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Introduction: This study investigates the effects of salinity on the growth,
survival, tissue morphology, osmotic regulation, metabolism, and antioxidant
responses of juvenile Eleutheronema tetradactylum.

Methods: The experiment was conducted under controlled aquaculture
conditions with eight salinity treatments (0, 5, 10, 15, 20, 25, 30, and 35 PSU),
each with three replicates (20 fish per replicate) in cylindrical tanks (500 L).
Juveniles (mean total length: 16.43 + 0.87 cm; mean body weight: 35.71 +
1.0679) were exposed to the treatments for 30 days. Key measurements included
plasma osmotic pressure, ion concentrations, and Na+/K+-ATPase (NKA) in the
gills, assessed at 0, 1, 10, 20, and 30 days.

Results: Survival rates, growth parameters, and histopathological changes in gill,
intestinal, and kidney tissues were also evaluated. Additionally, plasma levels of
lactic acid (LD), triglycerides (TG), glucose (GLU), total superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px), total antioxidant capacity (T-AOC), and
malondialdehyde (MDA) were measured. The results revealed that survival rates
were significantly lower in the O PSU group compared to all other salinities (P<
0.05). Growth performance, including specific growth rate (SGR), weight gain
rate (WGR), and daily weight gain (DWG), was significantly reduced at high
salinities (30 and 35 PSU) (P< 0.05). Histopathological alterations were
observed in the gills, intestine, and kidneys, particularly in osmoregulatory
tissues. Salinity also significantly affected NKA, plasma osmotic pressure, and
ion concentrations. The isosmotic point for E. tetradactylum was determined to
be approximately 10.88 PSU. Metabolic responses, including LD, TG, and GLU,
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exhibited a pattern of initial decline followed by an increase with increasing
salinity. SOD activity was significantly higher in the 10 PSU group compared to the
30 and 35 PSU groups (P< 0.05), while T-AOC showed a "U"-shaped response to
increasing salinity. GSH-Px activity decreased with salinity, especially at 35 PSU
(P< 0.05), while MDA levels did not vary significantly (P > 0.05).

Discussion: In conclusion, E. tetradactylum belongs to euryhaline fish species,
with optimal growth occurring at lower salinities(5-10PSU). High salinity (30-35
PSU) adversely affects growth and antioxidant defense mechanisms, highlighting
the species’ sensitivity to elevated salinity. Beyond identifying species-specific
sensitivity, this work provides actionable guidelines for optimizing aquaculture
practices, reducing metabolic costs, and mitigating oxidative stress in captive-
reared populations.
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1 Introduction

The four-finger threadfin (Eleutheronema tetradactylum), also
known as Indian salmon or blue threadfin, is a pelagic-neritic fish
species belonging to the family Polynemidae in the order Carangaria
(Qu et al,, 2020). This species is widely distributed in the Indo-West
Pacific region, ranging from the Persian Gulf to Papua New Guinea
and extending to northern Australia (Yamada et al., 1995; Motomura
et al., 2002; Motomura, 2004). Juvenile and sub-adult E.
tetradactylum typically inhabit shallow waters near harbor or river
mouths, where they forage on crustaceans, mollusks, and
cephalopods, utilizing their specialized pectoral fins (Pember, 2006;
Wang et al., 2014; Igbal et al., 2023). E. tetradactylum is known for its
remarkable tolerance to a broad range of salinities, making it highly
adaptable to various aquatic environments (Motomura and Nations,
F. and A. O. of the U, 2004Motomura and Nations, 2004; Ballagh
etal,, 2012). Due to its rapid growth, short production cycle, and high
economic potential, this species has emerged as a promising
candidate for mariculture in Southern China (Wang et al., 2014;
Huang et al,, 2022). However, the effects of varying salinity on its
survival, growth, and physiological development remain
underexplored, underscoring the need for further research on its
adaptation mechanisms to different salinity conditions.

Salinity exerts a significant influence on the growth, development,
and reproductive processes of fish species. Japanese eel (A. japonica)
larvae at 5 days post-hatch exhibited significant body depth increase
after 7-day feeding under 30% and 50% seawater conditions, with the
50% salinity group showing a 2.2-fold higher 2-month cumulative
survival rate compared to the 100% salinity group (Okamura et al,
2009). Juvenile fish of Tilapia rendalli at a salinity of 10 show
significantly greater growth compared to those in a freshwater
environment. For juvenile T. rendalli, the feed conversion ratio
(FCR) is lower, the feed conversion efficiency and protein efficiency
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are higher, and the survival rate is also higher at a salinity of 10 than
those in freshwater (An et al., 2008). Fish require different salinity
environments at various life stages. For example, the Japanese eel
(Anguilla japonica) needs high-salinity waters during spawning and
hatching, while in other stages of growth and life, it prefers low-salinity
or freshwater environments (Pearse et al., 2014). The sea lamprey
(Petromyzon marinus) and the Atlantic salmon (Salmo salar), on the
other hand, migrate from the ocean to the upper reaches of rivers for
spawning during their life history (O’Malley et al., 2010). The study
found that the spawning quantity per unit body weight of female one-
year-old Florida red Mozambique tilapia (Oreochromis mossambicus)
in each spawning event was significantly higher under freshwater
conditions than under high-salinity conditions. This indicates that
high salinity has an inhibitory effect on the reproductive performance
of the broodstock of red Mozambique tilapia, and the yield of fry
decreases as the salinity increases (Watanabe et al, 1989). These
species-specific responses to salinity variations across life stages are
fundamentally mediated by complex physiological and molecular
mechanisms governing osmoregulation. Particularly in teleost fishes,
the capacity to maintain internal homeostasis under salinity stress
involves precisely coordinated biological processes.

Salinity is a critical environmental factor influencing the
growth, survival, and physiological functions of teleost fish.
Teleosts, particularly euryhaline species like E. tetradactylum,
exhibit a range of physiological responses to cope with salinity
fluctuations (Wang et al., 2023). Prolonged exposure to suboptimal
salinity can result in stunted growth, reduced feeding, and in
extreme cases, mortality (Boeuf and Payan, 2001). Fish regulate
their internal osmotic pressure to maintain homeostasis in response
to changes in external salinity, a process often accompanied by
structural and functional adaptations in osmoregulatory tissues
(Takata et al, 2021). The osmoregulatory capacity of fish, which
governs their ability to maintain homeostasis in fluctuating salinity
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conditions, influences critical physiological processes, including
embryonic development, gonadal maturation, feeding and
digestion, and overall growth (Zhang et al, 2013). In particular,
ions such as Na* and CI” play a pivotal role in osmoregulation, with
their serum levels often correlating with changes in serum osmotic
pressure, particularly in euryhaline species (Zhao et al., 2006).
Under both hypo- and hyperosmotic conditions, increased
activity of Na'/K"-ATPase (NKA) in gill cells is commonly used
as a marker of active osmoregulation (Hwang and Lee, 2007; Lai
et al.,, 2019). Moreover, shifts in salinity affect various physiological
processes in teleosts, including energy metabolism, antioxidation,
and immune function, which can be assessed by monitoring
metabolic and antioxidative indices, such as glucose (GLU),
triglycerides (TG), superoxide dismutase (SOD), and glutathione
peroxidase (GSH-Px) in tissues to evaluate their adaptation to
different salinity conditions (Claireaux and Lagardere, 1999).

Although previous studies on E. tetradactylum have focused on
aspects such as resource surveys (Pember, 2006; Ballagh et al,
2012), genetic structure (Zhang et al., 2014; Qu et al., 2020), and
artificial breeding (Zamidi et al., 2012; Cheng et al., 2017), limited
research has focused on the effects of salinity adaptation on this
species, particularly regarding growth, survival, and physiological
responses. While acute salinity stress has been investigated (Luo
etal., 2015; Niu et al.,, 2021), a comprehensive understanding of how
E. tetradactylum adapts to salinity fluctuations over extended
periods is still lacking. This gap is especially relevant in light of
the growing demand for sustainable aquaculture in saline-alkaline
inland and nearshore brackish environments, driven by the
depletion of freshwater resources and the increasing need for
aquatic protein sources (Dissanayake, 2019; Durigon et al., 2019;
Stiller et al., 2020). The expansion of aquaculture from coastal to
inland regions further underscores the importance of studying the
salinity tolerance mechanisms in euryhaline species like E.
tetradactylum (Zhang et al., 2022).

Optimal salinity adaptation in E. tetradactylum is postulated to
involve physiological balance between osmoregulatory costs (gill
NKA activity) and antioxidant defense (hepatic SOD/GSH-Px),
where growth suppression occurs when combined physiological
demands exceed compensatory thresholds. To investigate this
mechanism, a 30-day salinity gradient trial (0-35 PSU) was
conducted to: (1) determine salinity thresholds affecting growth
(SGR, FCR), survival rate, and gill/kidney histology; (2) analyze
interactions between osmoregulation (serum osmolality, NKA),
energy metabolism (glycogen/lipid content), and oxidative status
(SOD, GSH-Px, MDA); (3) establish salinity optimization criteria
for aquaculture in variable environments.

2 Materials and methods

2.1 Experimental design, fish stocking and
management

Juvenile E. tetradactylum were procured locally and cultured
temporarily for two months prior to the experiment. Healthy and
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robust individuals were selected for the salinity adaptation study. The
initial average body length and body weight of the experimental fish
were (16.43 + 0.87) cm and (35.71 + 1.067) g, respectively. During the
acclimation period, the salinity was maintained at 25 PSU, with
dissolved oxygen levels above 5 mg/L and a water temperature
ranging from 26 to 28°C. The experiment was conducted in a
500 L indoor aquarium system with a continuous water circulation
system. Based on prior research on the salinity tolerance of E.
tetradactylum conducted in our laboratory, a total of eight salinity
levels, ranging from 0 to 35 PSU, were established, including a control
group at 25 PSU. Each salinity level was tested in triplicate, with 20
juvenile fish randomly assigned to each replicate group (Cao et al.,
2020). Prior to the start of the experiment, the salinity in each
aquarium was gradually adjusted to the target level at a rate of 5
PSU/day using dechlorinated freshwater. The transition rate was
reduced to 2.5 PSU/day when adjusting from 5 PSU to 0 PSU. Daily
measurements (YSI Pro30 salinometer) ensured stability (+ 1
ppt).The formal experiment began after a 7-day acclimation period
for the fish to adjust to the new environment.

Throughout the experimental period, dissolved oxygen levels
were maintained above 5 mg/L by providing continuous aeration.
The fish were fed a commercial puffed feed (Guangdong Dongteng
Feed Co., China; crude protein >43%, crude fat >5%, ash <15%,
moisture <10%), at 08:00 am and 16:00 pm, formulated for marine
carnivorous fish. The feed contains fishmeal, soybean meal, peanut
meal, flour, corn protein meal, and fish oil. The daily feeding
amount was set to 3% of the total body weight of the fish.
Additionally, 500 L of seawater was replaced with fresh water of
the same salinity every two days, with 50% of the water volume
replaced during each exchange. Fish survival, movement, and
feeding behaviors were carefully monitored and recorded
throughout the experiment.

2.2 Sampling and growth evaluation

Fish were systematically sampled at five critical time points (day
0: baseline; day 1: acute phase; days 10/20: adaptive phases; day 30:
terminal phase) to capture dynamic physiological responses. For
each salinity group, six randomly selected specimens were
anesthetized with quick-freeze prior to sampling. Blood was
collected via caudal venipuncture using heparinized syringes, and
non-hemolyzed serum was obtained through centrifugation
(3,000xg, 15 min, 4°C) for subsequent analysis of:

i. Osmotic parameters (osmolarity, Na*, K*, CI” concentrations).
ii. Metabolic profiles (glucose, triglycerides).
iii. Antioxidant capacity (SOD, CAT, GPx activities).

Gill filaments from the right second arch were immediately
flash-frozen in liquid nitrogen and stored at -80°C for Na*/K*-
ATPase (NKA) activity quantification. Histological specimens (gill
lamellae, intestinal segments, cephalic kidney) were fixed in 4%
paraformaldehyde (4°C, 48 hr) for paraffin embedding and
H&E staining.
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Growth performance was assessed using standardized
aquaculture metrics:

Survival rate (SR, %) = N,/N, x 100 %
Specific growth rate (SGR, % /d) = (InW, —InW,)/t x 100 %
Weight gain rate (WGR, %) = (W, - W,)/W, x 100 %

Feed conversion ratio (FCR) = F/[n(W, — W,)]

Note: W, W;: Initial/final body weight (g), L, L;: Initial/final
body length (cm), t: Experimental duration (days), n: Surviving fish
count, F: Cumulative feed intake (g).

2.3 Histological examination of gill,
intestinal, and kidney tissues

Tissues preserved in 4% paraformaldehyde were subjected to a
standard histological processing procedure. This included
dehydration in graded alcohol solutions, clearing in xylene,
paraffin embedding, and sectioning. The tissue sections were
stained with Hematoxylin and Eosin (H&E) and examined under
an inverted fluorescence microscope (Nikon Eclipse Ti-E).

2.4 Measurement of serum osmolarity, ion
concentration, and gill NKA activity

Serum osmolarity and aqueous ambient osmolality were
measured using a freezing point osmometer (Osmo210PRO,
YASN, UK) as described by Cao et al. (2020).

Ton concentrations of K*, Na', and Cl in serum and water
samples were determined using an electrolyte analyzer (K-Lite5,
Meizhou Kangli High-Tech Co., Ltd., Guangzhou, China).

For NKA activity, approximately 0.5 g of gill tissue was
homogenized in pre-chilled physiological saline (5 volumes) using
an IKA homogenizer (T10B, IKA, Co., Germany) for 1 min on ice.
The homogenate was then centrifuged at 4°C at 12,000 rpm for 20
min, and the supernatant was collected for enzyme activity analysis
using a commercial assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

2.5 Determination of serum metabolic and
antioxidant indices

The levels of lactate, triglycerides (TG), and glucose (GLU) in
serum were measured using methods outlined by Kavadias et al
(Kavadias et al., 2003). The total antioxidant capacity (T-AOC),
superoxide dismutase (SOD) activity, glutathione peroxidase (GSH-
Px) activity, and malondialdehyde (MDA) content in serum
samples were quantified using commercial assay kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).
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2.6 Statistical analysis

All data were analyzed using SPSS 19.0 statistical software.
Growth parameters (e.g., weight gain, specific growth rate) were
analyzed using one-way ANOVA followed by Tukey’s post hoc test.
Survival rates were compared via chi-square tests. Tissue
morphology data (e.g., gill filament length) were assessed using
Kruskal-Wallis tests due to non-normal distributions. Calculation
of isotonic point by regression analysis. Antioxidant enzyme
activities (SOD, CAT) and metabolic indicators (e.g., glucose
levels) were evaluated with two-way ANOVA (salinity x time).
Data normality and homogeneity of variance were confirmed using
Shapiro-Wilk and Levene’s tests, respectively. Statistical significance
was set at P< 0.05 for significant differences and P< 0.01 for highly
significant differences.

3 Results

3.1 Effects of salinity on survival and
growth of E. tetradactylum

At the conclusion of the 30-day salinity acclimation experiment,
the survival rates of each group were determined to be 53.33%,
98.33%, 100%, 100%, 100%, 95%, 100%, and 95%, respectively
(Figure 1). Notably, there were significant differences observed in
the survival rates between the groups cultured in salinity 0 and the
other groups (P< 0.05).

In terms of growth performance (Table 1), no significant
differences were observed among the low salinity groups (0, 5, 10
PSU) (P > 0.05). However, in the high salinity groups (30, 35 PSU),
growth indicators such as Growth Rate (SGR), Weight Gain Rate
(WGR), and Daily Weight Gain Rate (DWGR) significantly
decreased with increasing salinity (P< 0.05). Notably, the Feed
Conversion Ratio (FCR) was significantly higher at salinities of 0
and 35 PSU compared to the control group (P< 0.05).

3.2 Histopathological examination of gill,
intestine, and kidney tissues

3.2.1 Gill microstructure

The gill structure of juvenile E. tetradactylum exhibited typical
histological characteristics (Figure 2). In the low salinity groups,
significant morphological changes were observed after 30 days. The
length of the secondary gill lamellae increased significantly (P<
0.05), and the spacing between the lamellae widened (P< 0.05).
Furthermore, the gill lamellae cells became more rounded and
plumper, and the number of chloride cells on the gill filaments
and gill lamellae decreased significantly. In the high salinity groups,
the length of the gill lamellae significantly decreased (P< 0.05), while
the spacing between the lamellae increased. The number of chloride
cells showed only a slight increase, which was not statistically
significant (Table 2).
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FIGURE 1
Survival curve of juvenile E. tetradactylum after 30 days of exposure
to various salinities. Fish were exposed to the following salinities: O,
5,10, 15, 20, 25, 30 and 35 PSU. ** indicates significant differences
compared to the control group (p < 0.01).

3.2.2 Intestinal microstructure

The microscopic examination of the intestines revealed significant
structural changes (Figure 3). In the low salinity group, the thickness of
the single-layer columnar epithelium on the intestinal villi significantly
increased, while the number of goblet cells decreased significantly (P<
0.05), while the size of goblet cell bodies remained unchanged
(Figure 3A). Conversely, in the high salinity group, the goblet cells
appeared enlarged (Figure 3C), but there was no significant difference
in the thickness of the columnar epithelium or the number of goblet
cells compared to the control group.

3.2.3 Kidney microstructure

The microscopic structure of the kidneys also exhibited
significant alterations under different salinity conditions
(Figure 4). In the low salinity group, the renal corpuscles
appeared swollen, with small luminal spaces, and the diameter of
the renal tubules increased. In the high salinity group, renal

10.3389/fmars.2025.1553114

corpuscles were atrophied, with larger luminal spaces, and the
diameter of the renal tubules slightly decreased.

3.3 Osmotic regulation in response to
salinity

3.3.1 Gill NKA activity

The activity of NKA in the gills was significantly influenced by
salinity (Figure 5). At salinity 25 PSU, NKA activity remained stable
throughout the 30-day experiment (3.47 + 0.68 U/mg protein). In
contrast, the maximum activity occurred earlier, on Day 2, in the 10
PSU and 35 PSU groups, after which it gradually decreased and
stabilized. The activity for the 0 PSU and 5 PSU groups peaked on
Day 20 before stabilizing.

3.3.2 Serum osmolality

Salinity had a significant effect on serum osmolality in juvenile
E. tetradactylum (Figure 6). In the low salinity groups (0, 5, 10
PSU), serum osmolality sharply decreased on Day 1, followed by a
gradual increase and stabilization, remaining lower than that of the
control group. Conversely, in the high salinity groups (30, 35 PSU),
serum osmolality increased on Day 1, then gradually decreased and
stabilized. A significant difference (P< 0.05) was observed in the 35
PSU group on Day 1. Linear regression analysis revealed that the
isotonic point salinity for E. tetradactylum juveniles was
approximately 10.88 PSU (Figure 7).

3.3.3 Serum Na+, K+, and Cl- concentrations
Serum concentrations of Na*, K*, and Cl" were significantly
affected by salinity (Figure 8). In the low salinity groups (0, 5, 10
PSU), Na* and Cl- concentrations were significantly reduced on
Day 1, followed by a gradual increase. No significant changes were
observed in the 15, 20, and 25 PSU groups during the experiment.

TABLE 1 Growth and feed conversion rate of juvenile E. tetradactylum after 30 days of exposure to various salinities. Fish were exposed to the

following salinities: 0, 5, 10, 15, 20, 25, 30 and 35 PSU.

Salinity (g/L)

Parameter 25 10 1
(Control)
Initial weight(g) 3692 +0.76" 3563 + 035" 354+ 0.53" 35.7 + 0.03* 3582 048" | 3598 +058 | 3567 +0.3" | 3515+ 023"
Final weight(g) 60.66 = 131  50.54 + 1.28°  51.65 + 1.82" = 5557 + 1.14" = 49.68 + 1.26" | 50.11 + 0.86™ | 5253 + 115" 48.69 + 1.13°
Initial length(mm) 160.1 +3.00° 1705 + 434" 168.5 + 2.49" 166 + 3.24° 168.7 + 1.3 163.5 + 3.31° 164.5 + 0.90° | 165.8 + 3.90°
Final length(mm) 1924 + 482° 1932 +621° | 195.6 +530° 1962 + 7.04° 190 + 5.77° 183.8 + 5.84° 186.7 + 4.74° | 180.7 + 6.23°
SGR (%/day) 1.66 + 0.01° 116 £0.13% | 126+0.12% 147 +0.11% 1.09 + 0.22¢ 1.1 +0.01° 129 + 0.12% 1.09 + 0.14°
WGR (%) 643 + 0.52° 4182 +571° | 4583 +510° | 5565+ 534 | 3884 +933° 3924 +033° | 4726 +5.16°  38.54 + 5.78°
DWGR(g/d-%) 79.04 £321°  49.67 + 6.86° | 54.18 + 745" | 6623 + 6.44°° | 462 + 10.04° | 47.08 + 1.64° 56.2 + 6.3° 45.14 + 6.67°
GBL (%) 2013 £ 093" 1325+ 136" 1589 + 1.57°°  17.93 +2.14* | 1246 + 2,53 | 1226 + 1.71°* | 1337 +2.29° | 8.86 + 1.95"
DGBL (mm/d-%) 108 + 6.52° 7589 + 85" | 90.1 +10.14™  100.7 + 13.64* | 70.93 + 15.03" | 67.67 + 10.44°® = 73.82 + 12.93""  49.69 + 11.21°
FCR(g/g) 1.2 +0.05° 3.58 +0.13% 1.64 +021% | 1.34 +0.12% 1.89 + 047> 1.8 +0.24% 1.46 + 0.31% 224 + 0.65°
Different lowercase letters in the same column indicate significant differences (P<0.05).
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FIGURE 2

Effects of salinities on microstructure of gill of juvenile E. tetradactylum. (A) salinity 5 PSU(40x); (B) salinity 25 PSU(40x); (C) salinity 35 PSU(40x);

PVC, Pavement epithelial cell; SC, Pillar cell; CC, Mucous cell.

In contrast, the concentrations of Na*, K¥, and Cl" in the high
salinity groups (30, 35 PSU) increased sharply on Day 1 before
gradually decreasing.

3.4 Metabolic response to salinity

In terms of metabolic indices, glucose (GLU) levels significantly
increased in the 35 PSU group compared to the 5-25 PSU groups
(P< 0.05). Triglyceride (TG) concentrations were also significantly
higher in the 35 PSU group compared to the low salinity groups (0,
5,10 PSU) and the control group (P< 0.05). The triglycerides (TG)
and lactate dehydrogenase (LD) levels exhibited a decreasing-then-
increasing trend with increasing salinity. The LD content
significantly increased in the 30 and 35 PSU groups compared to
the 5-25 PSU groups (P< 0.05) (Figure 9).

3.5 Antioxidant responses to salinity

The antioxidant capacity, measured by superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px), varied with salinity
(Figure 10). SOD activity was significantly higher in the 10 PSU
group compared to the 30 and 35 PSU groups (P< 0.05). GSH-Px
activity showed a decreasing trend with increasing salinity, with the

TABLE 2 Morphological changes in the gill of juvenile E. tetradactylum
under different salinity treatments (um).

Space
between sec-
ondary
gill lamella

Width of
secondary
gill lamella

Salinity Leie) b &

(V)

secondary
gill lamella

5 31.01 + 0.6664" 56.40 + 1.728" 4.094 + 0.1481°

25 (Control) = 25.41 + 0.6103" 39.98 + 2.033" 4.037 + 0.1597°

35 2232 + 0.2314° 29.02 + 0.5753° 4.661 + 0.2354"

Different lowercase letters in the same column indicate significant differences (P<0.05).
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lowest levels observed in the 35 PSU group, significantly lower than
in the 5 and 10 PSU groups (P< 0.05).

4 Discussion
4.1 Growth parameters

The present study highlights the significant effect of salinity on
the growth and survival of E. tetradactylum juveniles, which inhabit
estuarine areas with varying salinity levels (Wang et al., 2014). As a
euryhaline species, E. tetradactylum is typically more adapted to
higher salinity levels, with previous studies indicating that embryos
and larvae thrive in salinities between 28-35 PSU and salinities below
20 PSU significantly impair survival (Xie et al., 2016). However, our
results show that juvenile E. tetradactylum have a broader tolerance
to salinity fluctuations, with survivability observed even at lower
salinities such as 0, 5, and 10 PSU. Notably, although the fish can
survive at these lower salinities, growth was negatively impacted at 0
PSU, which aligns with findings from Niu et al. (2021), who reported
that E. tetradactylum juveniles showed increased mortality at
salinities of 0 and 20 PSU.

In terms of growth, E. tetradactylum juveniles in brackish water
(5 and 10 PSU) demonstrated higher growth rates compared to
those in high salinity environments (30 and 35 PSU). This is
consistent with earlier studies that reported better growth in fish
reared at lower salinities (Imsland et al., 2001; Luz et al., 2008;
Semra et al., 2013). The observed increase in Feed Conversion Ratio
(FCR) at higher salinities suggests that higher energy expenditure
for osmoregulation may reduce the efficiency of feed utilization, a
phenomenon supported by studies on digestive enzyme activity and
intestinal morphology in varying salinity conditions (Usher et al.,
1988; Moutou et al., 2004). These findings suggest that brackish
water (5 and 10 PSU) may provide the optimal conditions for
juvenile E. tetradactylum growth in aquaculture systems. However,
further investigations are necessary to determine the effects and
economic viability of using these lower salinities for commercial
aquaculture operations.

frontiersin.org


https://doi.org/10.3389/fmars.2025.1553114
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Chen et al.

500 pm

FIGURE 3

Effects of salinities on microstructure of gill of juvenile E. tetradactylum. (A) salinity 5 PSU(5x); (B) salinity 25 PSU(5x); (C) salinity 35 PSU(5X).

10.3389/fmars.2025.1553114

4.2 Osmoregulatory mechanisms and
physiological adaptations to salinity
adaptation in E. tetradactylum

The salinity adaptation process in fish occurs in two stages:
passive adaptation to the external environment and active recovery
of osmotic pressure (Li et al., 2022). Fish adapt to varying salinities
primarily through the regulation of osmotic pressure and ion
concentrations, a process mainly carried out by osmoregulatory
organs such as the gills, intestines, and kidneys (Whittamore, 2012;
Sun et al., 2016; Dawood et al., 2021; Ali et al., 2024).

Gill filaments of juveniles exposed to 5 PSU became thinner,
longer, and more widely spaced, indicating an adaptive response to
osmotic pressure changes. This result is consistent with findings by
Dawood et al. (2022). However, fish in 35 PSU exhibited gill
filaments that were wider, shorter, and more closely spaced, with
partial necrosis and enlarged chloride cells, indicating structural
damage to the gills and impaired osmoregulatory function.

The observed morphological changes in the intestine and
kidney further support these findings. At 5 PSU, the intestinal
villi showed increased thickness, while the number of goblet cells
decreased, possibly as an adaptive mechanism to optimize nutrient

absorption in a low salinity environment. At 35 PSU, although
goblet cells became enlarged, there were no significant changes in
epithelial thickness or goblet cell number, suggesting limited
adaptation. Kidney tissues from fish exposed to 35 PSU showed
signs of atrophy, with smaller glomeruli and reduced renal function,
which are typical indicators of osmotic stress in hyperosmotic
environments (Chourasia et al., 2018). These findings emphasize
that extreme salinities, although survivable, result in significant
physiological stress and impaired organ function, which could
compromise overall fish health and aquaculture productivity.
Osmotic regulation in E. tetradactylum was assessed through
NKA, serum osmolality, and ion concentrations. NKA is a key ion
transporter in fish that helps maintain osmotic balance by pumping
Na® out and K" into cells Rodriguez et al., 2002). Our results
showed that NKA activity peaked at Day 20 in the 0 and 5 PSU
groups, suggesting a passive stress response resulting from a
decrease in NKA activity, which reduces cell membrane
permeability and decreases Na* efflux (Parsegian et al., 2000). In
contrast, in the 10 and 35 PSU groups, NKA activity peaked earlier
at Day 10, followed by a decline, which may reflect acclimatization
to these salinity levels (Shaughnessy and McCormick, 2020);. This
pattern of NKA activity supports the idea that E. tetradactylum

FIGURE 4

G, Glomerulus; BC, Renal Capsule; P, Renal Tubule; CS, Collecting Duct.

Effects of salinities on microstructure of kidney of juvenile E. tetradactylum. (A) salinity 5 PSU(40x); (B) salinity 25 PSU(40x); (C) salinity 35 PSU(40x);
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FIGURE 5

NKA activity in the gill of juvenile E. tetradactylum across different salinities. Fish were exposed to the following salinities: 0, 5, 10, 15, 20, 25, 30 and
35 PSU. Different lowercase letters in the same column indicate significant differences (p<0.05).
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FIGURE 6

Serum osmolality of juvenile E. tetradactylum in response to different salinities on day 0, 10, 20 and 30. Fish were exposed to the following salinities:
0, 5, 10, 15, 20, 25, 30, and 35 PSU. Different lowercase letters in the same column indicate significant differences (p<0.05).
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FIGURE 7
Isotonic point analysis of juvenile E. tetradactylum.
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juveniles can effectively regulate their ion balance within a range of
10-35 PSU but experience increased osmoregulatory stress outside
of this range (Tomy et al., 2009; Dalziel et al., 2014).

Serum osmolality and ion concentrations followed similar
trends, with significant decreases in the low salinity groups (0, 5,
10 PSU) on Day 1, followed by gradual recovery. In contrast, serum
osmolality in the high salinity groups (30, 35 PSU) increased on Day
1 and then stabilized. These patterns indicate that E. tetradactylum
juveniles can maintain osmotic balance within a specific range of
salinities, which is consistent with the isosmotic point of 10.88 PSU
identified in this study. Plasma osmotic pressure serves as an early
indicator of aquatic stress, reflecting changes in solute
concentrations, including inorganic ions (such as Na*, K*, CI,
and Ca®"), as well as proteins and organic small molecules (Tsui
et al., 2012; Kiiltz, 2015). This study found that Na® and CI
concentrations were significantly reduced on Day 1 in the 0, 5,
and 10 salinity groups, then gradually increased and eventually
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FIGURE 8
(A—C) Serum ion concentrations of Na+, K+, and Cl- in Juvenile E. tetradactylum at different salinities. Fish were exposed to the following salinities:
0, 5, 10, 15, 20, 25, 30 and 35 PSU. Different lowercase letters in the same column indicate significant differences (p<0.05).

10.3389/fmars.2025.1553114

stabilized. Na*, K*, and Cl concentrations remained stable in the
15, 20, and 25 salinity groups, with no significant changes during
the experimental period. In contrast, Na*, K", and Cl°
concentrations increased significantly on Day 1 in the 30 and 35
salinity groups, then gradually decreased. The ability of E.
tetradactylum to adjust ion concentrations, particularly Na*, K7,
and CI, under different salinity conditions further illustrates the
species’ osmotic adaptability.

Frontiers in Marine Science 09

4.3 Metabolic response and oxidative
enzymes response in serum

Osmoregulation is an energy-intensive process in fish, and
metabolic indicators can provide insight into the metabolic status
of fish under different salinity conditions (Urbina and Glover, 2015;
Xu et al, 2016). Serum glucose (GLU) is a primary energy source
during osmotic pressure regulation (Hoseini et al., 2019). In this
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FIGURE 9

(A—C) Metabolic indices (GLU, TG, LD) in the serum of juveniles E. tetradactylum exposed to different salinities. Fish were exposed to the following
salinities: 0, 5, 10, 15, 20, 25, 30, and 35 PSU. Different lowercase letters in the same column indicate significant differences (p<0.05).

study, the serum GLU content of E. tetradactylum in the 35 PSU
group was significantly higher than that in the low salinity groups
(0, 5, 10 PSU) and the control group (25 PSU) (P< 0.05). This
increase is attributed to the fact that the salinity in the 35 PSU group
was significantly higher than the iso-osmotic point of E.
tetradactylum (10.88 PSU), which requires more energy for
osmotic pressure regulation. As a result, glycogen in the body of
E. tetradactylum is broken down into glucose and transferred to
osmoregulatory tissues to assist in osmotic pressure regulation (Zhu
etal, 2021), leading to an increase in serum GLU content. Tsui et al.
(2012) observed that blood glucose levels in fish exposed to high
salinity increased, but returned to normal after 60 minutes, possibly
due to the short exposure time.
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(A—D) Antioxidant responses (SOD and GSH-Px Activity) in the serum of juvenile E. tetradactylum at different salinities. Fish were exposed to the
following salinities: 0, 5, 10, 15, 20, 25, 30, and 35 PSU. Different lowercase letters in the same column indicate significant differences (p<0.05).
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Triglycerides (TG) also play a critical role as energy substrates
in the process of salinity adaptation in fish (Evans and Kiiltz,
2020). In this study, TG content showed a significant trend of
initially decreasing, then increasing, with increasing salinity. The
serum TG content in the 35 PSU group was relatively high, likely
because under high salinity conditions, fish need to increase
energy intake to meet the heightened energy demands for
maintaining physiological balance due to water loss and salt
absorption (Kim et al., 2021). Similar findings were observed in
red-eared sliders (Trachemys scripta elegans), where plasma TG
levels increased within two days of exposure to high salinity and
gradually decreased thereafter (Hong et al., 2019). Furthermore,
some studies have shown that TG may play a role in regulating
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the immune stress response of aquatic animals (Zhao et al., 2021;
Zheng et al., 2022).

Lactic acid (LD) is the end product of anaerobic metabolism,
and its content reflects the level of anaerobic metabolic activity
(Omlin and Weber, 2010). In aquatic animals’ salinity adaptation,
LD content typically increases with environmental salinity (Long
etal.,, 2021). In this study, LD content in the 30 and 35 PSU salinity
groups was significantly higher than in the 5 to 25 PSU groups (P<
0.05), with no significant differences observed among the 5 to 25
PSU groups (P > 0.05). Some studies have also found that low
salinity can enhance anaerobic metabolism, leading to increased
lactic acid production (Rodrigues et al., 2012). This could be due to
the higher energy demand in low salinity environments as aquatic
animals undergo adaptive regulatory processes.

Antioxidant and immune-related biomarkers are commonly
employed to assess the adaptation of aquatic organisms to varying
salinity conditions (Mozanzadeh et al, 2021). Under homeostatic
conditions, there exists a balance between the generation and
elimination of intracellular reactive oxygen species (ROS), including
superoxide anions (O,), hydrogen peroxide (H,0O,), and hydroxyl
radicals (OH) (Guillou et al., 2010). Disruption of this balance leads to
the overproduction of ROS (Kim et al, 2017; Chang et al., 2021),
which, if not adequately neutralized, can result in lipid peroxidation
and the formation of malondialdehyde (MDA), a marker of oxidative
damage (Lushchak, 2011). Elevated MDA levels can impair cellular
function and activate antioxidant defenses, including the enzymes
superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx), which collectively mitigate ROS-induced damage
to the organism (Li et al., 2012). SOD catalyzes the conversion of
superoxide anions to hydrogen peroxide, which is subsequently
broken down into water and oxygen by CAT, thereby preventing
lipid peroxidation (Tavares Sanchez et al., 2004). Previous studies have
shown a pattern of increasing and then decreasing SOD activity in fish
species such as yellowfin seabream (Acanthopagrus latus), Asian
seabass (Lates calcarifer), and Rohu (Labeo rohita) across a salinity
gradient (0 to 40 PSU) (Mozanzadeh et al., 2021; Patel et al,, 2022).

In the present study, salinity acclimation in E. tetradactylum also
induced oxidative stress, as evidenced by changes in antioxidant
enzyme activity and lipid peroxidation markers. Superoxide
dismutase (SOD) activity was significantly higher in the 10 PSU
group compared to the 30 and 35 PSU groups, suggesting that
moderate salinity promotes antioxidant defense, while higher
salinities may overwhelm the antioxidant system, leading to reduced
SOD activity (Patel et al., 2022). Similarly, glutathione peroxidase
(GPx) activity decreased with increasing salinity, particularly at 35
PSU, further indicating oxidative stress under high salinity conditions.

MDA, a primary byproduct of ROS-induced lipid peroxidation,
serves as an indicator of oxidative damage and the extent of
cellular injury (Zuo et al, 2013; Long et al, 2017). However,
malondialdehyde (MDA) levels did not show significant
differences across salinity treatments, possibly because E.
tetradactylum is able to adapt to prolonged salinity stress by
regulating its oxidative balance (Li et al., 2022).

Antioxidant compounds represent the first line of defense
against ROS, while antioxidant enzymes such as CAT, SOD, and
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GPx form the second line of defense in mitigating oxidative damage
(Ighodaro and Akinloye, 2018). The total antioxidant capacity (T-
AOC) exhibited a “U”-shaped response to increasing salinity, which
suggests that E. tetradactylum can regulate its redox status to
maintain cellular function within an optimal salinity range. This
finding aligns with studies on black seabream (Acanthopagrus
schlegelii) under acute salinity stress, where similar “U”-shaped
trends in T-AOC activity were observed (Li et al., 2022).
Additionally, Mo et al. (2020) reported a significant increase in T-
AOC activity in Scapharca subcrenata prior to a subsequent decline,
mirroring the pattern observed in the present study. These results
suggest that high salinity conditions (35 PSU) are more likely
to induce oxidative stress in E. tetradactylum. Overall, our
findings indicate that different salinity levels exert distinct
effects on antioxidant enzyme activities, with high salinity
potentially disrupting the balance of the antioxidant system and
compromising the organism’s physiological health.

5 Conclusions

In summary, this study highlights that juvenile E. tetradactylum
exhibits significant physiological flexibility in adapting to varying
salinity levels, which is crucial for their survival and growth in
aquaculture environments. The results demonstrate that the
optimal growth and survival of juveniles occur within the
brackish water range of 5-10 PSU, where osmoregulatory
processes are most efficient. Importantly, the isotonic point for
E. tetradactylum was identified around 10 PSU (10.88 PSU), where
the salinity closely matches the internal osmotic pressure, enabling
better osmoregulation and metabolic efficiency. In contrast,
exposure to extreme salinities, both low (0 PSU) and high
(30-35 PSU), leads to severe physiological stress. This is
reflected in impaired osmoregulation, growth retardation, and
histopathological damage to critical organs such as the gills,
intestines, and kidneys. Additionally, alterations in metabolic and
antioxidant responses further highlight the detrimental effects of
extreme salinities on the overall health of E. tetradactylum. These
findings underscore the importance of maintaining stable and
optimal salinity conditions in aquaculture practices to enhance
the health, growth, and survival of this species. Proper salinity
management will be essential for improving the sustainability and
efficiency of E. tetradactylum farming, providing a foundation for
future research on salinity tolerance mechanisms in marine
aquaculture species.
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