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Abstract
A custom microarray was used for the transcriptomic profiling of liver, gills and hypothala-

mus in response to hypo- (38‰! 5‰) or hyper- (38‰! 55‰) osmotic challenges (7

days after salinity transfer) in gilthead sea bream (Sparus aurata) juveniles. The total num-

ber of differentially expressed genes was 777. Among them, 341 and 310 were differentially

expressed in liver after hypo- and hyper-osmotic challenges, respectively. The magnitude

of changes was lower in gills and hypothalamus with around 131 and 160 responsive genes

in at least one osmotic stress condition, respectively. Regardless of tissue, a number of

genes were equally regulated in either hypo- and hyper-osmotic challenges: 127 out of 524

in liver, 11 out of 131 in gills and 19 out of 160 in hypothalamus. In liver and gills, functional

analysis of differentially expressed genes recognized two major clusters of overlapping

canonical pathways that were mostly related to “Energy Metabolism” and “Oxidative

Stress”. The later cluster was represented in all the analyzed tissues, including the hypo-

thalamus, where differentially expressed genes related to “Cell and tissue architecture”

were also over-represented. Overall the response for “Energy Metabolism” was the up-reg-

ulation, whereas for oxidative stress-related genes the type of response was highly depen-

dent of tissue. These results support common and different osmoregulatory responses in

the three analyzed tissues, helping to load new allostatic conditions or even to return to

basal levels after hypo- or hyper-osmotic challenges according to the different physiological

role of each tissue.
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Introduction
Euryhaline teleosts can live in a wide range of environmental salinities, maintaining the osmo-
lality of their internal fluids between certain values regardless of the external osmolality [1, 2].
The existence of different environmental osmotic conditions imposes a passive flux of water
and ions between internal and external milieus that forces the specimens to face different
osmoregulatory strategies. Accordingly, two different mechanisms of osmoregulatory processes
can be considered: i) a hypoosmotic regulation in animals living in salinities above the isos-
motic point (~12–15‰ salinity), as occurred in seawater (SW, ~36–38‰ salinity) adapted tele-
osts; and ii) a hyperosmotic regulation in lower salinities, as is arisen in freshwater (FW, ~0‰
salinity) adapted fish [3–5]. Both processes are driven, among other osmoregulatory tissues, by
the gills, a multipurpose organ that has evolved for aquatic gas exchange, but also for dominant
roles in osmotic and ionic regulation, acid-base regulation and excretion of nitrogenous wastes
[6]. At the metabolic level, the maintenance of an internal ionic composition distinct from that
of the environment is a highly consuming energy process at the local tissue level [7, 8]. At the
same time, the liver is considered a high sensitive and responsive tissue to changes in energy
demand in response, among others, to osmotic, thermal and nutritional stressors [7, 9, 10].
This metabolic response must be controlled by the central nervous system, where hypothala-
mus is considered a key upstream element of the osmoregulatory mediated response of modern
fish (see [2, 11] for review). However, the molecular phenotyping of osmotic-stress response
remains still far to be resolved, especially when it is considered in a tissue-integrated manner.

After almost 20 years of development, DNAmicroarray technology is mature, and along the
years of its existence it has successfully evolved for the simultaneous profiling of a huge number
of genes to recognize complex gene expression patterns [12–14]. Particularly, in gilthead sea
bream (Sparus aurata L.), different microarrays have been used to assess the transcriptional-
mediated changes that occurs during ontogeny [15], skin and scales regeneration [16] and
stress-responses induced by cortisol administration [17, 18], confinement exposure [19] or par-
asite and nutritional challenges as a result of changes in diet composition and/or ration size
[20–22].

The aim of the present study was to describe new aspects related to osmoregulatory pro-
cesses not previously addressed by classical methodologies, analyzing the effects of hyper- and
hypo-osmoregulatory challenges in different tissues of gilthead sea bream (S. aurata) using a
custom oligo-microarray. This species was used not only since it is considered as a good model
for the study of osmoregulatory processes due to i) its availability to cope with large changes in
environmental salinity, ranging from 5 to 60‰ [23] and ii) the current knowledge on meta-
bolic and endocrinological aspects of osmoregulation [23–29], but also due to its importance in
Spanish and European aquaculture since osmoregulatory process produces variations in the
growth performance of the specimens [30]. The present work will expand the present knowl-
edge on the tissue processes involved in fish osmoregulation, which will provide valuable infor-
mation for phenotyping the adaptability of fish populations to salinity changes in productive
aquaculture.

Material and Methods

Animals and experimental protocol
Immature males of gilthead sea bream (80–100 g body mass, n = 36) were provided by Servi-
cios Centrales de Investigación en Cultivos Marinos (SCI-CM, CASEM, University of Cádiz,
Spain; Operational Code REGA ES11028000312). Fish were transferred to the wet laborato-
ries at the Faculty of Marine and Environmental Sciences (Puerto Real, Cádiz, Spain), where
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they were acclimated for 10 days to experimental control seawater (SW, 38‰ salinity, 1049
mOsm�kg−1 H2O osmolality). Fish were randomly distributed in three 400-L tanks in an
open system circuit (~ 2.5 kg�m−3 density), under natural photoperiod (May, 2009; approxi-
mately 11 hours of light) and constant temperature (18–19°C). After the acclimation period,
the animals were directly transferred, using two different tanks for each experimental condi-
tion, to the following environmental salinities: seawater (SW, 38‰ salinity, control group),
low salinity water (LSW, 5‰ salinity, 139 mOsm�kg−1 H2O osmolality, hypoosmotic envi-
ronment), and high salinity water (HSW, 55‰ salinity, 1439 mOsm�kg−1 H2O osmolality,
hyperosmotic environment). It has been demonstrated that under these experimental condi-
tions, gilthead sea bream specimens activate the osmoregulatory system reaching a regulatory
period, where a new allostatic status is obtained after 7 days post-transfer [23, 26, 31]. The
experimental salinities were achieved either by mixing SW with dechlorinated tap water for
LSW, or with natural marine salt (Salina de la Tapa, El Puerto de Santa María, Cádiz, Spain)
for HSW. Groups were maintained under a closed recirculation system, and at least 10% of
the water volume of each tank was replaced every two days with water from a reservoir previ-
ously adjusted to the experimental salinity required. Water quality was checked twice a day
to affirm their stability. Fish were fed a daily ration of 1% of their body mass with commercial
pellets (Dibaq-Diproteg S.A., Segovia, Spain).

On day 7 post-transfer, 8 fish from a total of 12 specimens maintained in each experimental
salinity (SW, LSW and HSW) were randomly sampled, deep-anesthetized with 2-phenoxyetha-
nol (overdose induced with 1 mL�L−1 at the specific salinity water), and killed by sectioning the
spinal cord. After blood extraction, hypothalamic lobules and representative biopsies of liver
and gills were dissected and placed in separated eppendorf tubes, containing 600 μL of RNAla-
ter (Life Technologies). Tubes were incubated for 24 h at 4°C and stored at −20°C afterwards.

No mortality was observed in any of the groups during experimentation. The experiment
was performed according to the Guidelines of the European Union (2010/63/UE) and Spanish
legislation (RD 53/2013 and law 32/2007) regarding the use of laboratory animals. The experi-
mental procedure was authorized by the board of Experimentation on Animals of the Univer-
sity of Cádiz (UCA), and approved from the Ethical Committee Competent Authority (Junta
de Andalucía Autonomous Government) under the reference number: 28-04-15-241.

RNA extraction and quality analysis
Total RNA was extracted using the NucleoSpin RNA II kit (Macherey–Nagel) according
to manufacturer's instructions. Tissue samples were incubated with RNase free DNase
(Macherey–Nagel) during 30 min at 37°C to eliminate potential genomic DNA contamina-
tion. RNA concentrations were spectrophotometrically measured at 260 nm with the Bio-
Photometer Plus (Eppendorf) and RNA quality was determined using the Agilent RNA 6000
Nano Assay Kits on an Agilent 2100 Bioanalyzer (Agilent Technologies). RIN (RNA Integrity
Number) values were 8–10, for almost all samples, which was indicative of clean and intact
RNA to be used on microarray gene expression profiling and quantitative real-time PCR
(qPCR) validation procedures. Finally, the same RNA samples from those five fish of each
experimental salinity that presented the highest RIN value in the three tissues analyzed (liver,
gills and hypothalamus) were individually used for both microarray hybridizations and real-
time qPCR validation.

Microarray hybridizations
The design of the oligo-microarray used in this experiment is stored in the NCBI Gene Expres-
sion Omnibus (GEO) database under accession number GPL13442. It contains 43,398 60-mer
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probes directed to 15,845 different transcripts, and was previously used to assess the response
of cardiac and skeletal muscle tissues facing reduced nutrient availability [22]. RNA labelling,
hybridizations and scanning were performed according to the manufacturer’s instructions.
Briefly, total RNA (100 ng) from each individual sample was amplified and Cy3-labelled with
Agilent One-Color Microarray-Based Gene Expression analysis (Low Input Quick Amp Label-
ling kit) along with Agilent One-color RNA SpikeIn kit. After labelling, cRNA was purified
with RNeasy mini spin columns (Qiagen, Chatsworth, CA, USA) and quantity and quality was
checked using a nanodrop (Thermo Scientific, Wilgminton, DE, USA) and 2100 Bioanalyzer
(Agilent), respectively. Each cRNA sample (1.65 μg) was then hybridized to the gilthead sea
bream array at 65°C for 17 h using the Agilent GE hybridization kit. After washing, arrays were
scanned with the Agilent scanner G2505B. Spot intensities and other quality control features
were extracted using the Agilent Feature Extraction software version 10.4.0.0, and were depos-
ited in GEO under accession identifier GSE73872.

Microarray data analysis
Microarray data were analyzed by means on the GeneSpring GX 13.0 software (Agilent). Raw
data (median intensity of each spot) were extracted and corrected for background with the Agilent
Feature Extraction plug-in, and then normalized using the 75th percentile shift. Further statistical
analysis consisted in a one-way ANOVA (corrected P value< 0.05, Tukey’s HSD post-hoc test,
Benjamini-Hochberg multiple testing correction) among the nine experimental datasets (3 salini-
ties and 3 tissues). Differentially expressed probes were then re-annotated by blast comparisons of
their nucleotide sequences with those found at NCBI database and the updated version of the gilt-
head sea bream transcriptome nucleotide database (www.nutrigroup-iats.org/seabreamdb).
Expression values of differentially expressed probes after hypoosmotic (SW!LSW) or hyperos-
motic (SW!HSW) challenges that corresponded to a same annotation/gene were averaged to
express the results as unigene fold-changes. Functional analysis was performed by the Ingenuity
Pathway Analysis software (IPA, www.ingenuity.com), providing for each annotated sequence the
Uniprot accession of the equivalent protein for model species (human, rat or mouse) as reported
in [32]. Overlapping representation of canonical pathways was employed for the visualization in
an integrated manner of the most responsive processes after osmotic challenges in the three ana-
lyzed tissues.

Real-time qPCR validation
Up to 8 representative genes of significant pathways were validated by qPCR on the same indi-
vidual samples used for microarray analyses (3 tissues from 5 fish maintained in 3 different
experimental salinities). First, specific primer pairs of differentially expressed genes covering a
wide range of variations (from ~-5.50 to ~3.50) in the microarray analysis were retrieved from
[10] (SDHA and UQCRC1), [28] (ATP1A1) or designed using the software Primer3 v.0.4.0
(available in http://bioinfo.ut.ee/primer3-0.4.0/) (SULT1A1, SULT1A2, GSTA1, F11R and
STMN1), and total RNA (500 ng) was reverse-transcribed in a 20 μL reaction using the qScript
cDNA synthesis kit (Quanta BioSciences) as described by the supplier. To optimize the qPCR
conditions, several primer concentrations (200 and 300 nM) and a temperature gradient (from
54 to 62°C) were used. In addition, different cDNA template concentrations estimated from
total input of RNA were applied in triplicate (serial dilutions from 10 ng to 3.2 pg) to assess
their respective assay linearity and amplification efficiencies (r2>0.990; efficiencies: 0.96–1.03).
Finally, each reaction mixture (10 μL) contained 4 μL (10 ng) of template, 0.5 μL of each spe-
cific forward and reverse primer at their respective final concentration (Table 1), and 5 μL of
PerfeCTa SYBR Green FastMix (Quanta BioSciences). Reactions were conducted in Hard-Shell
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PCR Plates 96-well WHT/CLR plates (Bio-Rad) covered with adhesive Microseal 'B' seal films
(Bio-Rad). The thermocycling procedures were performed in a CFX Connect Real-Time sys-
tem (Bio-Rad) as follows: 95°C, 10 min; [95°C, 20 s; 60°C, 30 s] x 40 cycles; melting curve
[60°C to 95°C, 20 min]; 95°C, 15 s. Melting curves were used to ensure that only a single PCR
product was amplified and to verify the absence of primer–dimer artefacts. Each sample was
run in triplicate. The results were normalized to β-actin levels because of its abundance and Ct
values consistency among tissues and treatments. Relative gene quantification was performed
using the ΔΔCt method [33]. Results were expressed as mean fold-changes with respect to the
control group (38‰ salinity) from each tissue and salinity, and represented in a scatter plot
comparing fold-changes obtained in the microarray analysis (X-axis) against those achieved by
qPCR quantification (Y-axis) in each case.

Results

Regulation of gene expression
Number of up- (red bars) and down- (green bars) regulated unigenes that were differentially
expressed in liver, gills and hypothalamus are presented in Fig 1. Liver was the most responsive
tissue to salinity changes with 341 differentially expressed genes (212 up-regulated, 129 down-
regulated) after hypoosmotic transfer, and 310 (208 up-regulated, 102 down-regulated) after
hyperosmotic challenge. The number of differentially expressed genes in gills was reduced to
73 (41 up-regulated, 32 down-regulated) and 69 (54 up-regulated, 15 down-regulated) after
hypoosmotic or hyperosmotic transfer, respectively. In the hypothalamus, the number of dif-
ferentially expressed genes after hypoosmotic and hyperosmotic challenges was 104 (79 up-
regulated, 25 down-regulated) and 75 (19 up-regulated, 56 down-regulated), respectively. The
entire list of differentially expressed genes, including the fold-change induced by each salinity
challenge (Hypo, SW! LSW; Hyper, SW!HSW) is presented for the three tissues analyzed
in Table A in S1 File.

When the tissue-osmoregulatory responsiveness was analyzed by Venn diagrams, the num-
ber of differentially expressed genes that were responsive either to hyper- and hypo- osmotic

Table 1. Primers used for real-time qPCR validation.

Gene name Symbol Direction Primer sequence (5’!3’) Primer concentration

Succinate dehydrogenase [ubiquinone] flavoprotein subunit SDHA Fw CAATCTCTGGATGAGCAGGACTGT 300 nM

Rv GTAGGAGCGGATGGCAGGAG

Cytochrome b-c1 complex subunit 1, mitochondrial UQCRC1 Fw TGTCCTGCTGTGGTTGCTGTT 300 nM

Rv CGCACTCTGTTGTAGTCGGGTAG

Cytosolic sulfotransferase 1 SULT1A1 Fw CCACCACTCCACGACTGATTA 300 nM

Rv ACCATGTTGTCTTTGGCATTG

Cytosolic sulfotransferase 2 SULT1A2 Fw CTACCGGTCCAGTTCATACCC 300 nM

Rv GGCCGAAGTGGTAATAGGACA

Glutathione S-transferase A GSTA1 Fw TGGAGAAGACTCCTGGTGGTT 300 nM

Rv GGGTAACGCTTCTCGCATAAC

Sodium/potassium-transporting ATPase subunit alpha-1 ATP1A1 Fw TCGTTACAGGAGTGGAAGAAGG 200 nM

Rv GATGTTGGCGATGATGAAGAG

Junctional adhesion molecule A F11R Fw TTGGTTCAAATGCCAGAGTTG 300 nM

Rv ACTCTGCCTGCATAGGGTGTT

Stathmin STMN1 Fw TCCCCACTGAAGAAAAAGGAA 300 nM

Rv TTGTCCAGCCAAGTGTTTCAG

doi:10.1371/journal.pone.0148113.t001
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challenges was 127 (~ 24% of differentially expressed genes) in the liver (Fig 2A). In gills, 11
out of 131 genes (~ 8%) were differentially expressed by both hyper- and hypo- osmotic chal-
lenges (Fig 2C). Likewise, at the hypothalamic level, 19 out of 160 genes (~ 12%) were differen-
tially expressed by hyper- and hypo- osmotic challenges (Fig 2E). Of note, in all tissues, the
calculated fold-changes for these coincident genes highlights that the magnitude and direction
of change (up- or down-regulation) was quite similar regardless of the hypo- or hyper- osmotic
regulation needs (Fig 2B, 2D and 2F).

Network analysis and visualization
The functional search of osmotic-responsive genes by canonical pathway overlapping yielded a
total of 91 genes in the hepatic tissue (Table B in S1 File). These genes were mapped into 18
canonical pathways, strongly interconnected by 6–15 genes each (60 overlapping genes in total)
(Fig 3). In such cluster representation, two nodes named “Energy Metabolism” and “Oxidative
Stress: Cell and Tissue Damage and Repair” were identified. The first node was represented by
19 mitochondria-related genes, mapped in two different pathways (oxidative phosphorylation,
OXPHOS; mitochondria dysfunction) that were consistently up-regulated (16 out of 19 genes).
The node of “Oxidative Stress” contained two sub-nodes with different regulatory features. The
sub-node named “Protein synthesis and metabolism”, represented by mTOR signaling, EIF2
signaling-regulation of eIF4 and p70S6K signaling, was consistently up-regulated (17 out of 26).
In contrast, the second sub-node so-called “Cell stress” included 13 different canonical pathways
with a gradual change from up- to down-regulation. The up-regulated response was mostly
related to protein ubiquination (10 out of 13 genes) pathways. The down-regulation was exem-
plified by the LPS-stimulated MAPK signaling (6 out of 6), whereas the response of integrin sig-
naling (7 up-regulated and 5 down-regulated genes) and aryl hydrocarbon receptor signaling (5
up-regulated and 7 down-regulated genes) pathways was more balanced.

Fig 1. Number of up-regulated (red bars) and down-regulated genes (green bars) differentially
expressed in liver, gills and hypothalamus of gilthead sea bream specimens (n = 5 fish per salinity)
after 7 days of hypo- (Hypo) or hyper- (Hyper) osmotic challenge.

doi:10.1371/journal.pone.0148113.g001
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The overlapping chart for gills also revealed two major nodes, equivalents to those found in
the liver. This refers to a total number of 24 genes (Table C in S1 File) that were mapped into
15 canonical pathways interconnected among them by 3–6 genes (Fig 4). The node of “Energy
Metabolism” included two sub-nodes related to OXPHOS and carbohydrate/anaerobic metab-
olism (glycolysis I, gluconeogenesis I), whereas that of “Oxidative Stress” was most represented
by those canonical pathways related to i) “Sulfur amino acid metabolism” (superpathway of
methionine degradation, cysteine biosynthesis III, methionine degradation I to homocysteine)
and ii) “Cell stress” (serotonin degradation, melatonin degradation, nicotine degradation II,
aryl hydrocarbon receptor signaling, xenobiotic metabolism signaling, nicotine degradation III,
melatonin degradation I, thyroid hormone metabolism II-via conjugation and/or degradation).
Regardless of gene set, the overall response was the up-regulation (21 out of 24), which was
especially evident for the node “Energy Metabolism” and the sub-node “Cell stress”.

Fig 2. Venn diagrams of A) liver, C) gills and E) hypothalamus of gilthead sea bream specimens (n = 5 fish per salinity) showing differentially expressed
transcripts that are unique to and common between hypo- or hyper-osmotic challenges 7 days post-transfer. Scatter plots in panels B), D) and F) represent
fold-changes after hypo- (X-axis) and hyper- (Y-axis) osmotic transfers in common genes differentially expressed in liver, gills and hypothalamus,
respectively.

doi:10.1371/journal.pone.0148113.g002
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Fig 3. Overlapping network of hepatic response to hyper- and hypo-osmotic challenges in gilthead sea bream specimens (n = 5 fish per salinity)
after 7 days post-transfer.Overlapping was generated by using Ingenuity Pathway Analysis (IPA) tools. Settings were selected to guarantee a minimum of
6 common genes between different canonical pathways. Solid lines show a direct connection between canonical pathways, indicating the number of
common genes presented between them. Names and numbers assigned to each canonical pathway are represented in the table appended, indicating in
brackets and italics the number of genes that compose each of them, as well as the number of up- and down-regulated genes in each canonical pathway. In
each canonical pathway, a colour ranging between red (100% up-regulated) and green (100% down-regulated) was also assigned.

doi:10.1371/journal.pone.0148113.g003
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In the hypothalamus, up to 32 differently expressed genes were mapped into 16 overlapping
canonical pathways, interconnected among them by 3–4 common genes (Table D in S1 File).
This yielded two sub-nodes included in the “Oxidative Stress” node. The sub-node “Cell stress”
included five different overlapping pathways (nicotine degradation II/III, superpathway of
melatonin degradation, melatonin degradation I, xenobiotic metabolism signaling). The sub-
node named “Cell and tissue architecture” was composed by three independent clusters: i) apo-
ptosis-integrin signaling (apoptosis signaling, integrin signaling), ii) atherosclerosis-hepatic
fibrosis (atherosclerosis signaling, hepatic fibrosis/hepatic stellate cell activation), and iii)

Fig 4. Overlapping network of branchial response to hyper- and hypo-osmotic challenges in gilthead sea bream specimens (n = 5 fish per salinity)
after 7 days post-transfer.Overlapping was generated by using Ingenuity Pathway Analysis (IPA) tools. Settings were selected to guarantee a minimum of
3 common genes between different canonical pathways. For further details, see the legend of Fig 3.

doi:10.1371/journal.pone.0148113.g004
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epithelial adherent junctions and cell to cell interactions (germ cell-Sertoli cell junction signal-
ing, remodeling of epithelial adherens junctions, tight junction signaling, Sertoli cell-Sertoli
junction signaling, gap junction signaling, signaling by Rho family GTPases) (Fig 5). Almost all
clusters were up-regulated, but the clusters of epithelial adherent junctions and cell to cell inter-
actions were primarily down-regulated (8 out of 11 genes).

Microarray validation by real-time qPCR
Comparison of the expression results obtained for selected genes by both microarray and real-
time qPCR analyses shown high levels of consistency for both up- and down-regulated genes
between the two methods (r2 = 0.899, Pearson’s correlation analysis, Fig 6). ß–actin was not
affected by salinity, presenting less than 0.10 cycles of variation between all samples in the
three tissues analyzed.

Discussion
Effects of hypo- and hyper-osmotic challenges on osmoregulatory organs, metabolism and
endocrine system have been previously reported in several euryhaline teleost species [6, 7, 34–
36], including gilthead sea bream [23, 24, 26, 27, 37, 38]. All of these processes have been his-
torically studied for specific targets, from enzyme activities to histological approaches, but to
our knowledge few studies have addressed in an integrated manner the transcriptional regula-
tion of osmoregulatory and non-osmoregulatory tissues after salinity transfer [39–41]. How-
ever, it is generally accepted that the switch from hyper- to hypo-osmoregulation, or vice versa,
is energetically expensive and it requires marked changes in the transcriptome, including those
processes related to signaling pathways and remodeling of the cellular landscape and energetics
[41]. In agreement with this, our data shows a total of 777 different genes that were signifi-
cantly up- or down-regulated in at least one tissue and experimental condition. The up-regula-
tion is the overall response, although different gene expression patterns (consistently validated
by qPCR) were observed depending on the tissue and biological process considered. At the
same time, when considering gene coincidences between hypo- and hyper- osmotic responsive
genes, the magnitude and direction of changes of all of the differentially expressed genes was
similar in the three studied tissues (Fig 2B, 2D and 2F; see Table A in S1 File). These findings
suggest that some molecular features are part of a common response against osmotic stress
regardless of the direction of change (hypo- or hyper-) in the environmental osmolality.

Network visualization of overlapping pathways also forced the identification of closely
related biological processes according to the different metabolic capabilities of each tissue. Our
network analysis reveals two main nodes affected by salinity challenges, represented by i) an
overall up-regulation response for “Energy Metabolism” identified in both liver and gills, and
ii) “Oxidative Stress: Cell and Tissue Damage and Repair” in the three analyzed tissues, but
with the most evident response to its up-regulation in gills and hypothalamus. Even so, they
present different sub-nodes, which are characterized by several pathways and differentially
expressed genes responding in a singular way depending on the main cellular process needed.
At the same time, the depletion of some physiological processes can be viewed as an adaptive
response to prime the expression of genes that really play a feedback role after salinity transfer.

The energy cost of osmoregulation is greatly variable, but it is now accepted that around 10
to 50% of the total fish energy budget is dedicated to osmoregulation [42]. Indeed, the gills
present an important energy expenditure [43, 44]. The liver cannot be considered a really
osmoregulatory tissue, although it is contemplated as one of the most important energy suppli-
ers to fish osmoregulatory tissues [7, 45], due to its critical significance in the metabolism of
carbohydrates and lipids [46]. Accordingly, it is important to remark the consistent activation
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Fig 5. Overlapping network of hypothalamic response to hyper- and hypo-osmotic challenges in gilthead sea bream specimens (n = 5 fish per
salinity) after 7 days post-transfer.Overlapping was generated by using Ingenuity Pathway Analysis (IPA) tools. Settings were selected to guarantee a
minimum of 3 common genes between different canonical pathways. For further details, see the legend of Fig 3.

doi:10.1371/journal.pone.0148113.g005
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of energy-generation processes in both hepatic and branchial tissues. In liver, OXPHOS and
mitochondrial dysfunction canonical pathways denote this metabolic feature. These pathways
included genes related with ATP and NADH production (ATP synthases, 2-oxoglutarate dehy-
drogenase) or respiratory electron transport chain (cytochrome b-c1 complex and cytochrome
c oxidase subunits, succinate dehydrogenase [ubiquinone] subunits), which mRNA expression
might became enhanced by osmotic transfers to cope with increased cell and tissue energy
needs. Similarly, all the genes involved in branchial energy production, encompassed within
four different canonical pathways (OXPHOS, mitochondrial dysfunction, glycolysis I, gluco-
neogenesis I), were up-regulated in both hypo- and hyper- osmotic transfers, excluding the

Fig 6. Comparison betweenmicroarray (X-axis) and qPCR (Y-axis) fold-changes for mRNA
expression of differentially expressed genes used for microarray validation in liver, gills and
hypothalamus of gilthead sea bream specimens transferred from seawater (SW, 38‰ salinity), to i)
low salinity water (LSW, 5‰ salinity; hyposmotic challenge), and ii) high salinity water (HSW, 55‰
salinity; hyposmotic challenge), andmaintained for 7 days under this osmotic conditions (n = 5 fish
per salinity). SDHA: Succinate dehydrogenase [ubiquinone] flavoprotein subunit; UQCRC1: Cytochrome b-
c1 complex subunit 1, mitochondrial; SULT1A1: Cytosolic sulfotransferase 1; SULT1A2: Cytosolic
sulfotransferase 2; GSTA1: Glutathione S-transferase A; ATP1A1: Sodium/potassium-transporting ATPase
subunit alpha-1; F11R: Junctional adhesion molecule A (KF861997); STMN: Stathmin.

doi:10.1371/journal.pone.0148113.g006
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ATP synthase-coupling factor 6 (mitochondrial) (ATP5J), which was down-regulated after
hypoosmotic challenge. Coupling factor 6 is an essential component of the energy-transducing
stalk of mitochondrial ATP synthase [47], but also acts in vascular endothelial cells inducing
vasoconstriction [48]. According with this hint, the down-regulation of this gene in fish accli-
mated to hypoosmotic environment suggests that ATP5J decreases the vasoconstriction func-
tion in gills where lower rates of ion loss are required. Certainly, higher rates in active ion
exchange and water movement produced by key transporters and channels in mitochondrion-
rich cells (also called chloride cells) of the branchial tissue are required in response to osmotic
stress (see [49] for review). In the present study, this notion was supported by the clear activa-
tion of two important ion transporters. First, Na+,K+-ATPase (ATP1A1) significantly increased
after hyperosmotic transfer showing the typical “U-shape” relationship previously observed in
gilthead sea bream after osmoregulatory responses both at transcriptional (Fig 6; Table A in S1
File; [28]) and enzymatic activity [23] levels. Secondly, branchial carbonic anhydrase (CA)
clearly increased after hypoosmotic challenge (Table A in S1 File), further corroborating that
this enzyme is involved not only in CO2 excretion but also in osmoregulatory process [50, 51]
in response to low-salinity exposure, operating at either the transcriptional or translational
level [52]. Even so, energy metabolism did not appear to be enhanced on the hypothalamus tis-
sue by osmotic stress. Probably, this finding reflected a high metabolic resilience of the central
nervous system, which is at the same time indicative of its high robustness to preserve a given
metabolic and phenotype condition when facing changes in environmental and nutritional
cues [53, 54].

Markers of “Oxidative Stress” included in the sub-node “Cell stress” were over-represented
within the full list of differentially expressed genes regardless of tissue and type of osmotic
stress. Hence, a common feature of each tissue flowchart of overlapping canonical pathways of
differentially expressed genes was xenobiotic metabolism. This finding discloses that biochemi-
cal modifications carried out through specific enzymatic systems are needed to produce readily
excreted products under adverse metabolic situations with an increased risk of oxidative stress
[55]. Herein, this important function is highlighted by the up-regulation of a number of cyto-
chromes (i.e. P450 and several complex subunits) in all the analyzed tissues after both salinity
transfers, indicating that important metabolic modifications occur to cope with the fish osmo-
lite misbalances. However, other closely-related processes (LPS-stimulated MAPK signaling,
NRF2-mediated oxidative stress response) were at the same time markedly down-regulated in
the liver tissue. Importantly, LPS (lipopolysaccharide) is a component of the cell wall of Gram-
negative bacteria. These molecules regulate the expression of pro-inflammatory cytokines and
adhesion molecules that contribute to the pathogenesis of septic shock [56]. To our knowledge,
few studies have addressed the regulation of the immune response after salinity transfer in fish
[57], but the depletion of LPS response pathway in our experimental model might be indicative
of a cellular response of immuno-competence due to the osmoregulatory disorder. This fact
may facilitate at short-term the sparing of metabolic fuels for osmoregulation to canalize this
energy budget to other important processes required.

Functional analysis of differentially expressed genes also highlighted that xenobiotic metab-
olism was co-regulated with melatonin-related genes. Melatonin hormone is secreted by the
pineal gland and it is an important player in several functions related to osmoregulation [58–
60], but also to interact with other well-known osmoregulatory fish hormones produced in the
hypothalamus, like arginine vasotocin or isotocin [61, 62]. In addition, salinity transfer pro-
moted thyroid hormone metabolism in peripheral tissues (e.g. gills) of teleosts, including the
gilthead sea bream, being both sulfation (catalyzed by sulfotransferases) and glucuronidation
(catalyzed by UDP-glucuronosyltransferases) processes, which are clearly activated in our
experimental approach, important players in its regulation [63–65]. These insights confirm the

Transcriptomic Profiling in Fish Osmoregulation

PLOS ONE | DOI:10.1371/journal.pone.0148113 February 1, 2016 13 / 20



great importance of this peripheral metabolism after osmotic challenges also in gills, demon-
strating a huge significance of the endocrine cascade in the regulation of the osmoregulatory
functions.

Within the liver, even with the dualism for up- and down-regulated overlapping canonical
pathways (sub-node “Cell stress”), protein ubiquitination and integrin signaling pathways
mostly exhibited an up-regulated response. Ubiquitination regulates degradation of cellular
proteins, controlling a protein half-life and expression levels. This pathway was represented,
among other genes, by different heat shock proteins (HSP). The HSPs (10 kDa HSP, 60 kDa
HSP, 70 kDa HSP, 90 kDa HSP) were up-regulated by hypoosmotic challenges in liver and also
in gills. The same pattern has been recently reported in the blue-green damselfish (Chromis vir-
idis) in response to reduced salinity [66], illustrating that HSP system and ubiquitination are
important pathways to prevent osmotic stress damage for maintaining cellular protein quality.
In turn, integrins are transmembrane molecules responsible for cell-cell and cell-extracellular
matrix interactions [67]. Our results showed that different genes involved in this canonical
pathway (e.g. different actin-related proteins, calpain-1 catalytic subunit, Ras-related protein
Rap-1, or vinculin) were triggered in liver by the osmotic challenge, resulting in an up-regula-
tion of the cell cycle and the signal transduction [68]. In fact, calpain-1 was found to increase
its mRNA expression after starving conditions to improve protein mobilization as a source of
energy in rainbow trout (Oncorhynchus mykiss) fingerlings [69], whereas Ras-related protein
Rap-1 has been also suggested to be regulated by osmotic stress [70]. In this regard, a preferen-
tial up-regulation in the sub-node involved in “Protein synthesis and metabolism” is also
observed. Moreover, “Sulfur amino acid metabolism” sub-node identified in gills showed the
same up-regulatory pattern after both salinity transfers, confirming the nitrogenous turnover,
where two essential amino acid pathways (methionine and cysteine) were affected at transcrip-
tional level, also in this important osmoregulatory tissue after osmotic stress.

In branchial and hypothalamic tissues, a clear up-regulated interconnection in the pathways
composing the sub-node “Cell stress” was evidenced (Figs 4 and 5). Indeed, in gills, only the
apoptotic BAX gene was down-regulated by hypoosmotic challenge. This gene accelerates pro-
grammed cell death causing translocation to the mitochondrion membrane, and leads to the
release of cytochrome c that then triggers apoptosis [71]. Recent studies confirm that mRNA
expression of branchial BAX gene is up-regulated after hyperosmotic challenges in the climb-
ing perch (Anabas testudineus). These environments are more likely to produce apoptosis
involving the removal of certain types of branchial cells [72], which may be as a consequence of
a higher chloride cells need to deal with the osmoregulatory load (see above; [23]). In the same
way, all genes from canonical pathways related to this sub-node in hypothalamus were up-
regulated, except the UDP-glucuronosyltransferase 1–9 (UDPGT1-9). The down-regulation
observed in this gene could be due to its specific function in phenols and chemical compound
elimination [73, 74] and the presumably absence of them as pollutants in our facilities.

Functional analysis of differentially expressed genes also highlighted an exclusive hypo-
thalamic sub-node named “Cell and tissue architecture”, which was mostly down-regulated
(72% of the genes) after both salinity transfers (Fig 5). This down-regulation suggests that
hypothalamic cells tend to reduce tight junctions, giving that large protein molecules, as well
as solutes and water, move freely across the tissue [75], facilitating their arrival to the hypo-
thalamic nuclei where they are required [76]. Changes in plasma tonicity are clinically used
to increase blood-brain barrier permeability [77] in order to deliver different substances to
the central nervous system [78]. Interestingly, other two genes involved in cell junction sig-
naling, i.e. actin and dual specificity mitogen-activated protein kinase kinase 2 (MAP2K2),
were up-regulated after hypoosmotic acclimation. This co-regulated response of genes
encoding actin and collagen chains could be needed to increase cell volume in response to
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the decrease in plasma osmolality after hypoosmotic transfer, which has been described in
several teleost species including the gilthead sea bream [23, 79–81]. Taking together with the
effect observed in tight cell junctions, it is strongly suggested that large responses for the low
solute and water permeability of cerebral capillaries were needed [75]. Moreover, increased
MAPK gene expression indicates that a higher regulation of common cellular functions,
including metabolic, osmoregulatory and endocrine pathways [82–84], as well as in the regu-
latory volume increase process [85], is controlled by this mechanism and required to over-
come these osmotic challenges.

Concluding Remarks
All together, the results presented herein indicate that the hepatic, branchial and hypothalamic
transcriptomes of gilthead sea bream are highly regulated after 7 days of transfer to different
environmental salinities. Importantly, our findings clearly indicate that a well-defined duality
between physiological processes and their responses in liver and gills (Energy Metabolism and
nitrogenous turnover) or in gills and hypothalamus (cell stress) can be specifically considered
after hypo- or hyper-osmotic conditions. At the same time, hypothalamus seems to be a partic-
ular tissue, and the osmotic adaptive response was mostly mediated by cell and tissue architec-
ture genes in order to preserve its specific allostatic condition. All these findings with specific
indication of common genes among shared pathways are summarized in Fig 7 for a compre-
hensive overview of adaptive stress osmoregulation at the transcriptional level. These findings

Fig 7. (A) Evaluation of main processes detected in liver, gills and hypothalamus, with indication of the
percentage (%) of genes differentially expressed and regulated by each salinity transfer (Hypo: blue, Hyper:
pink or both: blue/pink). (B) Schematic representation of those clusters identified in each studied tissue,
indicating and naming the number of common pathways (broken lines) and genes shared by them. Number
of total pathways present in each cluster is displayed in brackets and italics.

doi:10.1371/journal.pone.0148113.g007
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would be taken into account in future studies in order to phenotype fish strains with greater
potential of adaptation to higher or lower salinity environments.
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Table B in S1 File. Differentially expressed genes mapped in overlapping pathway charts of
liver. Table C in S1 File. Differentially expressed genes mapped in overlapping pathway charts
of gills. Table D in S1 File. Differentially expressed genes mapped in overlapping pathway
charts of hypothalamus.
(DOCX)

Acknowledgments
Experiment has been carried out at the Campus de Excelencia Internacional del Mar (CEI-
MAR) facilities from the University of Cádiz. The authors wish to thank Ms. Rosa Vázquez
(Servicios Centrales de Investigación en Cultivos Marinos, SCI-CM, CASEM, University of
Cádiz, Spain) for supplying the sea bream juveniles.

Author Contributions
Conceived and designed the experiments: JAMS JMMMY. Performed the experiments: JAMS
JMMGMR. Analyzed the data: JAMS JACG JPS. Contributed reagents/materials/analysis
tools: JMMMY JPS. Wrote the paper: JAMS JMM JACGMY GMR JPS. Interpreted the data:
JAMS JACG JPS. Conceived statistical analysis: JACG JPS.

References
1. Evans DH. Teleost fish osmoregulation: what have we learned since August Krogh, Homer Smith, and

Ancel Keys. Am J Physiol. 2008; 295: R704–713.

2. McCormick SD, Farrell AP, Brauner CJ. Euryhaline fishes. Academic Press, Oxford, UK. 2013.

3. HolmesWN, Donaldson EM. The body compartments and the distribution of electrolytes. In: Hoar WS,
Randall DJ, editors. Fish Physiology, vol. 1: Academic Press, San Diego; 1969. pp. 1–89.

4. Maetz J. Aspects of adaptation to hypo-osmotic and hyperosmotic environments. In: Malins DC, Sar-
gent JR, editors. Biochemical and Biophysical Perspectives in Marine Biology: Academic Press, Lon-
don, UK; 1974. pp. 1–167.

5. Evans DH. Osmotic and ionic regulation. In: Evans DH, editor. The Physiology of Fishes: CRC Press,
Boca Ratón, Florida; 1993. pp. 315–341.

6. Evans DH, Piermarini PM, Choe KP. The multifunctional fish gill: dominant site of gas exchange, osmo-
regulation, acid-base regulation, and excretion of nitrogenous waste. Physiol Rev. 2005; 85: 97–177.
PMID: 15618479

7. Soengas JL, Sangiao-Alvarellos S, Laiz-Carrión R, Mancera JM. Energy metabolism and osmotic accli-
mation in teleost fish. In: Baldisserotto B, Mancera JM, Kapoor BG, editors. Fish Osmoregulation: Sci-
ence Publishers, Enfield, NH; 2007. pp. 277–307.

8. Tseng YC, Hwang PP Some insights into energy metabolism for osmoregulation in fish. Comp Biochem
Physiol C. 2008; 148: 419–429.

9. Bermejo-Nogales A, Nederlof M, Benedito-Palos L, Ballester-Lozano GF, Folkedal O, Olsen RE, et al.
Metabolic and transcriptional responses of gilthead sea bream (Sparus aurata L.) to environmental
stress: New insights in fish mitochondrial phenotyping. Gen Comp Endocrinol. 2014; 205: 305–315.
doi: 10.1016/j.ygcen.2014.04.016 PMID: 24792819

10. Bermejo-Nogales A, Calduch-Giner JA, Pérez-Sánchez J. Unraveling the molecular signatures of oxi-
dative phosphorylation to cope with the nutritionally changing metabolism capabilities of liver and mus-
cle tissues in farmed fish. PLoS ONE. 2015; 10(4): e0122889. doi: 10.1371/journal.pone.0122889
PMID: 25875231

11. McCormick SD. Endocrine control of osmoregulation in teleost fish. Am Zool. 2001; 41: 781–794.

Transcriptomic Profiling in Fish Osmoregulation

PLOS ONE | DOI:10.1371/journal.pone.0148113 February 1, 2016 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148113.s001
http://www.ncbi.nlm.nih.gov/pubmed/15618479
http://dx.doi.org/10.1016/j.ygcen.2014.04.016
http://www.ncbi.nlm.nih.gov/pubmed/24792819
http://dx.doi.org/10.1371/journal.pone.0122889
http://www.ncbi.nlm.nih.gov/pubmed/25875231


12. Harmer SL, Hogenesch JB, StraumeM, Chang HS, Han B, Zhu T, et al. Orchestrated transcription of
key pathways in Arabidopsis by the circadian clock. Science. 2000; 290: 2110–2113. PMID: 11118138

13. Birnbaum K, Shasha DE, Wang JY, Jung JW, Lambert GM, Galbraith DW, et al. A gene expression
map of the Arabidopsis root. Science. 2003; 302: 1956–1960. PMID: 14671301

14. Schmid M, Davison TS, Henz SR, Pape UJ, Demar M, Vingron M, et al. A gene expression map of Ara-
bidopsis thaliana development. Nat Genet. 2005; 37: 501–506. PMID: 15806101

15. Ferraresso S, Vitulo N, Mininni AN, Romualdi C, Cardazzo B, Negrisolo E, et al. Development and vali-
dation of a gene expression oligo microarray for the gilthead sea bream (Sparus aurata). BMCGeno-
mics. 2008; 9:580. doi: 10.1186/1471-2164-9-580 PMID: 19055773

16. Vieira FA, Gregório SF, Ferraresso S, Thorne MAS, Costa R, Milan M, et al. Skin healing and scale
regeneration in fed and unfed sea bream Sparus auratus. BMCGenomics. 2011; 12:490. doi: 10.1186/
1471-2164-12-490 PMID: 21981800

17. Sarropoulou E, Kotoulas G, Power DM, Geisler R. Gene expression profiling of gilthead sea bream dur-
ing early development and detection of stress-related genes by the application of cDNAmicroarray
technology. Physiol Genomics. 2005; 23: 182–191. PMID: 16046618

18. Teles M, Boltaña S, Reyes-López F, Santos MA, Mackenzie S, Tort L. Effects of chronic cortisol admin-
istration of GR and the liver transcriptome in Sparus aurata. Mar Biotechnol. 2013; 15: 104–114. doi:
10.1007/s10126-012-9467-y PMID: 22777624

19. Calduch-Giner JA, Davey G, Saera-Vila A, Houeix B, Talbot A, Prunet P, et al. Use of microarray tech-
nology to assess the time course of liver stress response after confinement exposure in gilthead sea
bream (Sparus aurata L.). BMCGenomics. 2010; 11:193. doi: 10.1186/1471-2164-11-193 PMID:
20307314

20. Davey GC, Calduch-Giner JA, Houeix B, Talbot A, Sitjà-Bobadilla A, Prunet P, et al. Molecular profiling
of the gilthead sea bream (Sparus aurata L.) response to chronic exposure to the myxosporean parasite
Enteromyxum leei. Mol Immunol. 2011; 48: 2102–2112. doi: 10.1016/j.molimm.2011.07.003 PMID:
21803425

21. Calduch-Giner JA, Sitjà-Bobadilla A, Davey GC, Cairns MT, Kaushik S, Pérez-Sánchez J. Dietary veg-
etable oils do not alter the intestine transcriptome of gilthead sea bream (Sparus aurata), but modulate
the transcriptomic response to infection with Enteromyxum leei. BMCGenomics. 2012; 13:470. PMID:
22967181

22. Calduch-Giner JA, Echasseriau Y, Crespo D, Baron D, Planas JV, Prunet P, et al. Transcriptional
assessment by microarray analysis and large-scale meta-analysis of the metabolic capacity of cardiac
and skeletal muscle tissues to cope with reduced nutrient availability in gilthead sea bream (Sparus aur-
ata L.). Mar Biotechnol. 2014; 16: 423–435. doi: 10.1007/s10126-014-9562-3 PMID: 24626932

23. Laiz-Carrión R, Guerreiro PM, Fuentes J, Canário AVM, Martín del Río MP, Mancera JM. Branchial
osmoregulatory response to salinity in the gilthead sea bream, Sparus auratus. J Exp Zool A. 2005;
303: 563–576.

24. Mancera JM, Laiz-Carrión R, Martín del Río MP. Osmoregulatory action of PRL, GH, and cortisol on
the gilthead seabream (Sparus aurata L.). Gen Comp Endocrinol. 2002; 129: 95–103. PMID:
12441119

25. Sangiao-Alvarellos S, Laiz-Carrión R, Guzmán JM, Martín del Río MP, Míguez JM, Mancera JM, et al.
Acclimatization of gilthead sea bream Sparus aurata to different osmotic conditions elicits changes in
the energy metabolism of both osmoregulatory and non-osmoregulatory organs. Am J Physiol. 2003;
285: R897–R907.

26. Sangiao-Alvarellos S, Arjona FJ, Martín del Río MP, Míguez JM, Mancera JM, Soengas JL. Time
course of osmoregulatory and metabolic changes during osmotic acclimation in Sparus auratus. J Exp
Biol. 2005; 208: 4291–4304. PMID: 16272252

27. Martos-Sitcha JA, Gregorio SF, Carvalho ES, Canario AV, Power DM, Mancera JM, et al. AVT is
involved in the regulation of ion transport in the intestine of the sea bream (Sparus aurata). Gen Comp
Endocrinol. 2013; 193: 221–228. doi: 10.1016/j.ygcen.2013.07.017 PMID: 23973797

28. Martos-Sitcha JA, Fuentes J, Mancera JM, Martínez-Rodríguez G. Variations in the expression of vaso-
tocin and isotocin receptor genes in the gilthead sea bream Sparus aurata during different osmotic chal-
lenges. Gen Comp Endocrinol. 2014; 197: 5–17. doi: 10.1016/j.ygcen.2013.11.026 PMID: 24332959

29. Martos-Sitcha JA, Martínez-Rodríguez G, Mancera JM, Fuentes J. AVT and IT regulate ion transport
across the opercular epithelium of killifish and sea bream. Comp Biochem Physiol A. 2015; 182: 93–
101.

30. Laiz-Carrión R, Sangiao-Alvarellos S, Guzmán JM, Martín del Río MP, Soengas JL, Mancera JM.
Growth performance on gilthead sea bream Sparus aurata in different osmotic conditions: implications
on osmoregulation and energy metabolism. Aquaculture 2005; 250: 849–861.

Transcriptomic Profiling in Fish Osmoregulation

PLOS ONE | DOI:10.1371/journal.pone.0148113 February 1, 2016 17 / 20

http://www.ncbi.nlm.nih.gov/pubmed/11118138
http://www.ncbi.nlm.nih.gov/pubmed/14671301
http://www.ncbi.nlm.nih.gov/pubmed/15806101
http://dx.doi.org/10.1186/1471-2164-9-580
http://www.ncbi.nlm.nih.gov/pubmed/19055773
http://dx.doi.org/10.1186/1471-2164-12-490
http://dx.doi.org/10.1186/1471-2164-12-490
http://www.ncbi.nlm.nih.gov/pubmed/21981800
http://www.ncbi.nlm.nih.gov/pubmed/16046618
http://dx.doi.org/10.1007/s10126-012-9467-y
http://www.ncbi.nlm.nih.gov/pubmed/22777624
http://dx.doi.org/10.1186/1471-2164-11-193
http://www.ncbi.nlm.nih.gov/pubmed/20307314
http://dx.doi.org/10.1016/j.molimm.2011.07.003
http://www.ncbi.nlm.nih.gov/pubmed/21803425
http://www.ncbi.nlm.nih.gov/pubmed/22967181
http://dx.doi.org/10.1007/s10126-014-9562-3
http://www.ncbi.nlm.nih.gov/pubmed/24626932
http://www.ncbi.nlm.nih.gov/pubmed/12441119
http://www.ncbi.nlm.nih.gov/pubmed/16272252
http://dx.doi.org/10.1016/j.ygcen.2013.07.017
http://www.ncbi.nlm.nih.gov/pubmed/23973797
http://dx.doi.org/10.1016/j.ygcen.2013.11.026
http://www.ncbi.nlm.nih.gov/pubmed/24332959


31. McEwen BS, Wingfield JC. The concept of allostasis in biology and biomedicine. Horm Behav. 2003;
43: 2–15. PMID: 12614627

32. Calduch-Giner JA, Bermejo-Nogales A, Benedito-Palos L, Estensoro I, Ballester-Lozano G, Sitjà-Boba-
dilla A, et al. Deep sequencing for the novo construction of a marine fish (Sparus aurata) transcriptome
database with a large coverage of protein-coding transcripts. BMCGenomics. 2013; 14:178. doi: 10.
1186/1471-2164-14-178 PMID: 23497320

33. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2−ΔΔCt method. Methods. 2001; 25: 402–408. PMID: 11846609

34. Marshall WS. Na+, Cl-, Ca2+ and Zn2+ transport by fish gills: Retrospective review and prospective syn-
thesis. J Exp Zool. 2002; 293: 264–283. PMID: 12115901

35. Evans DH, Rose RE, Roeser JM, Stidham JD. NaCl transport across the opercular epithelium of Fun-
dulus heteroclitus is inhibited by an endothelin to NO, superoxide, and prostanoid signaling axis. Am J
Physiol. 2004; 286: R560–R568.

36. Takei Y, McCormick SD. Hormonal control of fish euryhalinity. In: McCormick SD, Farrell AP, Brauner
CJ, editors. Euryhaline Fishes: Academic Press; 2013. pp. 69–124.

37. Gregorio SF, Carvalho ES, Encarnacao S, Wilson JM, Power DM, Canario AV, et al. Adaptation to dif-
ferent salinities exposes functional specialization in the intestine of the sea bream (Sparus aurata L.). J
Exp Biol. 2013; 216: 470–479. doi: 10.1242/jeb.073742 PMID: 23038737

38. Martos-Sitcha JA, Wunderink YS, Straatjes J, Skrzynska AK, Mancera JM, Martínez-Rodríguez G. Dif-
ferent stressors induce differential responses of the CRH-stress system in the gilthead sea bream
(Sparus aurata). Comp Biochem Physiol A. 2014; 177: 49–61.

39. Kalujnaia S, McWilliam IS, Zaguinaiko VA, Feilen AL, Nicholson J, Hazon N, et al. Transcriptomic
approach to the study of osmoregulation in the European eel Anguilla anguilla. Physiol Genomics.
2007; 31: 385–401. PMID: 17666525

40. Evans TG, Somero GN. A microarray-based transcriptomic time-course of hyper- and hypo-osmotic
stress signaling events in the euryhaline fishGillichthys mirabilis: osmosensors to effectors. J Exp Biol.
2008; 211: 3636–3649. doi: 10.1242/jeb.022160 PMID: 18978229

41. Lam SH, Lui EY, Li Z, Cai S, SungWK, Mathavan S, et al. Differential transcriptomic analyses revealed
genes and signaling pathways involved in iono-osmoregulation and cellular remodeling in the gills of
euryhaline Mozambique tilapia,Oreochromis mossambicus. BMCGenomics. 2014; 15:921 doi: 10.
1186/1471-2164-15-921 PMID: 25342237

42. Boeuf G, Payan P. How should salinity influence fish growth? Comp Biochem Physiol C. 2001; 130:
411–423.

43. Kelly SP, Woo NYS. Cellular and biochemical characterization of hyposmotic adaptation in a marine tel-
eost, Sparus sarba. Zool Sci. 1999; 16: 505–514.

44. Wilson JM, Whiteley NM, Randall DJ. Ionoregulatory changes in the gill epithelia of coho salmon during
seawater acclimation. Physiol Biochem Zool. 2002; 75: 237–249. PMID: 12177827

45. Mommsen TP, Vijayan MM, Moon TW. Cortisol in teleosts: dynamics, mechanisms of action, and meta-
bolic regulation. Rev Fish Biol Fisheries. 1999; 9: 211–268.

46. Tao T, Peng J. Liver development in zebrafish (Danio rerio). J Genet Genomics. 2009; 36: 325–334.
doi: 10.1016/S1673-8527(08)60121-6 PMID: 19539242

47. Knowles AF, Guillory RJ, Racker E. Partial resolution of the enzymes catalyzing oxidative phosphoryla-
tion XXIV. A factor required for the binding of mitochondrial adenosine triphosphatase to the inner mito-
chondrial membrane. J Biol Chem. 1971; 246: 2672–2679. PMID: 4251853

48. Tanaka M, Osanai T, Murakami R, Sasaki S, Tomita H, Maeda N, et al. Effect of vasoconstrictor cou-
pling factor 6 on gene expression profile in human vascular endothelial cells: enhanced release of
asymmetric dimethylarginine. J Hypertens. 2006; 24: 489–497. PMID: 16467652

49. Edwards SL, Marshall WS. Principles and patterns of osmoregulation and euryhalinity in fishes. In:
McCormick SD, Farrell AP, Brauner CJ, editors. Euryhaline Fishes: Academic Press; 2013. pp. 1–44.

50. Henry RP. Multiple roles of carbonic anhydrase in cellular transport and metabolism. Annu Rev Physiol.
1996; 58: 523–38. PMID: 8815807

51. Linoletto MG, Maffia M, Cappello MS, Giordano ME, Storelli C, Schettino T. Effect of cadmium on car-
bonic anhydrase and Na+-K+-ATPase in eel, Anguilla anguilla, intestine and gills. Comp Biochem Phy-
siol A. 1998; 120: 89–91.

52. Henry RP, Gehnrich S, Weihrauch D, Towle DW. Salinity-mediated carbonic anhydrase induction in
the gills of the euryhaline green crab,Carcinus maenas. Comp Biochem Physiol. 2003; 136: 243–258.

53. Benedito-Palos L, Navarro JC, Kaushik S, Pérez-Sánchez J. Tissue-specific robustness of fatty acid
signatures in cultured gilthead sea bream (Sparus aurata L.) fed practical diets with a combined high

Transcriptomic Profiling in Fish Osmoregulation

PLOS ONE | DOI:10.1371/journal.pone.0148113 February 1, 2016 18 / 20

http://www.ncbi.nlm.nih.gov/pubmed/12614627
http://dx.doi.org/10.1186/1471-2164-14-178
http://dx.doi.org/10.1186/1471-2164-14-178
http://www.ncbi.nlm.nih.gov/pubmed/23497320
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/12115901
http://dx.doi.org/10.1242/jeb.073742
http://www.ncbi.nlm.nih.gov/pubmed/23038737
http://www.ncbi.nlm.nih.gov/pubmed/17666525
http://dx.doi.org/10.1242/jeb.022160
http://www.ncbi.nlm.nih.gov/pubmed/18978229
http://dx.doi.org/10.1186/1471-2164-15-921
http://dx.doi.org/10.1186/1471-2164-15-921
http://www.ncbi.nlm.nih.gov/pubmed/25342237
http://www.ncbi.nlm.nih.gov/pubmed/12177827
http://dx.doi.org/10.1016/S1673-8527(08)60121-6
http://www.ncbi.nlm.nih.gov/pubmed/19539242
http://www.ncbi.nlm.nih.gov/pubmed/4251853
http://www.ncbi.nlm.nih.gov/pubmed/16467652
http://www.ncbi.nlm.nih.gov/pubmed/8815807


replacement of fish meal and fish oil. J Anim Sci. 2010; 88: 1759–1770. doi: 10.2527/jas.2009-2564
PMID: 20081079

54. Benedito-Palos L, Ballester-Lozano GF, Pérez-Sánchez J. Wide-gene expression analysis of lipid-rele-
vant genes in nutritionally challenged gilthead sea bream (Sparus aurata). Gene. 2014; 547: 34–42.
doi: 10.1016/j.gene.2014.05.073 PMID: 24946022

55. George SG. Enzymology and molecular biology of phase II xenobiotic-conjugating enzymes in fish. In:
Malins DC, Ostrander GK, editors. Aquatic Toxicology, Molecular, Biochemical and Cellular Perspec-
tives: CRC Press, Boca Raton; 1994. pp. 37–85.

56. Karima R, Matsumoto S, Higashi H, Matsushima K. The molecular pathogenesis of endotoxic shock
and organ failure. Mol Med Today. 1999; 5: 123–132. PMID: 10203736

57. Cuesta A, Laiz-Carrión R, Martín del Río MP, Meseguer J, Mancera JM, EstebanMA Salinity influences
the humoral immune parameters of gilthead seabream (Sparus aurata). Fish Shellfish Immunol. 2005;
18: 255–261. PMID: 15519544

58. Kulczykowska E. A review of the multifunctional hormone melatonin and a new hypothesis involving
osmoregulation. Rev Fish Biol Fisheries. 2002; 11: 321–330.

59. Kleszczynska A, Vargas-Chacoff L, Gozdowska M, Kalamarz H, Martinez-Rodriguez G, Mancera JM,
et al. Arginine vasotocin, isotocin and melatonin responses following acclimation of gilthead sea bream
(Sparus aurata) to different environmental salinities. Comp Biochem Physiol A. 2006; 145: 268–273.

60. López-Olmeda JF, Oliveira C, Kalamrz H, Kulczykowska E, Delgado MJ, Sánchez-Vázquez FJ. Effects
of water salinity on melatonin levels in plasma and peripheral tissues and on melatonin binding sites in
European sea bass (Dicentrarchus labrax). Comp Biochem Physiol A. 2009; 152: 486–490.

61. Kulczykowska E. Arginine vasotocin-melatonin interactions in fish: a hypothesis. Rev Fish Biol Fisher-
ies. 1995; 5: 96–102.

62. Kulczykowska E. Effects of arginine vasotocin, isotocin and melatonin on blood pressure in the con-
scious Atlantic cod (Gadus morhua): Hormonal interactions? Exp Physiol. 1998; 83: 809–820. PMID:
9782190

63. Finnson KW, Eales JG. Identification of thyroid hormone conjugates produced by isolated hepatocytes
and excreted in bile of rainbow trout,Oncorhynchus mykiss. Gen Comp Endocrinol. 1996; 101: 145–
154. PMID: 8812356

64. Finnson KW, Eales JG. Glucuronidation of thyroxine and 3,5,3'-triiodothyronine by hepatic microsomes
in rainbow trout,Oncorhynchus mykiss. Comp Biochem Physiol C. 1997; 117: 193–199. PMID:
9214721

65. Klaren PHM, Guzmán JM, Reutelingsperger SJ, Mancera JM, Flik GLow salinity acclimation and thy-
roid hormonemetabolizing enzymes in gilthead seabream (Sparus auratus). Gen Comp Endocrinol.
2007; 152: 215–222. PMID: 17382943

66. Tang CH, Leu MY, YangWK, Tsai SC. Exploration of the mechanism of protein quality control and
osmoregulation in gills of Chromis viridis in response to reduced salinity. Fish Physiol Biochem. 2014;
40: 1533–1546. doi: 10.1007/s10695-014-9946-3 PMID: 24805086

67. van der Flier A, Sonnenberg A. Function and interactions of integrins. Cell Tissue Res. 2001; 305,
285–298. PMID: 11572082

68. Burbach BJ, Medeiros RB, Mueller KL, Shimizu Y. T-cell receptor signaling to integrins. Immunol Rev.
2007; 218: 65–81. PMID: 17624944

69. SalemM, Nath J, Rexroad CE, Killefer J, Yao J. Identification and molecular characterization of the
rainbow trout calpains (Capn1 and Capn2): their expression in muscle wasting during starvation. Comp
Biochem Physiol B. 2005; 140: 63–71. PMID: 15621511

70. Frische EW, Zwartkruis FJT. Rap1, a mercenary among the Ras-like GTPases. Develop Biol. 2010;
340: 1–9. doi: 10.1016/j.ydbio.2009.12.043 PMID: 20060392

71. Gavathiotis E, Suzuki M, Davis ML, Pitter K, Bird GH, Katz SG, et al. BAX activation initiated at a novel
interaction site. Nature. 2008; 455: 1076–1081. doi: 10.1038/nature07396 PMID: 18948948

72. Ching B, Chen XL, Yong JH, Wilson JM, Hiong KC, Sim EW, et al. Increases in apoptosis, caspase
activity and expression of p53 and bax, and the transition between two types of mitochondrion-rich
cells, in the gills of the climbing perch, Anabas testudineus, during a progressive acclimation from fresh-
water to seawater. Front Physiol. 2013; 4: 1–21.

73. Ankley GT, Blazer VS, Reinert RE, Agosin M. Effects of Aroclor 1254 on cytochrome p-450-dependent
monooxygenase, glutathione S-transferase, and UDP-glucuronosyltransferase activities in channel
catfish liver. Aquat Toxicol. 1986; 9: 91–103.

74. Wu B, Kulkarni K, Basu S, Zhang S, Hu M. First-pass metabolism via UDP-glucuronosyltransferase: a
barrier to oral bioavailability of phenolics. J Pharm Sci. 2011; 100: 3655–3681. doi: 10.1002/jps.22568
PMID: 21484808

Transcriptomic Profiling in Fish Osmoregulation

PLOS ONE | DOI:10.1371/journal.pone.0148113 February 1, 2016 19 / 20

http://dx.doi.org/10.2527/jas.2009-2564
http://www.ncbi.nlm.nih.gov/pubmed/20081079
http://dx.doi.org/10.1016/j.gene.2014.05.073
http://www.ncbi.nlm.nih.gov/pubmed/24946022
http://www.ncbi.nlm.nih.gov/pubmed/10203736
http://www.ncbi.nlm.nih.gov/pubmed/15519544
http://www.ncbi.nlm.nih.gov/pubmed/9782190
http://www.ncbi.nlm.nih.gov/pubmed/8812356
http://www.ncbi.nlm.nih.gov/pubmed/9214721
http://www.ncbi.nlm.nih.gov/pubmed/17382943
http://dx.doi.org/10.1007/s10695-014-9946-3
http://www.ncbi.nlm.nih.gov/pubmed/24805086
http://www.ncbi.nlm.nih.gov/pubmed/11572082
http://www.ncbi.nlm.nih.gov/pubmed/17624944
http://www.ncbi.nlm.nih.gov/pubmed/15621511
http://dx.doi.org/10.1016/j.ydbio.2009.12.043
http://www.ncbi.nlm.nih.gov/pubmed/20060392
http://dx.doi.org/10.1038/nature07396
http://www.ncbi.nlm.nih.gov/pubmed/18948948
http://dx.doi.org/10.1002/jps.22568
http://www.ncbi.nlm.nih.gov/pubmed/21484808


75. Strange K. Regulation of solute and water balance and cell volume in the central nervous system. J Am
Soc Nephrol. 1992; 2: 12–27.

76. Soengas JL, Aldegunde M. Energy metabolism of fish brain. Comp Biochem Physiol B. 2002; 131:
271–296. PMID: 11959012

77. Rapoport SI. Osmotic opening of the blood-brain barrier. Ann Neurol. 1988; 24: 677–680. PMID:
3059990

78. Neuwelt EA, Dahlborg SA. Chemotherapy administered in conjunction with osmotic blood-brain barrier
modifications in patients with brain metastases. J Neuro-oncol. 1987; 4: 195–207.

79. Marshall WS, Emberley TR, Singer TD, Bryson SE, McCormick SD. Time course of salinity adaptation
in a strongly euryhaline estuarine teleost, Fundulus heteroclitus: a multivariable approach. J Exp Biol.
1999; 202: 1535–1544. PMID: 10229699

80. Lin CH, Huang CL, Yang CH, Lee TH, Hwang PP. Time-course changes in the expression of Na, K-
ATPase and the morphometry of mitochondrion-rich cells in gills of euryhaline tilapia (Oreochromis
mossambicus) during freshwater acclimation. J Exp Zool. 2004; 301: 85–96.

81. Arjona FJ, Vargas-Chacoff L, Ruiz-Jarabo I, Martín del Río MP, Mancera JM. Osmoregulatory
response of Senegalese sole (Solea senegalensis) to changes in environmental salinity. Comp Bio-
chem Physiol A. 2007; 148: 413–421.

82. ltz D, Avila K. Mitogen activated protein kinases are in vivo transducers of osmosensory signals in fish
gill cells. Comp Biochem Physiol B. 2001; 129: 821–829. PMID: 11435136

83. Rui L, Fisher TL, Thomas J, White MF. Regulation of insulin/insulin like growth factor-1 signaling by pro-
teasomemediated degradation of insulin receptor substrate-2. J Biol Chem. 2001; 276: 40362–40367.
PMID: 11546773

84. Marshall WS, Ossum CG, Hoffmann EK. Hypotonic shock mediation by p38 MAPK, JNK, PKC, FAK,
OSR1, and SAPK in osmosensing chloride secreting cells of killifish opercular epithelium. J Exp Biol.
2005; 208: 1063–1077. PMID: 15767308

85. Fiol DF, Kültz D. Osmotic stress sensing and signaling in fishes. FEBS J. 2007; 274: 5790–5798.
PMID: 17944942

Transcriptomic Profiling in Fish Osmoregulation

PLOS ONE | DOI:10.1371/journal.pone.0148113 February 1, 2016 20 / 20

http://www.ncbi.nlm.nih.gov/pubmed/11959012
http://www.ncbi.nlm.nih.gov/pubmed/3059990
http://www.ncbi.nlm.nih.gov/pubmed/10229699
http://www.ncbi.nlm.nih.gov/pubmed/11435136
http://www.ncbi.nlm.nih.gov/pubmed/11546773
http://www.ncbi.nlm.nih.gov/pubmed/15767308
http://www.ncbi.nlm.nih.gov/pubmed/17944942

