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Abstract Global warming significantly impacts
aquatic ecosystems, with changes in the salt environ-
ment negatively affecting the physiological responses
of fish. We investigated the impact of hyposalinity on
the physiological responses and intestinal microbiota
of Sebastes schlegelii under the context of increased
freshwater influx due to climate change. We focused
on the osmoregulatory capacity, oxidative stress
responses, and alterations in the intestinal microbi-
ome of S. schlegelii under low-salinity conditions.
Our findings revealed compromised osmoregulatory
capacity in S. schlegelii under low-salinity conditions,
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accompanied by the activation of oxidative stress
responses, indicating physiological adaptations to
cope with environmental stress. Specifically, changes
in Na*/K*-ATPase (NKA) activity in gill tissues were
associated with decreased osmoregulatory capacity.
Furthermore, the analysis of the intestinal microbi-
ome led to significant changes in microbial diversity.
Exposure to low-salinity environments led to dysbio-
sis, with notable decreases in the relative abundance
of Gammaproteobacteria at the class level and spe-
cific genera such as Enterovibrio, and Photobacte-
rium. Conversely, Bacilli classes, along with genera
like Mycoplasma, exhibited increased proportions in
fish exposed to low-salinity conditions. These find-
ings underscore the potential impact of environmen-
tal salinity changes on the adaptive capacity of fish
species, particularly in the context of aquaculture.
Moreover, they highlight the importance of consid-
ering both physiological and microbial responses in
understanding the resilience of aquatic organisms to
environmental stress. Additionally, they highlight the
importance of intestinal microbiota analyses in under-
standing the immune system and disease management
in fish.
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Introduction

Various environmental factors, such as water temper-
ature, salinity, and pH, influence the ecology, metabo-
lism, immune response, and physiological reactions
of aquatic organisms (Becker et al. 2019; Li et al.
2022). Salinity is a crucial environmental factor that
affects the ecological distribution, metabolism, and
reproduction of aquatic organisms in both marine and
freshwater environments (Kiiltz 2015). During sum-
mer monsoons, increased rainfall leads to an influx of
freshwater into the oceans, producing freshwater dilu-
tion that results in decreased salinity in the affected
marine environment (Kwak et al. 2023). For instance,
while the typical salinity of seawater is 33-35 psu
(practical salinity units), salinities ranging from 24 to
32 psu have been measured near the East China Sea
because of the influx of low-salinity water. Specifi-
cally, salinity along the western coast of Jeju Island,
located in the East China Sea off South Korea, has
been shown to decrease to 26 psu before the passage
of typhoons (Choi et al. 2021).

Freshwater dilution directly influences the ion con-
centration and osmolality of body fluids in marine
fish via their interaction with aquatic habitats as
fish regulate ion exchange within their body fluids
to maintain homeostasis (Velotta et al. 2022). Gills
play a crucial role in osmoregulation by allowing the
transport of osmotically active solutes via specialized
membrane transport proteins (Lee et al. 2020). Nat/
K* pumps are present in the plasma membrane of all
animal cells. The cell utilizes energy derived from
ATP hydrolysis to maintain membrane potential via
the transport of Na* and K* ions (NKA) (Hiroi and
McCormick 2012). Indeed, the modulation of NKA
activity plays an important role in regulating ion
exchange in the bodily fluids of fish exposed to vari-
ous saline environments, with decreased ion excretion
through the gills typically being observed in marine
fish exposed to low-salinity environments to maintain
body fluid osmolality (Li et al. 2022).

Shifts in the salinity of oceans (or changes in
other environmental variables, such as temperature
and pH) have negative impacts on the physiology
of marine organisms, inducing antioxidant reac-
tions within their bodies (Hennersdorf et al. 2016;
Sin et al. 2020). In short, exposure to low-salinity
environments causes a stress response in these
organisms, which leads to the production of reactive
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oxygen species (ROS), such as superoxide anion
radicals (O,”) and hydrogen peroxide (H,0,). If
toxic ROS persist within the body without adequate
removal, they can induce damage to DNA and cell
membrane structures and impair protein function
(Kiran et al. 2020). Consequently, the organisms
alter their metabolism through the activation of
antioxidant enzymes, such as superoxide dismutase
(SOD) and catalase (CAT) (Huang et al. 2021).
These enzymes convert ROS into water and oxygen
to maintain internal equilibrium and ensure survival
(Jomova et al. 2023), thereby playing a crucial role
in enabling marine organisms to cope with stress
from the external environment.

Moreover, unsuitable alterations in the external
environment alter the relative abundance of microbial
communities residing within host organisms, includ-
ing that of intestinal microbiota in fish (Bissett et al.
2013). Such changes in intestinal microbial commu-
nities are pivotal in the health of the host, affecting
physiological functions, hormonal changes, diges-
tion, susceptibility to disease, and other factors (Sul-
lam et al. 2012; Wang et al. 2018). These microbes
normally promote intestine health by boosting the
immune system of the host, generating beneficial
metabolites, and performing various advantageous
functions, such as strengthening the intestine barrier
(Rastelli et al. 2019). However, despite the consid-
erable contribution of intestinal microbiota to host
health, research on the impact of changes in environ-
mental salinity on fish intestinal microbiota remains
limited (Tian et al. 2020; Zhao et al. 2020).

In the present study, we selected Sebastes
schlegelii, a fish species that is susceptible to hypo-
salinity changes to the marine environment, as the
experimental subject (Oh et al. 2014). We aimed to
investigate the effects of exposure to low-salinity
environments on the physiological responses and
intestinal microbial community in S. schlegelii, a
coastal resident species in South Korea. We ana-
lyzed the expression and activity of NKA, which is
related to osmoregulation in gill tissues, and exam-
ined changes in the plasma osmolality. Additionally,
we confirmed the occurrence of ROS-mediated oxi-
dative stress by analyzing hydrogen peroxide (H,0,)
production in the liver and the expression levels of
the antioxidant enzymes SOD and CAT. Lastly, we
investigated changes in the intestinal microbial com-
munity using 16S rRNA gene sequencing to elucidate



Fish Physiol Biochem

the impact of marine hyposalinity on the physiologi-
cal responses of S. schlegelii.

Materials and methods
Study animals and experimental design

S. schlegelii individuals (body length 14.9+0.9 cm,
mass 57.5+3.7 g) were purchased from the Tong-
young fish market (South Korea) and transported
to the laboratory, where they were acclimated for
1 week in six 350-L recirculating filtration tank sys-
tems filled with continuously oxygenated seawater.
Seawater was maintained at a salinity of 34 +0.5 psu,
temperature of 18.0+1.0 ‘C, and pH of 8.0+0.1. To
investigate the impact of relative hypoosmotic stress
on S. schlegelii, the fish were divided into three treat-
ment groups: a control group (100% seawater, 34 psu)
and two low-salinity groups (80% seawater, 27 psu;
and 60% seawater, 20 psu). In total, 6 experimental
tanks were set up, with each tank containing 15 ran-
domly selected fish. The experiment was conducted
in duplicate. Low-salinity solutions were prepared by
diluting standard seawater with freshwater. Water in
the recirculating filtration tanks was continuously cir-
culated. The fish were gradually acclimated to each
salinity level and then transferred abruptly from 100%
seawater to 60% and 80% seawater for 5 days (120 h)
each. During the experimental period, no feed was
provided and no mortalities were observed.

For each treatment group, individuals of S.
schlegelii were exposed to salinity stress for 0, 12,
24, 72, and 120 h. After each exposure time, three
individuals were randomly sampled from each tank
and anesthetized using clove oil (Sigma-Aldrich,
St. Louis, MO, USA). Blood was collected from the

caudal vein using heparin-coated syringes. Plasma
samples were separated from the blood by cen-
trifugation (4 °C at 6000 g for 10 min) and stored
at—80 °C until further analysis. At each sampling
period, the liver, gill, and intestinal tissues were col-
lected from each individual. The collected tissue sam-
ples were stored at— 80 °C until they were processed
for analysis.

RNA extraction and real-time gPCR

Total RNA was extracted from the gill and liver tis-
sues of S. schlegelii using TRI Reagent® (TR188,
Molecular Research Center, Cincinnati, OH, USA)
following the manufacturer’s instructions. The RNA
purity (A260/A280) was determined to be approxi-
mately 1.9-2.0, and the contamination level (A260/
A230) was around 2.0-2.2. Subsequently, 2 pg of the
extracted RNA was reverse-transcribed into comple-
mentary DNA (cDNA) using an oligo-(dT),5s anchor
primer (Cosmogenetech, Korea) and the Moloney
Murine Leukemia Virus (M-MLV) cDNA Synthesis
Kit (EZ006S, Ezynomics, Korea) according to the
provided protocol. The synthesized cDNA was stored
at—20 °C and was diluted 1:49 prior to perform-
ing the real-time polymerase chain reaction (QPCR)
analysis.

To assess the relative expression levels of NKA
mRNA in the gill and SOD and CAT mRNA in the
liver, qPCR was conducted. Primers for qPCR were
designed using known mRNA sequences obtained
from the National Center for Biotechnology Informa-
tion (NCBI; Table 1). Amplification was carried out
using a Bio-Rad CFX96™ real-time PCR detection
system (Bio-Rad Laboratories, USA) along with iQ
SYBR Green Supermix (Bio-Rad, USA). The inter-
nal control used for normalizing the relative mRNA

Table 1 Primers used for

. > Genes (Accession no.) Primer DNA sequences E (%)
qPCR amplification
SOD (MG989273.1) Forward 5'-TAA ACT CTC CAT TCA GAC GC-3' 95.4
Reverse 5'-CAG CGG AGG TTT GTT AAA TC-3’
CAT (KM401562.1) Forward 5-TCC TCC CTA TTT GGG GTT TA-3’ 97.6
Reverse 5'-AGG TTG AAA GTG ACC AAC AT-3’
NKA (KY246305.1) Forward 5'-AGG AAC ATC GCT TTC TTC TCT C-3’ 97.1
Reverse 5'-GAA ATG CTC GAT CTC TTT GG-3'
E qPCR efficiency, E was efl-a (KF430623.1) Forward 5'-CAT CAA GTC TGT TGA GAC CA-3' 96.8
caleulated as E=(107" Reverse  5'-CGA CCA TTC ATT TCG TCT TC-3'

slpoe _ 1) % 100
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expression levels was efl-a. The thermal cycling
protocol included an initial denaturation at 95 °C for
5 min, followed by 30 cycles of 95 °C for 10 s (dena-
turation), 51 °C for 15 s (annealing), and 72 °C for
20 s (extension). Results were expressed as changes
relative to the corresponding 18S rRNA cycle thresh-
old (ACt), with calibration performed using the
248C method.

Detection of NKA activity in gill tissues

Gill tissues were initially soaked in a solution of
200 mM sucrose, 5 mM Na, EDTA, and 100 mM
imidazole-HCI buffer (pH 7.6) and then homog-
enized with SEI solution and 0.1% sodium deoxy-
cholate. After centrifuging at 4 °C and 2000x g for
5 min, 10 pL of the supernatant was combined with
reaction mixture A (125 mM NaCl, 75 mM KCI,
7.5 mM MgCl,, 5 mM Na, ATP, and 100 mM imi-
dazole—-HCI buffer, pH 7.6) and reaction mixture B
(which consists of mixture A and 10 mM ouabain).
The mixture was incubated at 37 °C for 30 min, and
the reaction was terminated by adding 50 pL of 30%
trichloroacetic acid. The levels of inorganic phos-
phorus, with and without ouabain, were determined
using a phosphate colorimetric assay kit (BioVision,
US), and the protein concentration of the tissues was
assessed using a Pierce BCA Protein Kit (Thermo
Fisher Scientific, Waltham, MA, USA).

Osmolality and H,O,measurements

Plasma osmolality was measured using a VAPRO®
Vapor Pressure Osmometer (ELITechGroup, USA).
Hydrogen peroxide (H,0,) concentrations were deter-
mined using a commercial kit (PeroxiDetect™ Kit,
PDI1-1KT, Sigma, USA), and absorbance was read
at 560 nm using a 2030 multilabel reader (Victor X3,
Perkin Elmer, Waltham, MA, USA).

Sample collection from intestinal mucosa and DNA
extraction

At the final exposure time point (120 h), DNA was
extracted from the intestinal mucosa of three ran-
domly selected fish. Then, 30 mg of visceral mem-
brane tissue, with feces removed, was preserved in
300 pL of AccuStool Preservation Buffer (AccuGene,
South Korea). DNA extraction was conducted using
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the AccuBlood DNA preparation kit (AccuGene).
The preserved tissue was treated with 300 pL of lysis
buffer and 30 pL of proteinase K, and then incubated
at 60 °C with shaking at 2000 rpm for 1 h using a
thermomixer (Eppendorf, Germany). Following cen-
trifugation at 21,952 rpm for 1 min, the supernatant
was collected into a new tube. An equal volume of
100% ethanol was added to the supernatant, which
was then transferred to a silica column. All subse-
quent steps were performed according to the manu-
facturer’s instructions.

Intestinal microbiome analysis

The hypervariable V3-V4 region of the 16S-rRNA
gene was amplified from DNA extracts using KAPA
HiFi HotStart ReadyMix (Roche) and barcoded
fusion primers (341F: 5-CCTACGGGNGGCWGC
AG-3" and 805R: 5'-GACTACHVGGGTATCTAATC
C-3') containing Nextera adaptors (King et al. 2019)
over 25 PCR cycles. PCR products were purified with
HiAccuBeads (AccuGene). The amplicon libraries
were pooled at equal molar ratios and sequenced on
an Illumina MiSeq platform using the MiSeq Rea-
gent Kit v3 (Illumina, San Diego, CA, USA). Post-
sequencing, quality control was performed to remove
adapters and low-quality sequences (score < 20) using
FastQC v.0.11.8 and Cutadapt v.1.18. The preproc-
essed sequence data were clustered at a 0.01 cutoff,
ensuring a sequence similarity of over 99% for the
amplicon sequence variants (ASVs). The ASV abun-
dance and ASV taxonomy are provided in the Supple-
mentary Tables (Table S1 and S2). Further analyses
involved assessing o-diversity and the Shannon and
Chaol indices to evaluate species dominance within
each sample. Principal coordinate analysis (PCoA)
plots for ASV-based groups were generated using the
QIIME?2 platform (Bolyen et al. 2019). Bacterial tax-
onomy classification from phylum to genus was per-
formed using the SILVA reference database version
138.1 (Quast et al. 2012). The raw sequence data from
the intestinal mucosa sequencing have been submitted
to the public database NCBI Sequence Read Archive
(SRA) (Bioproject number: PRINA1122984).

Statistical analysis

Data analysis was performed using SPSS Statistics
version 25.0 (IBM SPSS Inc., Armonk, NY, USA).
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Differences in salinity across the same exposure days
were evaluated using one-way ANOVA. To exam-
ine the interaction effects of salinity and exposure
duration, a two-way ANOVA was conducted, fol-
lowed by Tukey’s post hoc test for further analysis.
A significance level of 95% (p <0.05) was applied to
determine significant differences in the parameters
assessed. Results are presented as the mean =+ stand-
ard error (SE).

Results

Changes in NKA mRNA expression and activity in
gills

The expression of NKA mRNA and activity of
NKA were investigated in the gills of S. schlegelii
fish following their exposure to low-salinity con-
ditions (Fig. 1). In both the 60% and 80% groups,
NKA mRNA expression decreased significantly
after exposure to a low-salinity environment for
12 h (p<0.05), and this state was maintained up
to 120 h of exposure (day 5). However, there was

Fig. 1 Changes in the (a) 15

no significant change in NKA mRNA expression
or activity in the control group (100%) during the
experiment (p>0.05) (Fig. la). The activity of
NKA in the gills showed a trend similar to that of
NKA mRNA expression (Fig. 1b). No change was
observed in the 100% group; in contrast, NKA
activity decreased significantly at 12 h of expo-
sure to low-salinity conditions in the 60% and 80%
groups (p <0.05) and remained constant thereafter
(p>0.05).

Changes in plasma osmolarity

Plasma osmolarity levels were investigated fol-
lowing the exposure of S. schlegelii to low salin-
ity (Fig. 2). The plasma osmolarity changed with
decreasing salinity (p <0.05); however, no sig-
nificant differences were observed in the 100%
group (p>0.05). After 12 h of exposure to low-
salinity conditions, the plasma osmolarity initially
decreased gradually and then significantly accord-
ing to the saline environment. After 24 h, plasma
collected from the 60% and 80% groups exhibited
their lowest osmolarity. Osmolarity levels tended to
recover in the 60% group after 120 h.

a mRNA expression of
Na+/K+-ATPase (NKA)
and b activity of NKA in
gill tissues of S. schlegelii
exposed to low salinity for
120 h (5 days). Different
letters indicate significant
differences between the
same experimental groups
for different exposure
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NKA mRNA expression
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times (p <0.05). Different
numbers indicate significant
differences between differ- (b) 15

ent experimental groups for
the same exposure duration
(p<0.05). All values rep-
resent the mean =+ standard
error (n=3). Control group,
34 psu (100% seawater);
low-salinity groups, 20 psu
(60% seawater) and 27 psu
(80% seawater)
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Fig. 2 Changes in the plasma osmolarity of S. schlegelii
exposed to low-salinity conditions for 120 h (5 days). Different
letters indicate significant differences between the same experi-
mental groups for different exposure times (p <0.05). Differ-
ent numbers indicate significant differences between different

Oxidative stress responses to low salinity

The expression of SOD and CAT mRNA in the liv-
ers of S. schlegelii fish exposed to different salinity

experimental groups for the same exposure duration (p <0.05).
All values represent the mean + standard error (n=3). Control
group, 34 psu (100% seawater); low-salinity groups, 20 psu
(60% seawater) and 27 psu (80% seawater)

conditions was analyzed using qPCR (Fig. 3a). In
the 60% and 80% exposure groups, SOD mRNA
expression increased with increasing exposure
time. At 72 h, SOD expression was significantly

Fig. 3 Changes in mRNA
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higher in the 60% than in the 80% group (p <0.05).
Hepatic CAT expression similarly increased with
exposure time (Fig. 3b). CAT mRNA expres-
sion was significantly higher in the 60% group
after 24 h of exposure than in the other groups
(p <0.05). However, after 120 h of exposure, CAT
mRNA expression reduced significantly from the
levels recorded at 72 h (p <0.05).

We also investigated the H,O, levels in blood
plasma following the exposure of S. schlegelii to
low-salinity conditions (Fig. 3c). The H,0, levels
increased with an increased time of exposure to
low salinity in the 60% and 80% groups. The high-
est H,0, increase was observed in the 60% group
after 120 h (p <0.05).

Intestinal microbiome diversity

We evaluated the a-diversity to determine how the
richness and diversity of the intestinal microbiome
of S. schlegelii was altered by changes in water
salinity (Fig. 4). The observed features and Shan-
non index showed significant differences between
the intestinal microbiota of the 60% group and
those of the other two groups (p<0.05). Chaol
indices did not differ significantly among any of
the groups (p>0.05). To compare the entire struc-
ture of the intestinal microbial community, the
B-diversity was evaluated using PCoA (Fig. 5). The
control group exhibited a distinct microbiome clus-
ter, whereas the 60% and 80% groups had overlap-
ping microbiome clusters.

0.4 | @ 100% L
® 380%
03} ¢ o
® 60%
02} PY
Q
NS
Q01
w
- @]
n 00}
@}
~ o
_01 -
. .
-0.2F [ )
@
_03 -
1 1 1 1

1 1 1 i
—-1.25-1.00-0.75 -0.50 —0.25 0.00 0.25 0.50
PC1 (58.78%)

Fig. 5 Effect of the exposure of S. schlegelii to low-salinity
conditions on the f-diversity of intestinal microbiota using
principal coordinate analysis (PCoA). Each point represents
a single sample, with different colors representing different
experimental groups. Control, 34 psu (100% seawater); low-
salinity groups, 20 psu (60% seawater) and 27 psu (80% sea-
water)

Relative abundance of intestinal microbiota

To determine whether exposure to a low-salinity
environment causes dysbiosis in the intestinal of S.
schlegelii, we determined the proportions of altered
intestinal microbiota. Comparisons at the phylum
level revealed a decrease in Proteobacteria in the low
salinity groups with compared to the control group

Fig. 4 Effects of the (a) Observed features (b) Shannon index (c) Chaol
exposure of S. schlegelii to
low-salinity conditions on 556 900 1
the a-diversity of intestinal 751
microbiota using a observed @ 800
features, b the Shannon 700 4
index, and ¢ the Chaol 700 -
index. Control group, 01
34 psu (100% seawater); 600 1 ==
low-salinity groups, 20 psu 600 1 =
(60% seawater) and 27 psu 500 - 6.5 1
(80% seawater) 500
400
6.0 1 400
300 -
300 1

100% 80% 60%

100% 80% 60% 100% 80% 60%
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(100%, 66.4%; 80%, 21.8% decrease; 60%, 28.5%
decrease). In contrast, Firmicutes showed a sig-
nificant increase in the low-salinity exposure groups
(100%, 11.2%; 80%, 16.5% increase; 60%, 18.7%
increase compared 100%). At the class level, the rela-
tive abundance of Gammaproteobacteria decreased
the most (100%, 57.1%; 80%, 16.0% decrease; 60%,
23.9% decrease) compared to that of the control group
(Fig. 6b). Conversely, when compared to the control

(a) Phylum
100%
= Others
90% = Verrucomicrobiota
1 Proteobacteria
80% = Patescibacteria
@ = Firmicutes
2 70% | = Cyanobacteria
-§ 0% : = Bacteroidota
‘g | # Actinobacteriota
< 50% T
@ !
£ % }
] i
& 30% j
|
20% |
- N |
0% -
100% 80% 60%
(c) Genus
100%
90%
80%
3
g 70%
=
g 60%
=
< 50%
[
2
- 40%
=
[}
& 30%
20%
10%
0% :

100% 80%

Fig. 6 Relative abundance of intestinal microbiota in S.
schlegelii exposed to low salinity according to the a phylum,
b class, and ¢ genus level. Each bar represents the average rela-

@ Springer

group, the two low-salinity groups exhibited increases
in their proportions of Bacilli and Chlamydia classes
in the intestines. At the genus level, the intestines of
fish exposed to low-salinity conditions had decreased
proportions of Enterovibrio (100%, 25.9%; 80%,
22.8% decrease; 60%, 23.7% decrease) and Photobac-
terium (p <0.05) (Fig. 6¢). Conversely, the abundance
of Mycoplasma and Vibrio significantly increased in
the low-salinity groups.

(b) Class
100%
Others
90% ® Parcubacteria
Negativicutes
80%
— B Gammaproteobacteria
@
= 70% u Clostridia
_g = Chlamydiae
g 60% = Campylobacteria
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10,

4 %  Bacilli
o=
Nt .
_g 40% = Alphaproteobacteria
-4

30%

20%

10%

0%

100% 80% 60%

u Others
WPS-2
® Vibrio
u Pseudomonas
u Pseudomonas
u Pseudarcobacter
u Polynucleobacter
1 Photobacterium
u Mycoplasma
1 Mitochondria
Malikia
u Lactobacillus
® Flavobacterium
u Escherichia-Shigella
m Enterovibrio
mcvE6
11 Chloroplast
u Candidatus_Nomurabacteria
# Candidatus_Campbellbacteria
u Bacillus
i Aliivibrio
B Aeromonas

60%

tive abundance of a bacterial taxon for a treatment group. Con-
trol group, 34 psu (100% seawater); low-salinity groups, 20 psu
(60% seawater) and 27 psu (80% seawater)



Fish Physiol Biochem

Discussion

In this study, we analyzed the changes in the
osmoregulatory capacity, oxidative stress response,
and intestinal microbiota of S. schlegelii follow-
ing exposure to a low-salinity environment, thereby
assessing the impact and extent of environmental
salinity changes on the physiological responses and
intestinal microbial dysbiosis of this fish species.
Fish exhibit varying degrees of tolerance to changes
in environmental salinity (euryhaline or stenohaline),
which affects their sensitivity to saline fluctuations.
Therefore, it is necessary to investigate the physi-
ological responses and adaptive mechanisms of fish
that are increasingly exposed to hyposalinity induced
by climate change. Specifically, changes in osmolality
in low-salinity environments affect ion exchange and
transportation within bodily fluids and NKA mem-
brane transport proteins, and an antioxidant reaction
represents the primary response to such environmen-
tal changes. Furthermore, changes in the intestinal
microbial communities of fish influence physiological
functions, including digestion and nutrient absorp-
tion. Therefore, analyzing the intestinal microbiota in
fish exposed to low-salinity environments is crucially
associated with research concerning fish health.
Exposure of S. schlegelii to low-salinity environ-
ments resulted in decreased expression and activity
of NKA mRNA (which is involved in osmoregu-
lation in the gills), along with a tendency toward
decreased plasma osmolality; at 120 h post-exposure,
plasma osmolality had decreased slightly but not
significantly. In a study on euryhaline Epinephelus
fuscoguttatus groups exposed to a low-salinity envi-
ronment, plasma Na* and K* ions were shown to
decrease, and osmolality significantly decreased with
decreasing salinity (Liu et al. 2022). NKA activity
also decreased in euryhaline teleosts such as Siganus
rivulatus (rivulated rabbitfish) and Larimichthys cro-
cea (large yellow croaker) when exposed to low-salin-
ity environments but tended to recover with increased
exposure time (Saoud et al. 2007; Han et al. 2022).
However, in our study, exposure of S. schlegelii to
salinity levels of 20 and 27 psu for 5 days did not
result in the recovery of NKA activity, suggesting a
relatively lower adaptability to salinity changes com-
pared to euryhaline species such as S. rivulatus and L.
crocea. The degree of tolerance to low salinity varies
among species, and a low-salinity environment (20

and 27 psu) appears to have extreme effects on ion
transport enzymes and changes in plasma osmolality
in S. schlegelii.

When investigating two representative antioxidant
enzymes, SOD and CAT, we found that their mRNA
expression was significantly higher in S. schlegelii
exposed to a 20-psu low-salinity environment than
those exposed to 27 psu, starting from the 24th hour
of exposure across a 5-day period. While the mRNA
expression of SOD as well as H,0, levels continued
to increase with the passage of exposure time, CAT
mRNA expression decreased slightly at 120 h post-
exposure. The exposure of Notopterus chitala to
salinity stress environments has similarly resulted
in a significant increase in the SOD and CAT activ-
ity of this fish (Moniruzzaman et al. 2022); in groups
exposed to the highest salinity stress environment
(0-12 ppt), antioxidant enzyme activity decreased.
Organisms, including fish, activate oxidative stress
responses under salinity stress to remove harmful
substances, such as ROS, from the body in response
to environmental changes (Mozanzadeh et al. 2021).
However, when the antioxidant levels exceed the reg-
ulatory capacity of the body, ROS may not be com-
pletely eliminated. In the present study, an increase in
H,0, levels suggests that S. schlegelii in the treatment
groups experienced salinity stress, leading to the
increased mRNA expression of antioxidant enzymes
(SOD and CAT) to reduce oxidative stress in the
body. Nonetheless, the continued increase in H,O,
levels also indicates that salinity conditions of 20
and 27 psu pose a high stress environment that chal-
lenges the effective removal of ROS generated within
S. schlegelii.

The microbial communities in fish intestines pro-
mote intestinal health by enhancing the host immune
system and generating beneficial metabolites through
interactions with the host (Rastelli et al. 2019). In our
study, the exposure of S. schlegelii to a low-salinity
environment of 20 psu altered the species diversity
and relative abundance of intestinal microbial com-
munities. Beta diversity analysis further revealed
that the low-salinity exposure group formed distinct
clusters compared to the control group (p<0.05).
Thus, salt stress was confirmed to alter the diver-
sity of intestinal microbial communities in this spe-
cies. Schmidt et al. (2015) reported that in Poecilia
sphenops exposed to salinity changes, Gammapro-
teobacteria exhibited the highest relative abundance.
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Conversely, our study found that Gammaproteobacte-
ria (Proteobacteria phylum) were predominant in the
control group (34 psu) but decreased in relative abun-
dance as salinity exposure was decreased to 27 and
20 psu. In addition, even at the Genus level, Vibrio
of the Gammaproteobacteria family increased the
most when compared to the intestinal microbial com-
munity in the low-salt environment. Disease-causing
Vibrio species such as Vibrio harveyi are known to
penetrate the skin or intestines of fish and cause infec-
tion, which can weaken the immune system of fish
and cause disorders (Chen et al. 2024). Photobacte-
rium, Alivibrio, and Enterovibrio are mainly found
in marine life and are microorganisms that reproduce
and survive well in high-salt environments (Gregory
and Boyd 2021). Enterovibrio calviensis is a halo-
philic bacterium that cannot survive without NaCl
(Pascual et al. 2009).

The microorganism with increased relative ratios
in the low-salt environment was Mycoplasma belong-
ing to class Bacilli (Firmicutes phylum), which was
predominant when compared to that in the control
group. Mycoplasma causes respiratory diseases and
infections in animals (Garcia-Galdn et al. 2021).
The relative ratios of Chlamydia at the class level
were also increased in the low-salt environmental
laboratory, which is a pathogen that causes infec-
tions in humans and animals and is known to cause
gill epithelial cystitis and respiratory infections in fish
(Pawlikowska-Warych and Deptu ta 2016). In addi-
tion, the interaction between the intestinal microor-
ganisms of fish and the immune system of the host
organism affects the digestion and nutritional absorp-
tion of fish, thereby playing an important role in fish
health and disease management (Pickard et al. 2017).
Therefore, this study also confirmed that changes
in the salt environment change the intestinal micro-
biota of S. schlegelii at the class and genus levels,
and this change in microbial composition (intestinal
imbalance) seems to affect the health and physiologi-
cal response of fish. In other words, changes in the
intestinal microbiota of S. schlegelii increase the rela-
tive proportion of pathogenic microorganisms, which
affects the immune system of the host, ultimately
affecting its survival.

In conclusion, our study confirmed the associa-
tion between environmental changes in salinity and
the physiological responses and intestinal microbi-
ota of S. schlegelii, a target species for aquaculture.

@ Springer

Low-salinity environments affected the osmoregula-
tory capacity of the gills and plasma of S. schlegelii
and activated oxidative stress responses to saline
stress. Low salinity levels increased ROS-mediated
oxidative stress. Salinity changes in the environment
also influenced their intestinal microbial community,
leading to dysbiosis, which may increase the inci-
dence of diseases. Saline fluctuations could therefore
cause extensive economic damage to this species in
the fishing and aquaculture sectors. Further micro-
bial investigations aimed at elucidating the interac-
tion between S. schlegelii and its intestinal microbiota
could contribute to preventing disease and strength-
ening the immune system of this commercial species.
Moreover, this study provides insights into coping
mechanisms and strategies that fish can employ upon
exposure to various unfavorable environmental condi-
tions resulting from climate change.
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