (124 and 156
dph) showed a significantly higher mRNA abundance [two-way
ANOVA; F(3, 3g) = 6.389; p = 0.0047]. While, bmal, clock (156
dph) and cry2 (124 and 156 dph) transcriptional levels were
higher in the RTR group [two-way ANOVA; bmal, F3 gg) =
4.014; p = 0.0263; clock, F(3 sg) = 5.607; p = 0.008 and cry2,
F 88y = 3.321; p = 0.0466]. Additionally, aant2 showed a
significantly higher mRNA abundance [two-way ANOVA; F (3, gg)
= 7.445; p = 0.0038] in the wide thermal range group (WTR)
at 71 and 124 dph when compared to the restricted thermal
range group (RTR). For detail in p-values for each factor and the
interaction see Supplementary Table 2.

Monoamine and Melatonin Content

To inspect hormone levels, we contrasted serotonin (5-
HT) content, its metabolite 5-hydroxindoleacetic acid (5-
HIAA) dopamine (DA) and its intermediate metabolite,
3,4-dihydroxyphenylacetic acid (DOPAC). Finally, melatonin
content in each fish under both experimental set-ups (WTR
and RTR) was assesed. The monoamine profile shows statistical
differences the interaction of the thermal range (WTR-RTR)

and the time (Figure 5, for detail in p-values for each factor
and the interaction see Supplementary Table 2). No significant
differences were registered between brain content of 5-HT in
both groups at 41, 71, and 124 dph. However, at 156 dph, 5-
HT content was significantly higher in the WTR group [two-way
ANOVA; F3 64y = 4.210; p = 0.0327]. The same pattern was
observed for 5-HIAA onward 71 dph [two-way ANOVA; F(3, 64)
= 3.565; p = 0.0444]. When assessing dopamine (DA) levels in
brains of fish from RTR and WTR group, and how this level
changed over time, we observed significantly higher contents
of DA in the WTR group at 71 and 124 dph when compared
to RTR group [two-way ANOVA; F(3 ¢4) = 4.058; p = 0.0362].
DA metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC), was
statistically higher in the WTR group at 156 dph. It is important
to remark that both DA and DOPAC [two-way ANOVA; F(3 64
= 1.670; p = 0.0213] showed high levels in both experimental
groups at 41 dph, with a significant decrease at 71 and 124 dph for
DA and DOPAGC, respectively. Similar patterns for 5-HT, DA, and
their respective metabolites where observed in body monoamine
content in both groups (Figure 5 and Supplementary Figure 1).
Similar to the monoamine content results, we also observed
higher levels of melatonin in brains and body of the WTR group
when compared to RTR group at 71 and 124 dph (Figure 5 and
Supplementary Figure 1).

Frontiers in Endocrinology | www.frontiersin.org

December 2018 | Volume 9 | Article 717


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Sanhueza et al.

Thermal Influence on Fish Welfare

1500 -

1000

500

—
N IS N ® =)
S S S S S
S S 3 =3 S
1 L L L i

\

6000

4000

stara Copy Number/Total nRNA
starb Copy Number/Total mRNA

TTEE

Days posthatching

04

71

Days posthatching

o
I

grl Copy Number/Total mRNA

b
m
be
2000 4 . ¢
124

124 156 156

Days posthatching

@

3000 1000 -

a
800
2000

" i 4 ah ii

/
\

clock Copy Number/Total mRNA
bmal Copy Number/Total mnRNA

124

Days posthatching

30009 1500 -

2000 1000 4

1000 500

cry2 Copy Number/Total nRNA

m M
600 b
400
200
0-
124

Days posthatching

z
Z 40000 -
a £
=
E 30000 a
E [}
= 4
] 20000
=
4
2 10000
=]
]
3 oL ., T
156 X 41 71 124
Days posthatching
800 4 a
i a

600

400

200

aanat2 Copy Number/Total nRNA

Iﬂn Iﬂ

Days posthatching

41

\

71

Days posthatching

nrldl Copy Number/Total nRNA

124 156

Days posthatching

/

way ANOVA; p < 0.05).

FIGURE 4 | Effect of thermal range in Salmo salar during development (156 days post-hatching). (A) Liver expression profiles for stara, starb, and glucocorticoid
receptors 1 (gr1). (B) Brain expression profiles for clock genes. Values are represented as the mean mRNA abundance + SD. The experimental groups are: restricted
thermal range (RTR, AT 1.4°C; black) and wide thermal range (WTR, AT 6.8°C; gray). Different letters denote significantly different mRNA levels between groups (2

Group Structure and Behavioral Records

Group structure results show that in the wide thermal range
group (WTR) the three parameters analyzed [nearest neighbor
distance (NND), mean of inter-individual distances (D) and
the variance of these inter-individual distances (V)] were
significantly lower (Two-tailed Student’s ¢-test, p < 0.0001), when
compared to the individuals kept in a restricted thermal range
(RTR), so that NND, D and V decreased around 50, 58, and 75%,
respectively (Figure 6a). Statistical differences were observed
between RTR and WTR groups regarding the number of
aggressive encounters registered (Two-tailed Student’s t-test, p <
0.0001; Figure 6b, Supplementary Table 2). Regarding behavior,
in the RTR group we observed a mean of 23 aggressive encounters

in the 10 min of video recording. In contrast, a significantly lower
number of aggressive encounters was registered for the WTR
group, with a mean of 7 encounters. Most aggressive encounters
in the RTR group corresponded to chasing without nipping or
biting, nipping without prior chasing and chasing that ended
up as nipping, representing the 92% of all aggressive encounters
(Figure 6¢).

Growth Performance, Thermal
Preferendum, and Fin Damage
Individuals kept in a restricted thermal range (RTR) and fish
allowed to move freely in a wide thermal range (WTR) showed
a mean Fulton’s condition factor (K) of 1,10 &+ 0,23, and
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1,09 £ 0,27, respectively (Table 1). Regarding the K index, as
shown in Figure 7C, no significant differences were registered
for fish growth, indicating that individuals from both groups
had a proportional weight, in accordance to their respective
body lengths [two-way ANOVA; F3 16y = 1.180; p = 0.349;
slope F(j, 1729 = 0.91034, p = 0.3414 and intercept F(; 73
= 0.779304, p = 0.3786, Supplementary Table 2]. In addition,
when analysing growth trajectories, we observed that only the
interaction between thermal range (WTR) and development time
display significant differences when assesing both length and

body mass [two-way ANOVA; F(3 133 = 72.06; p < 0.0001
and F(3 233y = 37.00; p < 0.0001 respectively, Figures 7A,B,
for detail in p-values for each factor and the interaction see
Supplementary Table 2]. We also calculated the coefficient of
variation (CV) of weight in each thermal group. Interindividual
variance of the RTR group was significantly higher when
compared to WTR group (Two-tailed Student’s ¢-test, p < 0.0001;
Figure 7D). In addition, we observed considerable differences
when comparing individuals kept in a restricted thermal range
(RTR) and fish allowed to move freely in a wide thermal range
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(WTR) in parameters related to welfare. The behavioral analysis
of the thermal preferendum (Figure 8) highlights that individuals

TABLE 1 | Effect of thermal range in Salmo salar Fulton’s condition factor.

Fulton’s condition factor RTR (X + SD) WTR (X + SD)
41 dph 0.808 £+ 0.162 1.090 + 0.502
71 dph 1.311 £ 0.253 1.196 + 0.242
124 dph 1.158 + 0.088 1.129 + 0.045
156 dph 1.129 +£ 0.109 0.935 £ 0.138
ANOVA table SS DF MS F (DFn, DFd) p-value
Thermal treatment *dph ~ 0.195 3 0.065  F(3, 16 =1.180 0.349
dph 0.317 3 0106 F3 15 =1914  0.168
Thermal treatment 0.001 1 0.001  F, 1g) = 0.021 0.886
Residual 0.883 16 0.055

Values are represented as the mean + SD. The experimental groups are: restricted thermal
range (RTR, AT 1.4°C) and wide thermal range (WTR, AT 6.8°C). Different letters denote
significant differences between groups (2way ANOVA; p < 0.05).

placed in the thermal gradient tank constantly moved through
the tank and did not prefer a specific zone (no statistical
differences shown, two-way ANOVA Supplementary Table 2).
These results suggest that the observed differences are not related
with the fact that WTIR fish spent more time in the warmer
water layer in the tank. In concordance with the aforementioned
results, fin damage analysis shows that although both RTR
and WTR individuals display some level of body damage, the
number of affected individuals was significantly higher in the
RTR group, with around 80% of individuals affected for all
dorsal, pectoral and caudal fins (Figure9). In contrast, WTR
affected individuals did not exceed the 40%, with no significant
differences between dorsal, pectoral and caudal fin [two-way
ANOVA; F(y, 174y = 6.391; p = 0.0021; Figures 9C,D]. The RFI
index was normalized dividing the maximum total fin length
(longest fin-ray length from the body) by the fork length in
each individual fish. The results observed in the RFI index
show significant differences in the dorsal and caudal fins, being
higher in the WTR individuals when compared to the RTR ones
[two-way ANOVA; F(, 174y = 39.98; p < 0.0001; Figure 9A].
As previously described, we assessed the degree of fin erosion
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using an ordinal scale. For all dorsal, pectoral and caudal fins,
WTR groups showed approximately 80% of individuals with
no erosion. In contrast, only a few individuals showed this
degree in the RTR group. Significant erosion (degree 3) was
observed in dorsal fins of the RTR group, with more than 80%
of the individuals affected. In the same group, pectoral and
caudal fin erosion was lower, with most individuals showing mild
erosion (degree 1) [two-way ANOVA; F(i5 ¢06) = 9952; p <
0.0001, Figure 9B, for detail in p-values for each factor and the
interaction see Supplementary Table 2].

DISCUSSION

Fish are reared in captivity for a number of different reasons,
for example, food production, conservation, stock enhancement,
angling, ornamental purposes and research (3). Life in captivity
generally promotes maladaptive or unwanted traits compared to
those animals adapted to wild conditions (39, 40). Fish farmers
and researchers have discussed the mechanisms and methods
able to avoid the occurrence of unappropriated characteristics
in captive fish, especially when they are destined for release into
nature (41), but also when fish are used as model organisms in
laboratories (42). In addition, there is a rising public concern for
the welfare of captive fish and their difficulty to develop natural
behaviors (43). Fish welfare has been defined as the quality of
life experienced by the animal itself, such experience is seen as
the animal’s qualitative assessment of fulfillment of their welfare
needs (3, 44). Frequently, fins damage and higher growth rates
(Fulton index) are increasingly being used as potential indicators
of the welfare of fish (16, 45). While several aspects of fish
welfare have received significant attention in the last decades,

the question whether the thermal enrichment under captivity
conditions impact on the stress and welfare is scarcely discussed
in scientific literature. Our results imply, that introducing the
thermal variation on the containment unit impact significantly
on the hormone performance, allowing preferred behaviors and
give animals the possibility to choose their environment. The
present results suggest that fish kept at a restricted thermal
environment display severe fin damage in terms of relative
length and degree of erosion. In both thermal environments, fish
moved freely through the tank and freely choose a temperature
layer. This results are supported by the video records and data
illustrated in Figure 9 and suggest that the robust differences
observed in the growth trajectories, hormone and molecular
performance were due tothe thermal enrichment provided in
the WTR tank and not due to a preference for a specific zone
in the tank. Previous studies have reported that temperature
can considerably affect fish growth (17), the present results
propose that fish kept at a WTR show higher standards when
compared to RTR ones, as far as body condition is concerned.
Considering the present context, the aim of the current study
was to investigate the degree of influence that spatial variation
in temperature range has on S. salar welfare, stress or molecular
underlying mechanisms. We hypothesized that fish response
to spatially variable temperatures would involve temperature-
dependent effects related to metabolic demands, such as growth,
and hormone performance during development. Understanding
the potential effects for this “bottom-up” interaction of
thermoregulatory behavior with major biological processes is
relevant for identifying reactions to dissimilar thermoregulatory
ranges, particularly in the larger context of environmental
enrichments of aquaculture or captivity conditions.
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FIGURE 9 | Effect of thermal range in Salmo salar fin damage expressed as: (A) Relative Fin Index, (B) degree of fin erosion and (C) total number of fish affected in
(D) dorsal, pectoral and caudal fin. Fin erosion was measured utilizing an ordinal scale of O, 1, 2, and 3, corresponding to no erosion (0% of fin eroded), mild erosion
(1-24% of fin eroded), moderate (25-49% of fin eroded) and severe erosion (>50% of fin eroded), respectively. Values are represented as the mean + SD. The
experimental groups are: restricted thermal range (RTR, AT 1.4°C; black) and wide thermal range (WTR, AT 6.8°C; gray). Different letters denote significant
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The growth and the coefficient of variation (CV) is a
parameter often impacted by temperature, a phenomenon known
as growth depensation and defined as the increase in size
distribution variance over time due to differential growth rates
(46). In captivity, the growth depensation induce those which
grow poorly to be socially subordinate (47). In the present
study, through our novel experimental set-up we were able to
determine key parameters associated with the establishment of
social structure which might illustrate changes in the frequency
of dominance/subordination interactions induced by the thermal
environment (48). Similar results have been observed and
show that deficient thermal environments affect inter-individual
relations, promoting territorial and aggressive behaviors and

consequently compromise fish welfare (31, 49). The present
data might explain the growth depensation as a result of
a higher frequency of dominance/subordination interactions,
however, further studies will be required to fully test this
hypothesis.

In culture or captivity conditions, the means to improve the
welfare conditions might consist of choice the best species which
are more amenable to a life in captivity, for example regarding
aggressive behavior. The present study hypothesizes that the
thermal enrichment is a key mechanism able to increase the
welfare and decrease the aggressive behavior. The mechanism
by which the temperature influence the stress and welfare
have not been established, in contrast the physiological and
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molecular bases for aggressiveness have been widely revised
[e.g., Winberg et al. (34); Lepage et al. (50); Johnsson et al.
(9); Beiderbeck et al. (51); Dahlbom et al. (6); Mogavero et al.
(13); Winberg and Thoérngvist (52)]. Most of these studies
suggest that neurotransmitters like serotonin, dopamine and
melatonin hormone play a central role in regulating behavior,
including aggressiveness or hyperactivity. The collective data
suggest that the decreased level of dopamine and serotonin is
correlated with an increase of aggressiveness or hyperactivity
(12, 53). Our data are in concordance with the previous studies
and show that serotonin, and the dopamine were significantly
lower in the fish housing in thermal restricted environments
(RTR) exhibiting more aggressive encounters and social
conflicts.

Previous reports also have established the role clock related
genes such as per1-2, bmall, cryl-2, and clock in the modulation
of monoamine oxidase a (MAOA), a key enzyme involved
in the degradation of monoamines including dopamine or
serotonin tightly linked with the regulation of aggressive behavior
(54, 55). Specifically, it has been determined that a reduced
gene expression of perl decreased the levels of dopamine (12).
Regarding circadian rhythm control in the suprachiasmatic
nucleus, synchronization is induced by serotonin activation,
that is directly linked to the melatonin production (56). Our
analysis show that the mRNAs linked with the circadian clock
were juxtaposed regulated by both thermal environments. We
registered a peak of both melatonin hormone and perl mRNA
abundance in individuals rearing in environmental thermal
enrichment (57). In mammals, per] mRNA also acts as a
negative regulator of clock and bmal genes (57, 58), which might
be explain the observed pattern of fish rearing in restricted
thermal environments. This group of individuals (RTR) showed
higher expression of clock and bmal in contrast to WTR ones,
however, additional investigation is required as post-translation
modifications may occur. Comparison of data sets obtained from
RNA-Seq and Absolute-PCRs using the same set of samples
showed a good correlation between gene expression profiles.
However, some authors suggested that RNA-Seq had the best
performance detecting low abundance transcripts or detecting
isoforms that allow the identification of genetic variants (59).
The performance difference between in the present work between
both tools is an area of controversy in the scientific community.
PCRs could use internal controls in order to obtain a high
reproducibility when analyzing expression data by facilitating
a choice between many types of transformation/normalization
methods i.e., Efficiency Analysis informs us which methods to
choose.

The responsiveness of the HPI-axis was also impacted by
temperature. We observed that thermal enrichment provide
a complex environment, which allows maximizing normal
behaviors and minimizing stress-induced behaviors under
captivity conditions (60, 61). Cholesterol is a rate-limiting
metabolite as it is the source substrate for cortisol production,
and steroid acute regulatory protein (star) plays the crucial
role of transferring the hydrophobic cholesterol, across the
aqueous barrier between the outer and inner mitochondrial
membrane (62, 63). In cow, it has been demonstrated that

mRNA abundance of star mirrors cortisol plasmatic levels
(64, 65), and in salmon similar results have been observed
during chronic stress (63, 66, 67). The present results show
that fish under a restricted thermal range (RTR) are able to
trigger the expression of mRNAs as stara and starb (68-70),
suggesting that it can be associated to stress condition in contrast
to the observed in wide thermal range fish (WTR), however
additional experiments including plasmatic cortisol measures
should be needed to robustly test this hypothesis. Regarding the
glucocorticoid receptor (gr), an important mediator of the stress
response at the tissue level, has been observed that salmonid
fish have duplicate amino acid sequences “grl and gr2” (71-
73). The differential cortisol receptor subtype signaling may be
defined by the kind of stressor (74, 75), tissue distribution and
co-localization (71). In our experiment, the decrease observed
for grl mRNA abundance suggests a need for decreased
cortisol signaling during development in the restricted thermal
environment. This negative feedback of grl gene expression
has been previously observed in salmon, triggered by elevated
plasma cortisol levels during chronical stress condition (70,
72, 76=79), but further analysis will be addressed to test this
hypothesis.

In summary, our determinations that the spatial variation
of temperature which never has been considered as an
environmental/occupational enrichment is a key component to
drive an increase the welfare relative to the reduction of physical
and psychological monotony. The present results show that the
thermal enrichment allows the induction of deep alterations
in gene transcription of circadian-clock related genes as well
as the modulation of hormone levels that drive a decrease
in aggressiveness and territoriality. Our results highlight that
the thermal range amplitude might influence health, stress
and welfare condition of fish under farm conditions, thus
making this study important for any aquaculture researcher,
stakeholders and policy makers. The reported results should
be contributing novel insights to a central question in
endocrinology, and behavioral ecology, where spatial variation
of temperature directly impact on the hormonal performance,
growth and metabolism and finally on the welfare, consequently,
researchers studying adaptation, climate change, behavioral
ecology and immunology will be interested in this general
phenomenon.

AUTHOR CONTRIBUTIONS

The study was conceived by SB. The behavioral experiments have
been performed by NS and AA. JM analyzed the hormone data.
RF analyzed the RNA-seq data. LT, AD, NS, BC, and JV have
performed the gene expression analysis and provided extensive
additional input. SB provided the funding acquisition. SB and
LT drafted the manuscript with substantial contributions from
all other authors.

FUNDING

The project was financially supported by FONDAP (1510027)
and FONDECYT (1150585 and 1171318) awarded by

Frontiers in Endocrinology | www.frontiersin.org

14

December 2018 | Volume 9 | Article 717


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Sanhueza et al.

Thermal Influence on Fish Welfare

CONICYT Chile

and Nataly Sanhueza by the grant

CONICYT-PCHA/Doctorado Nacional/2018-21181886.

ACKNOWLEDGMENTS

We thank support provided by the LBGA Laboratory team
and the Ph.D. Doctorate program En Ciencias con mencion

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

. Snyder-Mackler

. Chandroo KP, Duncan IJH, Moccia RD. Can fish suffer?: perspectives on

sentience, pain, fear and stress. Appl Anim Behav Sci. (2004) 86:225-50.
doi: 10.1016/j.applanim.2004.02.004

. Sneddon LU. Fish behaviour and welfare. Appl Anim Behav Sci. (2007)

104:173-5. doi: 10.1016/j.applanim.2006.09.006

. Huntingford F, Jobling M, Kadri S. Introduction: aquaculture and behaviour.

In: Huntingford F, Jobling M, Kadri S, editors. Aquaculture and Behavior.
Chichester: Blackwell Publishing Ltd (2012). p. 1-35.

N, Kohn JN, Barreiro LB, Johnson ZP, Wilson
ME, Tung J. Social status drives social relationships in groups of
unrelated female rhesus macaques. Anim Behav. (2016) 111:307-17.
doi: 10.1016/j.anbehav.2015.10.033

. Huntingford FA. (2013). Animal Conflict. London; New York, NY:

Springer Science & Business Media

. Dahlbom §J, Backstrom T, Lundstedt-Enkel K, Winberg S. Aggression and

monoamines: effects of sex and social rank in zebrafish (Danio rerio). Behav
Brain Res. (2012) 228:333-8. doi: 10.1016/j.bbr.2011.12.011

. Schneider SA, Scharffetter C, Wagner AE, Boesch C, Bruchhaus I, Rimbach

G, et al. Social stress increases the susceptibility to infection in the ant
Harpegnathos saltator. Sci Rep. (2016) 6:25800. doi: 10.1038/srep25800

. Metcalfe NB, Huntingford FA, Graham WD, Thorpe JE. Early social-status

and the development of life-history strategies in atlantic salmon. Proc R Soc
Series B Biol Sci. (1989) 236:7-19. doi: 10.1098/rspb.1989.0009

. Johnsson JI, Winberg S, Sloman KA. Social interactions. In: Sloman KA,

Wilson RW, Balshine S, editors. Behaviour and Physiology of Fish. San Diego,
CA: Elsevier Science (2006), p. 151-196.

Martins CIM, Galhardo L, Noble C, Damsgard B, Spedicato MT, Zupa W, et al.
Behavioural indicators of welfare in farmed fish. Fish Physiol Biochem. (2012)
38:17-41. doi: 10.1007/s10695-011-9518-8

Johansen IB, Sorensen C, Sandvik GK, Nilsson GE, Hoglund E, Bakken M,
et al. Neural plasticity is affected by stress and heritable variation in stress
coping style. Comp Biochem Physiol D Genom Proteomics (2012) 7:161-71.
doi: 10.1016/j.cbd.2012.01.002

Huang J, Zhong Z, Wang M, Chen X, Tan Y, Zhang S, et al. circadian
modulation of dopamine levels and dopaminergic neuron development
contributes to attention deficiency and hyperactive behavior. J Neurosci.
(2015) 35:2572-87. doi: 10.1523/jneurosci.2551-14.2015

Mogavero E Jager A, Glennon JC. Clock genes, ADHD and aggression.
Neurosci Biobehav Rev. (2018) 91:51-68. doi: 10.1016/j.neubiorev.2016.11.002
Uz T, Akhisaroglu M, Ahmed R, Manev H. The pineal gland is critical
for circadian periodl expression in the striatum and for circadian
cocaine sensitization in mice. Neuropsychopharmacology (2003) 28:2117-23.
doi: 10.1038/sj.npp.1300254

Uz T, Ahmed R, Akhisaroglu M, Kurtuncu M, Imbesi M, Dirim Arslan
A, et al. Effect of fluoxetine and cocaine on the expression of clock genes
in the mouse hippocampus and striatum. Neuroscience (2005) 134:1309-16.
doi: 10.1016/j.neuroscience.2005.05.003

Nislund ], Johnsson JI. Environmental enrichment for fish in captive
environments: effects of physical structures and substrates. Fish Fish. (2016)
17:1-30. doi: 10.1111/faf.12088

Boltana S, Sanhueza N, Aguilar A, Gallardo-Escarate C, Arriagada G, Valdes
JA, et al. Influences of thermal environment on fish growth. Ecol Evol. (2017)
7:6814-25. doi: 10.1002/ece3.3239

en Manejo de Recursos Acuaticos Renovables (MaReA) at the
University of Concepcion, Chile.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found

online at:

https://www.frontiersin.org/articles/10.3389/fendo.

2018.00717/full#supplementary-material

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Davidson J, May T, Good C, Waldrop T, Kenney B, Terjesen BE et al.

Production of market-size North American strain Atlantic salmon Salmo salar
in a land-based recirculation aquaculture system using freshwater. Aquacult
Eng (2016) 74(Suppl. C):1-16. doi: 10.1016/j.aquaeng.2016.04.007

. Boltana S, Sanhueza N, Donoso A, Aguilar A, Crespo D, Vergara D, et al.

The expression of TRPV channels, prostaglandin E2 and pro-inflammatory
cytokines during behavioural fever in fish. Brain Behav Immun. (2018) 71:169-
81. doi: 10.1016/j.bbi.2018.03.023

Jobling M. Temperature tolerance and the final preferendum—rapid methods
for the assessment of optimum growth temperatures. ] Fish Biol. (1981)
19:439-55. doi: 10.1111/j.1095-8649.1981.tb05847.x

. Torrissen O, Olsen RE, Toresen R, Hemre GI, Tacon AGJ, Asche E et al.

Atlantic salmon (salmo salar): the “Super-Chicken” of the sea? Rev Fish Sci.
(2011) 19:257-78. doi: 10.1080/10641262.2011.597890

Gesto M, Tintos A, Soengas JL, Miguez JM. Effects of acute and prolonged
naphthalene exposure on brain monoaminergic neurotransmitters in rainbow
trout (Oncorhynchus mykiss). Comp Biochem Physiol Part C Toxicol
Pharmacol. (2006) 144:173-83. doi: 10.1016/j.cbpc.2006.08.002
SEQC/MAQC-III Consortium, Su Z, tabaj PP, Li S, Thierry-Mieg J,
Thierry-Mieg D, et al. A comprehensive assessment of RNA-seq accuracy,
reproducibility and information content by the Sequencing Quality
Control Consortium. Nat Biotechnol. (2014) 32, 903-14. doi: 10.1038/
nbt.2957

Sherman BT, Huang DW, Tan Q, Guo Y, Bour S, Liu D, et al. DAVID
knowledgebase: a gene-centered database integrating heterogeneous gene
annotation resources to facilitate high-throughput gene functional analysis.
BMC Bioinformatics (2007) 8:426. doi: 10.1186/1471-2105-8-426

Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources. Nat Protoc. (2008)
4:44-57. doi: 10.1038/nprot.2008.211

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Series B (1995) 57:289-300.
Montojo ], Zuberi K, Rodriguez H, Kazi F, Wright G, Donaldson SL, et al.
GeneMANIA cytoscape plugin: fast gene function predictions on the desktop.
Bioinformatics (2010) 26:2927-8. doi: 10.1093/bioinformatics/btq562

Smoot ME, Ono K, Ruscheinski ], Wang P-L, Ideker T. Cytoscape 2.8: new
features for data integration and network visualization. Bioinformatics (2011)
27:431-2. doi: 10.1093/bioinformatics/btq675

Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A,
et al. ClueGO: a cytoscape plug-in to decipher functionally grouped gene
ontology and pathway annotation networks. Bioinformatics (2009) 25:1091-3.
doi: 10.1093/bioinformatics/btp101

Morris JH, Apeltsin L, Newman AM, Baumbach ], Wittkop T, Su G,
et al. clusterMaker: a multi-algorithm clustering plugin for Cytoscape. BMC
Bioinformatics (2011) 12:436-436. doi: 10.1186/1471-2105-12-436

Colchen T, Teletchea F, Fontaine P, Pasquet A. Temperature modifies activity,
inter-individual relationships and group structure in a fish. Curr Zool. (2017)
63:175-83. doi: 10.1093/cz/zow048

Batzina A, Karakatsouli N. The presence of substrate as a means of
environmental enrichment in intensively reared gilthead seabream Sparus
aurata: growth and behavioral effects. Aquaculture (2012) 370-1(Supplement
C):54-60. doi: 10.1016/j.aquaculture.2012.10.005

Batzina A, Dalla C, Papadopoulou-Daifoti Z, Karakatsouli N. Effects of
environmental enrichment on growth, aggressive behaviour and brain
monoamines of gilthead seabream Sparus aurata reared under different

Frontiers in Endocrinology | www.frontiersin.org

December 2018 | Volume 9 | Article 717


https://www.frontiersin.org/articles/10.3389/fendo.2018.00717/full#supplementary-material
https://doi.org/10.1016/j.applanim.2004.02.004
https://doi.org/10.1016/j.applanim.2006.09.006
https://doi.org/10.1016/j.anbehav.2015.10.033
https://doi.org/10.1016/j.bbr.2011.12.011
https://doi.org/10.1038/srep25800
https://doi.org/10.1098/rspb.1989.0009
https://doi.org/10.1007/s10695-011-9518-8
https://doi.org/10.1016/j.cbd.2012.01.002
https://doi.org/10.1523/jneurosci.2551-14.2015
https://doi.org/10.1038/sj.npp.1300254
https://doi.org/10.1016/j.neuroscience.2005.05.003
https://doi.org/10.1111/faf.12088
https://doi.org/10.1002/ece3.3239
https://doi.org/10.1016/j.bbi.2018.03.023
https://doi.org/10.1111/j.1095-8649.1981.tb05847.x
https://doi.org/10.1080/10641262.2011.597890
https://doi.org/10.1016/j.cbpc.2006.08.002
https://doi.org/10.1038/nbt.2957
https://doi.org/10.1186/1471-2105-8-426
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/bioinformatics/btq562
https://doi.org/10.1093/bioinformatics/btq675
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1186/1471-2105-12-436
https://doi.org/10.1093/cz/zow048
https://doi.org/10.1016/j.aquaculture.2012.10.005
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Sanhueza et al.

Thermal Influence on Fish Welfare

34,

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

social conditions. Comp Biochem Physiol Part A Mol Integr Physiol. (2014)
169(Supplement C):25-32. doi: 10.1016/j.cbpa.2013.12.001

Bosakowski T, Wagner EJ. Assessment of fin erosion by comparison of relative
fin length in hatchery and wild trout in utah. Can J Fish Aquat Sci. (1994)
51:636-41. doi: 10.1139/f94-064

Person-Le Ruyet ], Le Bayon N, Gros S. How to assess fin damage in
rainbow trout, Oncorhynchus mykiss? Aquat Living Resour. (2007) 20:191-5.
doi: 10.1051/alr:2007031

Hoyle I, Oidtmann B, Ellis T, Turnbull ], North B, Nikolaidis J,
et al. A validated macroscopic key to assess fin damage in farmed
rainbow trout (Oncorhynchus mykiss). Aquaculture (2007) 270:142-8.
doi: 10.1016/j.aquaculture.2007.03.037

Canon Jones HA, Hansen LA, Noble C, Damsgérd B, Broom DM, Pearce
GP. Social network analysis of behavioural interactions influencing fin
damage development in Atlantic salmon (Salmo salar) during feed-restriction.
Appl Anim Behav Sci. (2010) 127:139-51. doi: 10.1016/j.applanim.2010.
09.004

Fulton TW. Rate of Growth of Sea Fishes. Edinburgh: Neill & Co (1902).
Metcalfe NB, Valdimarsson SK, Morgan IJ. The relative roles of domestication,
rearing environment, prior residence and body size in deciding territorial
contests between hatchery and wild juvenile salmon. J Appl Ecol. (2003)
40:535-44. doi: 10.1046/j.1365-2664.2003.00815.x

Johnsson JI, Brockmark S, Nislund J. Environmental effects on behavioural
development consequences for fitness of captive-reared fishes in the wild. J
Fish Biol. (2014) 85:1946-71. doi: 10.1111/jfb.12547

California CHSRG (California Hatchery Scientific Review Group). California
Hatchery Review Report. Prepared for the US Fish and Wildlife Service and
Pacific States Marine Fisheries Commission (2012).

Williams TD, Readman GD, Owen SF. Key issues concerning environmental
enrichment for laboratory-held fish species. Lab Anim. (2009) 43:107-20.
doi: 10.1258/1a.2007.007023

Huntingford FA, Adams C, Braithwaite VA, Kadri S, Pottinger TG, Sandoe
P, et al. Current issues in fish welfare. J Fish Biol. (2006) 68:332-72.
doi: 10.1111/j.0022-1112.2006.001046.x

Folkedal O, Pettersen JM, Bracke MB, Stien LH, Nilsson J, Martins C, et al.
On-farm evaluation of the Salmon Welfare Index Model (SWIM 1.0). Anim
Welf. (2016) 25:135-49. doi: 10.7120/09627286.25.1.135

Ashley PJ. Fish welfare: current issues in aquaculture. Appl Anim Behav Sci.
(2007) 104:199-235. doi: 10.1016/j.applanim.2006.09.001

Ryer CH, Olla BL. Growth depensation and aggression in laboratory reared
coho salmon: the effect of food distribution and ration size. ] Fish Biol. (1996)
48:686-94. doi: 10.1111/j.1095-8649.1996.tb01464.x

Magnuson JJ. An analysis of aggressive behavior, growth, and competition for
food and space in medaka (Oryzias latipes (Pisces, Cyprinodontidae)). Can J
Zool. (1962) 40:313-63. doi: 10.1139/262-029

Cubitt KF, Winberg S, Huntingford FA, Kadri S, Crampton VO, Qverli @.
Social hierarchies, growth and brain serotonin metabolism in Atlantic salmon
(Salmo salar) kept under commercial rearing conditions. Physiol Behav. (2008)
94:529-35. doi: 10.1016/j.physbeh.2008.03.009

Zhao D, Feng P. Temperature increase impacts personality traits in aquatic
non-native species: implications for biological invasion under climate change.
Curr Zool. (2015) 61:966-71. doi: 10.1093/cz00l0/61.6.966

Lepage O, Larson ET, Mayer I, Winberg S. Serotonin, but not
melatonin, plays a role in shaping dominant-subordinate relationships
and aggression in rainbow trout. Horm Behav. (2005) 48:233-42.
doi: 10.1016/j.yhbeh.2005.02.012

Beiderbeck DI, Reber SO, Havasi A, Bredewold R, Veenema AH,
Neumann ID. High and abnormal forms of aggression in rats with
extremes in trait anxiety - involvement of the dopamine system in
the nucleus accumbens. Psychoneuroendocrinology (2012) 37:1969-80.
doi: 10.1016/j.psyneuen.2012.04.011

Winberg S, Thérngvist P-O. Role of brain serotonin in modulating fish
behavior. Curr Zool. (2016) 62:317-23. doi: 10.1093/cz/zow037

Audero E, Mlinar B, Baccini G, Skachokova ZK, Corradetti R, Gross C.
Suppression of serotonin neuron firing increases aggression in mice. J
Neurosci. (2013) 33:8678-88. doi: 10.1523/jneurosci.2067-12.2013

Hampp G, Ripperger JA, Houben T, Schmutz I, Blex C, Perreau-
Lenz S, et al. Regulation of monoamine oxidase A by circadian-clock

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

components implies clock influence on mood. Curr Biol. (2008) 18:678-83.
doi: 10.1016/j.cub.2008.04.012

Ashkenazy T, Einat H, Kronfeld-Schor N. We are in the dark here: induction
of depression- and anxiety-like behaviours in the diurnal fat sand rat, by
short daylight or melatonin injections. Int ] Neuropsychopharmacol. (2009)
12:83-93. doi: 10.1017/S1461145708009115

Khan ZA, Yumnamcha T, Rajiv C, Sanjita Devi H, Mondal G, Devi SD, et al.
(2016). Melatonin biosynthesizing enzyme genes and clock genes in ovary and
whole brain of zebrafish (Danio rerio): differential expression and a possible
interplay. Gen Comp Endocrinol. 233:16-31. doi: 10.1016/j.ygcen.2016.05.014
Huang T-S, Ruoff P, Fjelldal PG. Effect of continuous light on daily levels
of plasma melatonin and cortisol and expression of clock genes in pineal
gland, brain, and liver in Atlantic salmon postsmolts. Chronobiol Int. (2010)
27:1715-34. doi: 10.3109/07420528.2010.521272

Gallego M, Virshup DM. Post-translational modifications regulate the
ticking of the circadian clock. Nat Rev Mol Cell Biol. (2007) 8:139.
doi: 10.1038/nrm2106

Freudenberg-Hua, Y., Freudenberg, J., Kluck, N., Cichon, S., Propping,
P., and Nothen, M.M. (2003). Single nucleotide variation analysis in 65
candidate genes for CNS disorders in a representative sample of the European
population. Genome research 13(10), 2271-2276. doi: 10.1101/gr.1299703
Mench J. Why it is important to understand animal behavior. ILAR J. (1998)
39:20-6. doi: 10.1093/ilar.39.1.20

Shepherdson DJ, Mellen JD, Hutchins M. Second Nature: Environmental
Enrichment for Captive Animals. Washington, DC; London: Smithsonian
Institution Press (1998).

Clark BJ, Wells J, King SR, Stocco DM. The purification, cloning, and
expression of a novel luteinizing hormone-induced mitochondrial protein in
MA-10 mouse Leydig tumor cells. Characterization of the steroidogenic acute
regulatory protein (StAR). J Biol Chem. (1994) 269:28314-22.

Hagen IJ, Kusakabe M, Young G. Effects of ACTH and cAMP on steroidogenic
acute regulatory protein and P450 11B-hydroxylase messenger RNAs in
rainbow trout interrenal cells: relationship with in vitro cortisol production.
Gen Comp Endocrinol. (2006) 145:254-62. doi: 10.1016/j.ygcen.2005.09.014
Ariyoshi N, Kim Y-C, Artemenko I, Bhattacharyya KK, Jefcoate CR.
Characterization of the rat star gene that encodes the predominant 3.5-
kilobase pair mRNA: ACTH stimulation of adrenal steroids in vivo precedes
elevation of Star mRNA and protein. J Biol Chem. (1998) 273:7610-9.
doi: 10.1074/jbc.273.13.7610

Le Roy C, Li JY, Stocco DM, Langlois D, Saez JM. Regulation by
adrenocorticotropin (ACTH), angiotensin II, transforming growth factor-g,
and insulin-like growth factor I of bovine adrenal cell steroidogenic capacity
and expression of ACTH receptor, steroidogenic acute regulatory protein,
cytochrome P450c17, and 3B-hydroxysteroid dehydrogenase™. Endocrinology
(2000) 141:1599-607. doi: 10.1210/endo.141.5.7457

Geslin M, Auperin B. Relationship between changes in mRNAs of the genes
encoding steroidogenic acute regulatory protein and P450 cholesterol side
chain cleavage in head kidney and plasma levels of cortisol in response to
different kinds of acute stress in the rainbow trout (Oncorhynchus mykiss). Gen
Comp Endocrinol. (2004) 135:70-80. doi: 10.1016/S0016-6480(03)00283-1
Castillo J, Castellana B, Acerete L, Planas J, V., Goetz F, et al. Stress-induced
regulation of steroidogenic acute regulatory protein expression in head kidney
of Gilthead seabream (Sparus aurata). ] Endocrinol. (2008) 196:313-22.
doi: 10.1677/JOE-07-0440

Maule AG, Schreck CB. Stress and cortisol treatment changed affinity
and number of glucocorticoid receptors in leukocytes and gill of coho
salmon. Gen Comp Endocrinol. (1991) 84:83-93. doi: 10.1016/0016-6480(91)9
0067-G

Pottinger TG. The effect of stress and exogenous cortisol on receptor-like
binding of cortisol in the liver of rainbow trout, Oncorhynchus mykiss. Gen
Comp Endocrinol. (1990) 78:194-203. doi: 10.1016/0016-6480(90)90006-8
Shrimpton JM, Randall DJ. Downregulation of corticosteroid receptors
in gills of coho salmon due to stress
Am ] Physiol Regulat Integr Comp Physiol.
doi: 10.1152/ajpregu.1994.267.2.R432

Bury NR, Sturm A, Le Rouzic P, Lethimonier C, Ducouret B, Guiguen Y, et al.
Evidence for two distinct functional glucocorticoid receptors in teleost fish. J
Mol Endocrinol. (2003) 31:141-56. doi: 10.1677/jme.0.0310141

and cortisol treatment.
(1994) 267:R432-8.

Frontiers in Endocrinology | www.frontiersin.org

December 2018 | Volume 9 | Article 717


https://doi.org/10.1016/j.cbpa.2013.12.001
https://doi.org/10.1139/f94-064
https://doi.org/10.1051/alr:2007031
https://doi.org/10.1016/j.aquaculture.2007.03.037
https://doi.org/10.1016/j.applanim.2010.09.004
https://doi.org/10.1046/j.1365-2664.2003.00815.x
https://doi.org/10.1111/jfb.12547
https://doi.org/10.1258/la.2007.007023
https://doi.org/10.1111/j.0022-1112.2006.001046.x
https://doi.org/10.7120/09627286.25.1.135
https://doi.org/10.1016/j.applanim.2006.09.001
https://doi.org/10.1111/j.1095-8649.1996.tb01464.x
https://doi.org/10.1139/z62-029
https://doi.org/10.1016/j.physbeh.2008.03.009
https://doi.org/10.1093/czoolo/61.6.966
https://doi.org/10.1016/j.yhbeh.2005.02.012
https://doi.org/10.1016/j.psyneuen.2012.04.011
https://doi.org/10.1093/cz/zow037
https://doi.org/10.1523/jneurosci.2067-12.2013
https://doi.org/10.1016/j.cub.2008.04.012
https://doi.org/10.1017/S1461145708009115
https://doi.org/10.1016/j.ygcen.2016.05.014
https://doi.org/10.3109/07420528.2010.521272
https://doi.org/10.1038/nrm2106
https://doi.org/10.1101/gr.1299703.
https://doi.org/10.1093/ilar.39.1.20
https://doi.org/10.1016/j.ygcen.2005.09.014
https://doi.org/10.1074/jbc.273.13.7610
https://doi.org/10.1210/endo.141.5.7457
https://doi.org/10.1016/S0016-6480(03)00283-1
https://doi.org/10.1677/JOE-07-0440
https://doi.org/10.1016/0016-6480(91)90067-G
https://doi.org/10.1016/0016-6480(90)90006-8
https://doi.org/10.1152/ajpregu.1994.267.2.R432
https://doi.org/10.1677/jme.0.0310141
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Sanhueza et al.

Thermal Influence on Fish Welfare

72.

73.

74.

75.

76.

77.

Greenwood AK, Butler PC, White RB, DeMarco U, Pearce D, Fernald
RD. Multiple corticosteroid receptors in a teleost fish: distinct sequences,
expression patterns, and transcriptional activities. Endocrinology (2003)
144:4226-36. doi: 10.1210/en.2003-0566

Sturm A, Colliar L, Leaver MJ, Bury NR. Molecular determinants of hormone
sensitivity in rainbow trout glucocorticoid receptors 1 and 2. Mol Cell
Endocrinol. (2011) 333:181-9. doi: 10.1016/j.mce.2010.12.033

Heitzer MD, Wolf IM, Sanchez ER, Witchel SE, DeFranco DB. Glucocorticoid
receptor physiology. Rev Endocr Metab Disord. (2007) 8:321-30.
doi: 10.1007/s11154-007-9059-8

Madaro A, Olsen RE, Kristiansen TS, Ebbesson LOE, Nilsen TO, Flik G, et al.
Stress in Atlantic salmon: response to unpredictable chronic stress. J Exp Biol.
(2015) 218:2538-50. doi: 10.1242/jeb.120535

Shrimpton McCormick JM, Shrimpton McCormick SD. Environmental and
endocrine control of gill corticosteroid receptor number and affinity in
Atlantic salmon (Salmo salar) during smolting Aquaculture (2003) 222:83-99.
doi: 10.1016/S0044-8486(03)00104-2

Prunet A, Sturm SM. Multiple corticosteroid receptors in fish: from
old ideas to new concepts. Gen Comp Endocrinol. (2006) 147:17-23.
doi: 10.1016/j.ygcen.2006.01.015

78.

79.

Stolte EH, van Kemenade BM, Savelkoul HE Flik G. Evolution of
glucocorticoid receptors with different glucocorticoid sensitivity. ] Endocrinol.
(2006) 190:17-28. doi: 10.1677/joe.1.06703

Azeredo R, Machado M, Afonso A, Fierro-Castro C, Reyes-Lopez FE,
Tort L, et al. Neuroendocrine and immune responses undertake different
fates following tryptophan or methionine dietary treatment: tales from
a teleost model. Front Immunol. (2017) 8:1226. doi: 10.3389/fimmu.2017.
01226

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Sanhueza, Donoso, Aguilar, Farlora, Carnicero, Miguez, Tort,
Valdes and Boltana. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

17

December 2018 | Volume 9 | Article 717


https://doi.org/10.1210/en.2003-0566
https://doi.org/10.1016/j.mce.2010.12.033
https://doi.org/10.1007/s11154-007-9059-8
https://doi.org/10.1016/S0044-8486(03)00104-2
https://doi.org/10.1016/j.ygcen.2006.01.015
https://doi.org/10.1677/joe.1.06703
https://doi.org/10.3389/fimmu.2017.01226
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Thermal Modulation of Monoamine Levels Influence Fish Stress and Welfare
	Introduction
	Materials and Methods
	Fish Husbandry and Experimental Conditions
	Monoamine Analysis
	RNA Extraction, cDNA Synthesis and mRNA Abundance Quantification
	High-Throughput Transcriptome Sequencing: Library Construction and Illumina Sequencing
	Gene Ontology (GO-DAVID Analysis) and Interactome Analysis
	Group Structure and Behavioral Records
	Quantification of Fin Damage
	Growth Analysis
	Final Thermal Preferendum
	Statistical Analyses

	Results
	Analysis of Brain Transcriptomes
	Absolute mRNA Abundance Quantification
	Monoamine and Melatonin Content
	Group Structure and Behavioral Records
	Growth Performance, Thermal Preferendum, and Fin Damage

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


