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Abstract: In fishes, it is necessary to select a salinity environment suitable for survival. However,
little is known about the mechanisms regarding detection and selection of salinity environments in
fish. This study involved the establishment of a simple aquarium system in which fish can swim
between freshwater (FW) and seawater (SW) in a single tank. In this tank, the lower level contained
SW, the upper level contained FW, and the FW and SW levels were clearly separated as different
salinity areas. Behavioral experiments of salinity environment selection using this simplified system
to evaluate salinity preference showed that FW-acclimated medakas preferred FW to SW. In contrast,
SW-acclimated medakas preferred SW to FW. These results indicate that euryhaline medakas prefer
the saline habitats to which they are acclimated, when able to select the salinity environment. We
identified the taste receptor type-2 and polycystic kidney disease 2-like 1 genes as possibly related to
high-salinity taste in medaka. The expression of these genes increased at certain time points after
SW challenges. In this study, we established an aquarium system to facilitate a simple experiment
for salinity preference. Our results suggest that the medaka is good model for research related to
seawater environment selection in fish.
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1. Introduction

Aquatic environments exhibit major differences in terms of salinity; these environ-
ments include freshwater (FW), brackish water, and seawater (SW). FW is a hypoosmotic
environment, with an osmotic pressure of approximately 1-50 mOsm/kg. SW is a hy-
perosmotic environment, at approximately 1000 mOsm/kg. In teleost fish species, body
fluid osmolality is maintained at approximately one third of that of SW (approximately
300 mOsm/kg) in both FW and SW environments [1-4]. Unlike terrestrial animals, aquatic
animals live with their bodies in constant contact with water. Water and ions move pas-
sively through their body surfaces, depending on osmotic differences and concentration
gradients. As such, fish species have developed specific osmoregulatory mechanisms to
compensate for the effects of the ambient osmotic pressure. In FW environments, which
are hypoosmotic, the osmotic difference between the body and the external environment
causes water to flow into the body, whereas the ion concentration gradient causes ions
to flow out from the body. Fish living in FW environments adapt by using the main os-
moregulatory organs, the gills, kidneys, and intestines, to maintain bodily fluid osmolarity
within the physiological range. Contrastingly, in hyperosmotic SW environments, the
body becomes dehydrated and inflow of ions occurs. Fish living in SW must consume
SW to maintain hydration. In order for the intestines of these fish to absorb water, Na*
and Cl~ ions primarily must be absorbed into the body, and the osmotic pressure in the
intestines must be lower than that of body fluids. Excess Na* and Cl~ ions in the body
fluid are actively excreted via ionocytes in the gills [3,5]. Euryhaline fish can survive in
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both FW and SW environments. However, not all fish have this ability to adapt to FW or
SW environments. Fish species that can survive only in a limited environment are referred
to as stenohaline fish. Goldfish and zebrafish are FW stenohaline fish that cannot survive
in hyperosmotic environments [3]. Diadromous fish species, such as salmon and eels, are
euryhaline fish that utilize both FW and SW environments during their lifecycles. The
European seabass, an amphidromous fish, is a euryhaline marine teleost species whose
juveniles and adults tolerate a wide range of salinities [6]. Although its primary habitat is
FW, the Japanese medaka (Oryzias latipes) is a euryhaline fish species that can adapt to both
FW and SW environments. This species cannot survive a direct transfer from FW to SW;
however, it can become acclimated to SW by exposure to diluted SW over several days [7,8].
Anadromous salmon do not always possess the ability to adapt to SW environments either.
In fact, smoltification is an essential process for downstream migration in this species that
enables adaptation to hyperosmotic SW. Hypoosmoregulatory ability and salinity prefer-
ence increase in juvenile salmonids during smoltification [9,10]. As such, in salmonids,
maladaptable salinity conditions for fish exist depending on developmental stages [11].
Therefore, selection between different salinity environments, such as FW and SW, is thought
to be essential to the survival of fish species. Although salinity selection experiments using
intracerebroventricular hormone administration have been attempted using rainbow trout,
no evidence has been found regarding induction of descent and high-salt preference [12].
The mechanisms of salinity sensing and behavioral selection remain poorly understood.
Osmosensing is the physiological process of perceiving a change in environmental salinity.
Many factors have been reported to be involved in osmosensing, such as OSTF1 [13,14].
However, little is known about the influence of these osmosensory factors on fish behavior
and salinity environment selection via neural pathways. The taste system is one of the
important senses in vertebrates. In fish, taste receptors and a number of signal transduction
molecules have been identified [15,16]. The neurons linked to taste bud cells connect to
multiple areas of the brain [17]. The mechanism of high-salt taste perception in mammals
has been clarified because of recent research. The response to inducible NaCl is received
by epithelial cells expressing the epithelial sodium channel (enac) gene in taste buds [18].
It was further revealed that high salt concentrations stimulate, in addition to ENaC, the
expression of the polycystic kidney disease 2-like 1 (pkd2I1) gene by sour taste receptor
cells, as well as the expression of taste receptor type-2 (t2r) proteins by bitter taste receptor
cells, via two basic taste aversion pathways [19]. In fish, the mechanisms of high-salt taste
receptivity remain unclear. In teleost fish, the enac gene is absent and has not yet been
identified [20]. Therefore, we focused on {2r and pkd2I1 in this study.

In previous reports, some systems for salinity preference experiments were estab-
lished [12,21]. In this study, we first established a simplified aquarium system enabling
switching between FW and SW in a single tank, using a salt wedge placed between layers
of FW and SW to facilitate salinity preference experiments. Behavioral experiments of salt
selection in FW- and SW-acclimated Japanese medakas were then conducted to evaluate
salt selection in this system. Furthermore, the t2r and pkd2I1 genes, which are involved in
detecting high sodium levels in mammals, were identified, and changes in gene expression
occurring during the transfer from FW to SW were examined to obtain basic information
regarding the relationship between detection of high sodium levels and salinity preference
in the fish.

2. Results
2.1. Establishment of a Simplified System to Test for Salinity Preference

A simple water tank was prepared for the salinity preference experiment (Figure 1).
The lower level contained SW, the upper level contained FW, and the FW and SW levels
were separated by a salt wedge positioned between the levels. The osmotic pressure at each
depth in the tank is shown in Table 1. The FW osmotic pressure was 20.5 &+ 1.8 mOsm/kg,
and the SW osmotic pressure was 943 & 1.4 mOsm/kg. The FW up to the midline of the
salt wedge maintained osmotic pressure levels typical of FW environments, ranging from
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24.5 + 0.4 to 63.5 £ 16.0 mOsm/kg. From the midline of the salt wedge to the lower level,
the osmotic pressure ranged from 861 + 8.5 to 942 + 1.4 mOsm/kg, which is similar to that
of SW. The osmotic pressure changed remarkably beyond the midline of the salt wedge.
The osmotic pressure of the simple aquarium remained almost unchanged for up to 15 min
after filling, and the condition around the midline salt wedge was maintained (Table 2).

TR R SRS AR

Figure 1. A picture of a simplified system for salinity preference experiments. View of the preference
aquarium consisting of a freshwater area (upper, left: colorless, right: blue-colored water) and
seawater area (lower, left: blue-colored water, right: colorless).

Table 1. Water osmolality in simplified salinity preference system at the beginning of the experiment.

Water Depth (cm) Osmolality (mOsm/kg)

Freshwater 20.5+1.8
0.1 245+04

22 30.5+3.9
44 63.5 £ 16.0

6.6 861+ 85

8.8 939 £0.5

11 942 +14
Seawater 943 + 1.4

Table 2. Changes in water osmolality for a salinity preference experiment.

Water Depth (cm) Osmolality (mOsm/kg)
0 min after Setting 15 min after Setting
Freshwater 33
0.1 44.5 62
1.1 46 66
2.2 48.5 68
33 64.5 83.5
44 79 99
5.5 530 451.5
6.6 597.5 810.5
7.7 745.5 886
8.8 854 959
9.9 923 962
11 998 968.5
Seawater 1002
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2.2. Behavior of FW- and SW-Acclimated Fish in Different Saline Environments

The time spent by FW-acclimated and SW-acclimated medakas in each environment
in the aquarium, namely FW (colorless) and SW (blue), was measured (Figure 2). FW-
acclimated medakas stayed in FW for 468.15 & 22.0 s in a 10-min period, which was longer
than the time spent in SW (Figure 2a). However, SW-acclimated medakas stayed in the
SW environment for 419.5 £ 21.0 s in a 10-min period, which was longer than the time
spent in FW and in direct contrast to the behavioral pattern exhibited by the FW-acclimated
medakas (Figure 2b). Thereafter, in order to determine the effect of the water color on the
time spent by the FW- and SW-acclimated medakas in the prepared water environments,
the experiment was repeated using two aquarium environments: one filled with colored
FW and one with colorless SW (Figure 2). No change in the previously observed behavioral
pattern with respect to either aquarium environment was observed as a result of a change
in color, for both FW- and SW-acclimated medakas (Figure 3).

—_~
o
—~

)
2 600
(35) g (35)
I E st %
on
£ 400 |
[ §
. |
S 300}
(35) g -
3k % S (33)
o 200 f T
= I
5 100}
73
(5]
FW SW E 0
= FW SW

Salinity area Salinity area

Figure 2. Time in each salinity area (FW or SW) during 10 min in FW-acclimated medakas (a) and SW-acclimated medakas
(b). Numerals in parentheses indicate the number of fish examined. Data are expressed as means + SEM. Asterisks indicate
significant differences between the two groups (Wilcoxon signed-rank test, *** p < 0.001).

2.3. Changes in mRNA Expession of T2r and Pkd2I1 in 70% SW Challenge

A single gene was identified in medakas corresponding to the bitter taste receptor, t2r,
and the sour taste receptor, pkd2l1. The mRNA level of f2r increased on days 1 and 14 after
the transfer from FW to 70% SW and decreased to the original levels on day 28 after the
transfer (Figure 4a). The pkd2I1 mRNA levels increased after 3 h, 6 h, 3 days, 7 days, and
14 days from transfer from FW to 70% SW and decreased to the same level as FW 28 day
after transfer (Figure 4b).
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Figure 3. Time in each salinity area (FW or SW) during 10 min in FW-acclimated medakas (a) and SW-acclimated medakas
(b). The experiment was repeated using two aquarium environments: one set is colorless FW (white bar) and blue-colored
SW (grey and diagonal bar), and the other set is blue-colored FW (white and diagonal bar) and colorless SW (grey bar).
Numerals in parentheses indicate the number of fish examined. Data are expressed as means + SEM. Different letters
indicate significant differences within the same group (Steel-Dwass multiple-comparison test, p < 0.05).
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Figure 4. Changes in gene expressions of taste receptor type-2 (t2r) (a) and polycystic kidney disease 2-like 1 (pkd2I1) (b) after
transfer of FW-acclimated medakas to 70% SW. Values are means &= SEM (N = 6-7). Asterisks indicate significant differences
between FW (0 h) and time points of SW challenge (Dunnett’s multiple-comparison test, ** p < 0.01 and *** p < 0.001).

3. Discussion

Changes in salinity environment have major effects on survival in fishes. Fish must
have the ability to detect the salinity of the environment and select the appropriate salinity
environment depending on their physiological condition. Currently, there is a lack of
knowledge regarding the underlying mechanisms by which fish detect and select salinity
environments. This study used a simple aquarium system to facilitate salinity preference
experiments. As SW has a higher specific weight than FW, the salt wedge placed in the
aquarium tank served to clearly separate SW into the lower level and FW into the upper
level. The salt wedge is a common phenomenon in estuaries [22,23].
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The body fluid osmolality of medakas in FW is approximately 300 mOsm/kg [8]. The
aquarium system prepared in this study was divided into a low osmolality area (FW level)
with less than 100 mOsm/kg and a high osmolality area with more than 800 mOsm/kg,
and fish were able to freely move to either environment. Using this experimental system, it
was found that FW-acclimated medakas preferred FW to SW. Although Japanese medakas
are a euryhaline fish species, they cannot survive an immediate transition from FW to
SW [7,8]. Specifically, FW-acclimated medakas prefer an FW environment, finding SW a
potentially lethal environment. In contrast, SW-acclimated medakas preferred SW to FW.
SW-acclimated medakas can survive a direct transfer to FW [8]. These results indicate
that the simplified aquarium system established in this study is suitable for the study of
salinity preference in fishes. Furthermore, coloring to distinguish between the freshwater
and seawater did not affect the selection behavior for different salinity areas in fishes. The
transfer to a hypoosmotic or hyperosmotic environment necessitates major adjustment in
the ion regulatory mechanisms of the body. In an FW environment, 90% of ionocytes will
be NHE3-expressing cells, which are involved in the uptake of scarce sodium [24]. These
NHE3-expressing cells switch their function to SW-type ionocytes expressing CFTR after
SW transfer [3,24-26]. Furthermore, the number of gill ionocytes increases at 4 weeks after
transfer to an SW environment [8]. It requires functional changes in the existing FW-type
ionocytes as well as the proliferation and differentiation of SW-type ionocytes to achieve
SW acclimation in the gills [3]. Morphological changes in ionocytes and the body also
occur in the transfer from SW to FW [2,3]. As such, this functional switch can be expected
to place high energy demands on the fish and be stressful to the body. Thus, medakas can
be expected to prefer the saline habitats to which they are acclimated, when able to select.

There is a possibility that fish also use taste to detect highly saline environments.
Low-salinity water (<100 mM NaCl) produces attraction behavior and high-salinity water
(>300 mM NaCl) produces avoidance behavior in mammals [19,27]. In mice lacking
ENaC«, a major subunit of the ENaC protein, the gustatory neural response to low sodium
concentrations and attraction behavior do not occur, and the ENaC-expressing taste cells
are responsible for the reception of the attractive “good” salt taste [18]. In mice lacking the
bitter and sour taste pathways, the gustatory response and avoidance behavior to high
sodium concentrations are also missing. Furthermore, mice lacking the bitter and sour taste
pathways have only the “good” taste pathway for salt, thus exhibiting a strong preference
for high concentrations of sodium salts, which are avoided by wild-type mice [19].

This study examined the expression of the t2r and pkd2l1 genes in response to transfer
to an SW environment. The expression of both genes was found to increase in SW or remain
at the same level as in an FW environment. Changes in the expression of the t2r and pkd2l1
genes alone cannot explain the SW preference of SW-acclimated medakas. The localization
of receptors and neurotransmission pathways at the taste cell level should be investigated
in future study. Behavioral experiments using t2r and pkd2l1 knockout medakas are also
important as future study. The observation that the FW-acclimated medakas used in this
study preferred an FW over an SW environment is thought to be because of an avoidance
behavior pattern to hyperosmotic environments. If this is also true for migratory fish
species, the SW environment would be considered an environment to be avoided, which is
therefore a barrier to entry into SW environments. In fact, juvenile salmonids experience
smoltification after hatching in FW rivers and enter the sea [28,29]. Smoltification is a
hormone-induced process that increases SW adaptability and salinity preference [9,10]. The
results in this study, in which SW-acclimated medakas were observed to prefer SW, were
similar to the changes in salinity preference observed in salmonids following smoltification.

This study involved the establishment of an aquarium system to facilitate a simple
experiment for selection of salinity environments and validated that medakas can be used
as experimental fish for this purpose. Therefore, we believe it will be possible to clarify
the physiological mechanisms involved in seawater environment selection in fish, which is
currently poorly understood.
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4. Materials and Methods
4.1. Fish

Mature Japanese medakas of the d-rR strain, which were provided by the National
Bio-Resource Project (National Institute for Basic Biology, Okazaki, Japan), were maintained
in FW at 26 £ 0.5 °C in a re-circulating system under a 14:10 h light/dark cycle. All animal
experiments were conducted in accordance with the Guideline for Care and Use of Animals
by the Committees of the University of Miyazaki.

4.2. Simplified Aquarium System and Salinity Preference Experiment

Medaka fish that had never been acclimated to SW were used as FW-acclimated
fish. SW-acclimated fish were acclimated to SW for more than 2 weeks. Aged tap water
and artificial SW (Sealife, Nihonkaisui, Tokyo, Japan) were used as FW and seawater,
respectively. The water temperature of both the FW and SW was adjusted at 25 £ 1 °C. The
osmolarities of the FW and SW are shown in Tables 1 and 2. To enable visual observation
of the FW and SW areas, FW or SW was colored with 0.0004% methylene blue (Nichido,
Tokyo, Japan; as shown in Figure 1). The experimental aquarium was prepared as shown
in Figure 1. A 1L glass tank (inside dimensions: width 11 mm, depth 82 mm, and height
14.5 mm; Gex, Tokyo, Japan) was used for the salinity preference experiment. The height
from the bottom of the tank to the surface of the water was 11 cm. Initially, the glass tank
was filled with 500 mL of SW. To avoid mixing SW with FW, a 10 mm-thick styrofoam
board and Kimwipes were allowed to float on the SW, and FW (500 mL) was then gently
poured into the tank on the styrofoam board (Supplemental Video S1). After retrieving
the styrofoam and Kimwipes from the tank, the FW- or SW-acclimated medakas were then
placed in the tank. Measurements of time spent by the fish in each environment were
initiated five minutes after one medaka fish was placed in the FW section of the tank, and
measurements lasted for periods of ten minutes. All experiments were performed using
different fish. The video of behavioral experiments was acquired using a digital camera
(WG-40w; Richo, Tokyo, Japan).

4.3. Measurement of Water Osmolarity

The water osmolarity was measured as described in a previous study [30]. In brief,
10 uL of the water sample was applied to a sample disc, and the osmolarity was mea-
sured using a vapor pressure osmometer (model 5520, Wescor, Logan, UT, USA). All
measurements were made in duplicate.

4.4. Real-Time Quantitative PCR (Real-Time qPCR)

FW-acclimated medakas were transferred directly to 70% salinity SW, and the sur-
viving fish were sampled at 0 h (FW), 3 h, 6 h, 12 h, 1 day, 3 days, 7 days, 14 days, and
28 days after transfer to saltwater. After administering anesthesia to the fish using 0.05%
(v/v) 2-phenoxyethanol (Wako, Osaka, Japan), the gills were collected and frozen in liquid
nitrogen. The samples were stored at —80 °C. Total RNA was extracted from the gills using
ISOGEN II (Nippongene, Toyama, Japan). To eliminate genomic contamination, all total
RNA samples were treated with one unit of TURBO DNase (Applied Biosystems; Life Tech-
nologies, Gaithersburg, MD, USA) according to the protocols of the manufacturer. Using
a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems), 1 ug of DNase-
treated total RNA was reverse-transcribed. Partial cDNAs were cloned using specific
primer sets for t2r (AB290689, XM_023958656) [31], pkd211 (AB573427, NM_001136518) [32],
and the elongation factor 1« (eflx; NM_001104662), sequenced, and used as standards
(Table 3). The amount of plasmid was determined in triplicate with a Nano-drop 2000
(Thermo Fisher Scientific, Waltham, MA, USA). The plasmid was serially diluted, and a
standard curve was generated. The amount of mRNA was determined using real-time
qPCR with a CFX connect real-time PCR system (Bio-Rad Laboratories, Hercules, CA, USA).
Thereafter, expression levels were normalized to that of eflx as an internal control, and
expressed as the quantity relative to eflo. Primer sets for real-time gPCR were designed
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using Primer Express software (Applied Biosystems) (Table 3). PCR was conducted in a
10 uL mixture consisting of 5 pL. KAPA SYBR fast gPCR kit (KAPA Biosystems, Wilmington,
MA, USA), 0.025 uL each of 100 uM forward and reverse primers, 2.5 pL plasmid standard
or diluted cDNA template, and up to 10 pL of nuclease-free water. The specificity of PCR
for each target gene was established using dissociation curve analysis with a CFX manager
(Bio-Rad Laboratories).

Table 3. Primers used for real-time qPCR analyses.

Gene Name Oligo Name Sequence (5'-3') Purposes
t2r
T2R-F1 GGAGCGCATGCAGAACATTT Standard (STD) for real-time PCR
T2R-R1 CCTCACAGGTCCAGCAAACT STD for real-time PCR
T2R-F2 GGCTGTGCTAACCATCTTCTTC real-time PCR
T2R-R2 TCACTTGGGCTTCTCTGCTT real-time PCR
pkd2l1
PKD2L1-F1 ATGAAGTCCCTGAACAATCGC STD for real-time PCR
PKD2L1-R1 ACCGTTCGGATCTGGTAGGA STD for real-time PCR
PKD2L1-F2 CGGATCTGGTAGGAGGGAAC real-time PCR
PKD2L1-R2 CCGAGTGGTCTTCATCGACT real-time PCR
efla
EFla-F4 TTACCTGGTTAGGGGCAGCA STD for real-time PCR
EF1a-R1 TATCAACAGCCTTGATGACACC STD for real-time PCR
EFla-F6 AGAAGGAAGCCGCTGAGATGG real-time PCR
EFla-R6 GCTCAGCCTTCAGTTTGTCCAA real-time PCR

4.5. Statistical Analyses

Data are expressed as means = SEM. Data were analyzed using Steel-Dwass multiple-
comparison test or Wilcoxon signed-rank test followed by one-way ANOVA, which was
used for the salinity preference experiment. Dunnett’s test was used for time-course
changes in real-time qPCR. Significance was set at p < 0.05. All statistical analyses were
performed using Kyplot 6.0 (Kyenslab, Inc., Tokyo, Japan).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ fishes6020018/s1.
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