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Effect of salinity exposure on the
antioxidant system of “Taihu No.
3" Macrobrachium Nipponense

Rong Zhou?, Mingjia Xu?, Wenyi Zhang?, Yiwei Xiong?, Hongtuo Fu'?, Hui Qiao'?,
Sufei Jiang2** & Shubo Jin%2**

China possesses vast saline-alkaline water resources, necessitating their utilization. Macrobrachium
nipponense, an economically important freshwater shrimp with notable salinity tolerance, is a
candidate for saline aquaculture. This study determined the 96-h LC,, of salinity for the genetically
improved "Taihu No. 3" strain juveniles across a gradient (0-30 parts per thousand) and investigated
associated stress responses. Morphological, physiological, and molecular responses were analyzed
via antioxidant enzyme activity (glutathione peroxidase (GPx), glutathione reductase (GR), catalase
(CAT), superoxide dismutase (SOD), malondialdehyde (MDA)) and immune gene expression in
hepatopancreas and gills. Results showed the 96-h LC, was 11.841 ppt, significantly lower than wild
populations, suggesting enhanced energy allocation towards growth over osmoregulation in "Taihu
No. 3". Acute and chronic stress significantly elevated GPx, GR, CAT, SOD activities and MDA levels
(P<0.05), indicating their critical role in mitigating oxidative damage and maintaining homeostasis.
Salinity 210 ppt induced structural damage, including hepatopancreatic basement membrane
disruption and gill alterations (enlarged interlamellar spaces, epithelial swelling). Chronic exposure
significantly upregulated immune genes (CAT, Mn-SOD, Cu/Zn-SOD) in both tissues (P <0.05),
demonstrating their involvement in saline acclimation. These findings define measurable salinity
tolerance limits and elucidate key immune response mechanisms in "Taihu No. 3", providing a scientific
basis for its cultivation in saline-alkaline aquaculture.
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China possesses extensive saline-alkali water resources, with low-lying saline-alkali water areas covering
4.6x 10" m?, widely distributed across 19 provinces in the Northeast, North, and Northwest regions of the
country'. Saline-alkali water is characterized by high carbonate alkalinity, high pH, complex water quality, and
imbalanced ratios of major ions. Due to physicochemical indices that exceed standard thresholds, it is unsuitable
for direct consumption or agricultural irrigation?. Owing to the escalating scarcity of freshwater resources, the
development of salt-tolerant aquaculture technologies for aquatic species is critically needed to alleviate pressure
on limited freshwater supplies and safeguard the sustainable development of the aquaculture sector.

As a key environmental variable, salinity governs aquatic organism distribution and physiological activities®.
It constitutes a major environmental factor affecting both prokaryotic* and eukaryotic organisms™°. Currently,
increasing salinity in inland waters results in decreased biodiversity, functional degradation of ecosystems,
economic losses, social conflicts, and ecological risks. Consequently, establishing saline-alkaline aquaculture
systems represents a crucial solution. Therefore, identifying aquatic species with wide salinity tolerance is
particularly important.

As euryhaline organisms, crustaceans are widely distributed in brackish water zones, intertidal areas, and
salt marshes’™®, exhibiting strong tolerance to salinity changes. For example, Penaeids exhibit broad salinity
adaptability ranging from 3 to 50%o. The adult Portunidae can withstand salinity fluctuations between 1.4 and
4%0'°. However, their early developmental stage (zoea larvae) survives only within salinities of 20-35%o!!. As a
key environmental factor, salinity affects crustaceans’ survival rate, growth performance, reproductive efficiency,
and development processes. The mechanisms underlying saline tolerance in crustaceans include molecular
regulatory pathways, physiological compensation, behavioral adaptation, and ecological strategies'.
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Gills are important organs in crustaceans performing various physiological functions, including regulating
ion transport, maintaining acid-base balance, and excreting ammonia. The ion exchange function of gills plays a
key role in osmoregulation. Crustaceans employ osmoregulatory mechanisms via their gills to maintain internal
homeostasis in low-salinity environments. In high-salinity conditions, they actively take up ions from water and
eliminate excess ions to maintain physiological homeostasis!?.

The hepatopancreas performs digestion (enzyme secretion), metabolic regulation, and immune defense
functions, playing essential roles in stress response!4-1¢. It also stores energy and participates in lipid metabolism,
storing lipids from food and synthesizing new lipids. Studies show that energy metabolism regulation is crucial
for saline acclimation in non-isotonic environments. The greater the deviation of environmental salinity from
the isotonic point, the higher the energy consumed for osmoregulation, resulting in growth inhibition!”"18.
Recent studies indicate that Litopenaeus vannamei hepatopancreas consumes fatty acids to support osmotic
regulation and ion transport®.

Macrobrachium nipponense is an economically important freshwater crustacean aquaculture species in
China. Its annual production exceeds 2 x 10° tons, ranking third among freshwater economic shrimp species.
Studies show that the 96-h median lethal salinity (LC,,) for M. nipponense larvae is 25 parts per thousand
(ppt), and their growth and weight gain rates peak at salinities < 12 ppt®. Under acute salinity exposure, adult
specimens maintain normal physiological functions within 7-20 ppt?!. However, the effects of salinity on gill
and hepatopancreas immune responses remain unclear. “Taihu No. 3", a selectively bred variety of M. nipponense
(approved by the Ministry of Agriculture and Rural Affairs), is characterized by faster growth rate and stronger
adaptability than wild populations.

This study investigated acute and chronic salinity effects on antioxidant enzyme activity, morphology, and
gene expression in M. nipponense “Taihu No. 3” gills and hepatopancreas. Acute exposure (96 h) employed
salinity levels of 0, 5, 10, 15, 20, and 30 ppt, while chronic exposure (30 days) used 4 ppt (low salinity) and 8 ppt
(high salinity). The findings provide valuable evidence for the culture and potential expansion of this species into
environments with elevated salinity, supporting its sustainable development.

Materials and methods
Ethics declarations
All animal experiments were approved by the Institutional Animal Care and Use Ethics Committee of the
Freshwater Fisheries Research Center at Chinese Academy of Fishery Sciences (Wuxi, China) (Authorization
NO.20240610006, 10 June 2024).

The study was conducted in strict accordance with the Institutional Animal Care and Use Ethics Committee
of the Freshwater Fisheries Research Center.

This study was conducted in accordance with the editorial policies of Scientific Reports for research involving
experimental subjects.

This study was reported in full compliance with the ARRIVE guidelines (Animal Research: Reporting of In
Vivo Experiments).

Experimental animal

All M. nipponense “Taihu No. 3” specimens used in this study were provided by the Dapu M. nipponense Breeding
Base (120°13 44" E, 31° 28’ 22"" N). A total of 1,800 specimens were collected, with a mean body weight of
0.36+0.05 g and a mean body length of 20.03+1.22 mm. They were temporarily reared in aerated freshwater
(water temperature of 28.0+2.0 “C, dissolved oxygen of > 6 mg/L) for 3 days and fed twice daily.

Identification of 96-h LC, salinity for “Taihu No. 3"

A total of 1,080 specimens were exposed to six salinity levels (0, 5, 10, 15, 20, and 30 ppt) for 96 h to assess
mortality, under controlled conditions with water temperature of 28.3+1.26 ‘C, pH ranging from 7.81 to 8.32,
and dissolved oxygen>6.0 mg/L. Six discrete salinity gradients (0 [control, NaCl-free], 5, 10, 15, 20, and 30
ppt) were prepared by dissolving NaCl into artificial aquatic systems. Salinity was quantified using an optical
salinometer (Sunrising Optronic Co., Ltd., Beijing, China). Each salinity treatment was conducted in triplicate,
each containing 60 prawns. The 96-h mortality rate for each replicate tank was calculated, and the 96-h LC,, of
M. nipponense “Taihu No. 3” was analyzed using Probit Analysis.

Sample collection

Tissue collection after acute salinity stress

The hepatopancreas and gill samples for acute salinity stress analysis were collected from the specimens
described in Section "Identification of 96-hour LC50 salinity for “Taihu No. 3”". From each salinity group, five
hepatopancreas and five gill tissues were pooled to form one biological replicate for antioxidant enzyme activity
measurement, with three biological replicates prepared per group. All collected tissues were immediately flash-
frozen and stored at -80 C. Additionally, three hepatopancreas and gill tissues from each salinity group were
collected after 96 h of exposure for histological observation. These samples were fixed in 4% paraformaldehyde
and stored at room temperature until processing for histological sectioning. Due to the absence of surviving M.
nipponense “Taihu No. 3” specimens beyond 96 h at salinities of 20 and 30 ppt, tissue samples from these groups
were not obtained.

Tissue collection after chronic salinity stress

A total of 720 specimens were reared for 30 days under chronic salinity stress. Salinity levels of 4 ppt (low salinity)
and 8 ppt (high salinity) were prepared by dissolving NaCl into artificial aquatic systems. Each salinity group
included three replicates with 120 shrimp per tank. The hepatopancreas and gills were respectively collected
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from each group after 0, 1, 4, 7, 15 and 30 days of salinity exposure. The hepatopancreas and gill tissues from five
individuals were pooled to form one biological replicate, and three biological replicates were prepared for the
determination of antioxidant enzyme activity and qPCR analysis. Due to complete mortality of M. nipponense
occurring before day 15 and day 30 under 8 ppt salinity, samples at these time points were not available.

Measurement of antioxidant enzyme activity

The activities of antioxidant enzymes were measured in the hepatopancreas and gill tissues of M. nipponense
“Taihu No. 3” using commercial kits (Nanjing Jiancheng Bioengineering Institute). The parameters analyzed
included superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase
(GSH-Px), and malondialdehyde (MDA). All measurements were performed using a Bio-Rad iMark microplate
reader (San Francisco, USA), in accordance with the manufacturer’s protocols.

Hematoxylin and eosin (HE) staining of gills and hepatopancreas

The morphological changes of the hepatopancreas and gills were assessed using hematoxylin and eosin (HE)
staining following acute salinity exposure. The detailed procedures for HE staining have been described in
previous studies?>?*. Briefly, samples were dehydrated through a graded ethanol series. The dehydrated gill and
hepatopancreas tissues were cleared in xylene and embedded in paraffin wax. Subsequently, the embedded tissues
were sectioned into 5 pm slices using a microtome (Leica, Wetzlar, Germany). The sections were stained with HE
for 3-8 min, respectively. Morphological changes in gills and hepatopancreas induced by salinity exposure were
observed under an Olympus SZX16 microscope (Olympus Corporation, Tokyo, Japan).

gPCR analysis

Total RNA was extracted from hepatopancreas and gill tissues of M. nipponense “Taihu No. 3” subjected to
chronic saline stress. The RNA quality was evaluated using 1.2% agarose gel electrophoresis, and its concentration
was determined using an ultraviolet spectrophotometer (Eppendorf, Germany). The first-strand cDNA was
synthesized using an M-MLV reverse transcriptase kit (TaKaRa) and subsequently stored at — 20 °C until use.
Gene expression levels were quantified using the Ultra SYBR Mixture (CWBIO, Beijing, China) on a Bio-Rad
iCycler iQ5 Real-Time PCR System, in accordance with the manufacturer’s protocol. All gPCR primers are
listed in Table 1. Eukaryotic translation initiation factor 5A (Eif) was selected as the internal reference gene for
normalization, as validated in previous research?’. Previous studies have found that the expression level of the
Eif remains stable under various environmental stresses and across different tissues, therefore it was selected as
a reference gene. Relative expression levels were calculated using the 2724t method®.

Statistical analysis

All data in this study were statistically analyzed using SPSS 27.0 and are presented as mean + standard deviation
(SD). Differences among stress durations under the same salinity condition and in mortality rates under different
saline concentrations were analyzed using one-way ANOVA followed by Duncan’ test. A significance threshold
of p<0.05 was applied, as established in previous studies.

Results

Identification of 96-h LC, salinity for “Taihu No. 3"

Mortality of M. nipponense “Taihu No. 3” exhibited a concentration-dependent increase with salinity during the
96-h acute exposure. As shown in Fig. 1, mortality increased from 3.33% at 0 ppt to 100% at 30 ppt. In contrast,
no significant difference in mortality was detected between the 0 ppt (control) and 5 ppt groups (P>0.05).
Complete mortality (100%) was observed at both 20 ppt and 30 ppt after 96 h of exposure. The 96-h LC,, for
M. nipponense “Taihu No. 3” was calculated to be 11.841 ppt.3.2 Measurement of the Activities of Antioxidant
Enzymes after the acute salinity exposure.

The activities of antioxidant enzymes in the hepatopancreas (Fig. 2A) and gills (Fig. 2B) of M. nipponense
“Taihu No. 3” were assessed after 96-h acute salinity exposure to a gradient of salinities. CAT activity in the
hepatopancreas exhibited no significant differences across salinity levels (P>0.05). The activities of GSH-Px and
GR reached their maximum at 10 ppt and 15 ppt, respectively (P <0.05), while MDA levels increased significantly
at 5 ppt and then gradually decreased with further increases in salinity. SOD activity remained relatively stable
at 0, 5, and 10 ppt (P>0.05), but decreased markedly at 15 ppt (P <0.05).

Primer name Sequence (5" >3) GenBank accession numbers
Catalase F: TCGTGGCTTCGCTGTCAAGTTC KC485002.1

R: GGTGTGTTGCTGGATTCCTCTTCTG
Copper/Zinc superoxide dismutase | F: GGCTCATTACAACCCAGACGGATTC | JX045662.1
R: AGTTCCATCCTCACCGCTCTCG
Manganese superoxide dismutase | F: TGTGGGTGTGAAAGGTTCTGGTTG | HQ852226.1
R: GGGGTCCTGGTTTTGGCAAGTG
Eif F: CATGGATGTACCTGTGGTGAAAC MH540106
R: CTGTCAGCAGAAGGTCCTCATTA

Table 1. Primers used for the qPCR validation in the present study.
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Fig. 1. Mortality of M. nipponense “Taihu No. 3” under 96 h acute stress with different saline concentrations.
Data are shown as mean + standard deviation (SD). Letters show significant differences in mortality of M.
nipponense “Taihu No. 3” under salinity exposure.

CAT activity ecxhibited no significant differences in the gill tissues of M. nipponense “Taihu No. 3” at 0, 5,
and 10 ppt (P>0.05), while increased significantly at 15 ppt (P<0.05). GR activity was significantly elevated
in the 10 and 15 ppt groups compared to the 0 and 5 ppt groups (P<0.05). However, no significant differences
were observed between 0 and 5 ppt or between 10 and 15 ppt (P>0.05). GSH-Px activity peaked at 5 ppt, while
salinity exposure resulted in a reduction in MDA levels. SOD activity showed a significant increase from 0 to 5
ppt (P<0.05) and remained stable at 5-15 ppt (P>0.05).

Histological observations after the acute salinity exposure for 96 h
The morphological changes of the hepatopancreas (Fig. 3) and gills (Fig. 4) after 96 h under salinity exposure were
observed by hematoxylin-eosin staining. Histological observations revealed that the normal hepatopancreas
structure comprised secretory cells, basement membrane, lumen, storage cells and vacuoles. There was no
obvious damage observed in the hepatopancreas after 96 h exposure under the salinity of 5 ppt. In contrast,
salinities exceeding 10 ppt resulted in structural damage to the basement membrane and an enlarged lumen.
The normal gill structure of M. nipponense “Taihu No. 3” was characterized by the presence of a marginal
channel, hemocytes, a hemolymph vessel, and a membrane. Gill tissues exhibited a normal architecture at 5 ppt
salinity. However, with increasing salinity, the gill lamellae showed progressive dilation, and noticeable swelling
occurred from 10 ppt onward.

Measurement of the activities of antioxidant enzymes after the chronic salinity exposure
The activities of five antioxidant enzymes in the hepatopancreas and gills of M. nipponense “Taihu No. 3” were
measured after 30 days of chronic salinity exposure at 4 ppt and 8 ppt. Significant variations in antioxidant
enzyme activities were observed in response to the different saline concentrations. In the hepatopancreas tissues
of M. nipponense “Taihu No. 3” (Fig. 5A, B), the activity of CAT increased over time under both 4 ppt and 8 ppt
conditions. GSH-Px and SOD activities reached their peaks on Day 1 at 4 ppt, whereas GR and MDA activities
peaked on Day 15 and Day 7, respectively. Under 8 ppt exposure, the activities of CAT, GR, SOD, and MDA all
peaked on day 7, while GSH-Px activity exhibited a distinct pattern, reaching its maximum on day 4.

In the gill tissues of M. nipponense “Taihu No. 3” (Fig. 5C, D), CAT activity was significantly higher on days
4 and 30 under 4 ppt compared to other time points (P<0.05), and GSH-Px activity peaked on day 7. GR and
MDA activities increased significantly from day 0 to day 4, peaking on day 4, while SOD activity peaked on day
15. Under 8 ppt exposure, CAT and GR activities peaked on day 1, and GSH-Px and MDA activities peaked
on day 4, after which their activities gradually declined over time. SOD activity varied significantly across time
points (P<0.05), reaching its peak on day 7.
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Fig. 2. (A) The activity of antioxidant enzymes in hepatopancreas of M. nipponense “Taihu No. 3” after

96 h of acute stress with different salinity. (B) The activity of antioxidant enzymes in gills of M. nipponense
“Taihu No. 3” after 96 h of acute stress with different salinity. CAT: catalase; GR: glutathione reductase;
GSH-Px: glutathione peroxidase; MDA: malondialdehyde; SOD: superoxide dismutase. Data are shown as
mean * standard deviation (SD) of tissues from three biological replicates. Letters indicate the difference in
antioxidant enzymes activities between different saline concentrations.

gPCR analysis

qPCR analysis was performed to evaluate the expression changes of immune-related genes in the gills and
hepatopancreas of M. nipponense “Taihu No. 3” under chronic salinity exposure (4 ppt and 8 ppt). As shown in
Fig. 6, the expression of Cat in hepatopancreas and gill tissues under 4 ppt reached peak levels on day 4 and day
15, respectively (P<0.05). Under 8 ppt exposure, Cat expression in the hepatopancreas on day 1 was significantly
higher than at other time points (P <0.05). In gill tissues under 8 ppt, Cat expression remained stable on days 0,

1, and 7 (P>0.05) and peaked on day 4 (P<0.05).
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Fig. 3. Histological observation of hepatopancreas of M. nipponense “Taihu No. 3” under different saline
concentrations. B: secretory cells of type B; BM: basement membrane; L: lumen; R: storage cells of type R; V:
vacuoles. (a) Histological observation of hepatopancreas of M. nipponense “Taihu No. 3” after 0 ppt 96 h stress;
(b) Histological observation of the hepatopancreas of M. nipponense “Taihu No. 3” after 5 ppt 96 h stress; (c)
Histological observation of the hepatopancreas of M. nipponense “Taihu No. 3 after 10 ppt 96 h stress; (d)
Histological observation of the hepatopancreas of M. nipponense “Taihu No. 3” after 15 ppt 96 h stress; (e)
Histological observation of the hepatopancreas of M. nipponense “Taihu No. 3” after 20 ppt 96 h stress; (f)
Histological observation of the hepatopancreas of M. nipponense “Taihu No. 3” after 30 ppt 96 h stress.

Fig. 4. Histological observation of gills of M. nipponense “ITaihu No. 3” under different saline concentrations.
HC: hemocytes; HV: hemolymph vessel; M: membrane; MC: marginal channel. (a) Histological observation of
gill of M. nipponense “Taihu No. 3” after 0 ppt 96 h stress; (b) Histological observation of gill of M. nipponense
“Taihu No. 3” after 5 ppt 96 h stress; (c) Histological observation of gill of M. nipponense “Taihu No. 3” after

10 ppt 96 h stress; (d) Histological observation of gill of M. nipponense “Taihu No. 3” after 15 ppt 96 h stress;
(e) Histological observation of gill of M. nipponense “Taihu No. 3” after 20 ppt 96 h stress; (f) Gill histological
observation of M. nipponense “Taihu No. 3” after 30 ppt 96 h stress.
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Fig. 5. (A) Antioxidant enzyme activities in the hepatopancreas of M. nipponense “Taihu No. 3” under chronic
4 ppt exposure. (B) Antioxidant enzyme activities in the hepatopancreas of M. nipponense “Taihu No. 3” under
chronic 8 ppt exposure. (C) Antioxidant enzyme activities in the gills of M. nipponense “Taihu No. 3” under
chronic 4 ppt exposure. (D) Antioxidant enzyme activities in the gills of M. nipponense “Taihu No. 3” under
chronic 8 ppt exposure. CAT: catalase; GR: glutathione reductase; GSH-Px: glutathione peroxidase; MDA:
malondialdehyde; SOD: superoxide dismutase. Data are shown as mean + standard deviation (SD) of tissues
from three biological replicates. Letters indicate the difference in antioxidant enzymes activities between
different exposure times.

The expression of Cu/Zn-SOD peaked on day 4 under 4 ppt (P<0.05), while under 8 ppt, its expression in the
hepatopancreas peaked on day 1 (P<0.05). In gill tissues, no significant differences in Cu/Zn-SOD expression
were observed between day 1 and day 4 (P>0.05) or between day 0 and day 7 (P>0.05). However, expression
levels on days 1 and 4 were significantly higher than those on days 0 and 7 (P<0.05).

The expression of Mn-SOD in the hepatopancreas peaked on day 4 under 4 ppt (P<0.05). Under 8 ppt, no
significant differences were detected among days 0, 4, and 7 (P> 0.05), or among days 0, 1, and 4 (P> 0.05). In gill
tissues under 4 ppt, Mn-SOD expression decreased from day 0 to day 4, increased significantly on days 7, 15, and
30, and remained stable thereafter (P> 0.05). Under 8 ppt, Mn-SOD expression in gills peaked on day 4 (P <0.05).

Discussion

China possesses 46 million hectares of saline-alkali land. The sustainable utilization of saline-alkali water
resources remains a key research focus®. Certain aquatic crustaceans exhibit broad salinity adaptability.
Phylogenetic studies indicate that M. nipponense originated from marine ancestors and subsequently migrated
to freshwater habitats, where it has become fully adapted””. Consequently, M. nipponense possesses strong saline
tolerance and a broad salinity tolerance range. Cultivating M. nipponense in saline-alkaline water regions is
therefore essential for sustaining the development of its aquaculture industry. To the best of our knowledge,
the specific effects of salinity exposure on the immune response of M. nipponense remain unclear. “Taihu
No. 37, a newly certified M. nipponense variety selected for enhanced growth performance, has been officially
recognized by the Ministry of Agriculture and Rural Affairs of China. Consequently, elucidating its salinity
stress response mechanisms is crucial for promoting its cultivation in saline-alkaline waters. The present study
aimed to investigate the immune response to salinity changes in M. nipponense, using “Taihu No. 3” as the
model organism. This research establishes a theoretical foundation for culturing M. nipponense “Taihu No. 3” in
brackish water, thereby supporting the sustainable development of its industry.
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Fig. 6. A: Expression of three genes in the hepatopancreas of M. nipponense “Taihu No. 3” under chronic
4 ppt exposure. B: Expression of three genes in the hepatopancreas of M. nipponense “Taihu No. 3” under
chronic 8 ppt exposure. C: Expression of three genes in the gills of M. nipponense “Taihu No. 3” under chronic
4 ppt exposure. D: Expression of three genes in the gills of M. nipponense “Taihu No. 3” under chronic 8 ppt

exposure. Dates are shown as mean + standard deviation (SD) of tissues from three biological replicates. Letters

indicate differences in gene expression at different time points under the same salinity exposure.

Salinity is a critical environmental factor governing physiological processes in crustaceans, including
behavior, metamorphosis, growth, and reproduction. However, all organisms exhibit defined salinity tolerance

limits; exceeding these thresholds triggers osmoregulatory failure®®. Previous studies determined the LC,

salinity for juvenile M. nipponense (body length 2.0-2.5 cm) at 24, 48, 72, and 96 h as 30.71, 26.66, 26.31 and
25.80 ppt, respectively®. Similarly, the 24-96 h LC;, for Procambarus clarkii (15.15+2.12 g) was 31.74, 27.21,
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26.45 and 26.09 ppt, respectively”. and for Palaemonetes sinensis it was 37.07, 35.86, 35.04 and 34.31 ppt,
respectively®’. Notably, these crustacean species demonstrate superior salinity resilience compared to the teleost
fishes. In contrast, the present study determined a 96-h LC, value of only 11.841 ppt for juvenile M. nipponense
from the “Taihu No. 3” population. This reduced tolerance may be attributed to the significantly faster growth
rate of “Taihu No. 3” prawns compared to wild populations, which likely demands higher energy allocation
towards growth, consequently reducing the energy available for environmental stress adaptation.

Environmental stress induces reactive oxygen species (ROS) production. Excessive ROS accumulation causes
oxidative stress’*2, In response, organisms activate antioxidant defenses to maintain homeostasis*>. Changes
in antioxidant enzyme activity serve as key indicators of an organism’s or cell’s physiological state under stress,
reflecting the level of external stress exposure or damage. Key antioxidant enzymes include CAT, SOD, GR,
and GSH-Px. However, different aquatic animal taxa exhibit significant variations in their antioxidant defense
responses. For example, elevated salinity significantly inhibits CAT activity in the liver of Acanthopagrus
latus but enhances GPX and SOD activities*. Conversely, high salinity stimulates CAT and GSH activities in
the liver of Coris julis, while SOD activity remains unchanged®. Under acute salinity stress, SOD activity in
Marsupenaeus japonicus shows dual regulation by stress intensity and duration, demonstrating dose-dependent
responses.’®. Significant fluctuations in serum SOD activity were also observed in Litopenaeus vannamei under
acute salinity exposure®”. Consistent with these tissue-specific variations, this study reveals that M. nipponense
“Taihu No. 3” exhibits distinct antioxidant responses in hepatopancreas and gills following acute salinity stress.
Specifically, in hepatopancreas, high salinity significantly increased MDA content and GSH-Px/GR activities,
decreased SOD activity, while CAT activity remained stable. In gills, MDA content decreased with increasing
salinity, whereas GSH-Px, GR, and CAT activities increased significantly. The effects of chronic salinity stress
on crustaceans are also well-documented. For instance, high salinity suppresses SOD activity and elevates
MDA accumulation in the hepatopancreas of juvenile Eriocheir sinensis®®. In Litopenaeus vannamei, SOD and
CAT activities exhibit an initial increase followed by a decrease under chronic salinity stress. Furthermore, low
salinity exposure has been shown to dose-dependently inhibit SOD and GPx activities, while promoting MDA
accumulation in both hepatopancreas and serum of Litopenaeus vannamei.*®. This study further demonstrates
that chronic exposure to different salinity regimes induces temporally distinct peak activation patterns of SOD,
CAT, GR and GSH-Px in both hepatopancreatic and gill tissues of M. nipponense “Taihu No. 37, with progressive
enzymatic enhancement observed throughout the exposure period. Collectively, these findings indicate that
M. nipponense “Taihu No. 3” activates antioxidant enzyme systems in both tissues to effectively alleviate
salinity stress-induced oxidative damage and maintain physiological stability. The antioxidant response in M.
nipponense is intrinsically linked to its salinity adaptation capacity and ultimately survival outcomes. The tissue-
specific modulation of key enzymes (SOD, CAT, GR, GSH-Px) and MDA levels under both acute and chronic
salinity stress demonstrates a coordinated defense mechanism against oxidative damage. Notably, the observed
progressive enhancement of enzymatic activities during chronic exposure in "Taihu No. 3" suggests physiological
acclimation, where the sustained activation of antioxidant systems correlates with improved salinity tolerance.
Conversely, the suppression of SOD activity accompanied by elevated MDA accumulation in hepatopancreas—
as seen in high-salinity exposed juvenile Eriocheir sinensis®® and low-salinity stressed Lifopenaeus vannamei*®—
is often associated with increased mortality. Thus, the efficiency of the antioxidant response serves as a critical
determinant of survival: effective ROS scavenging maintains cellular homeostasis and supports acclimation,
whereas inadequate response leads to irreversible oxidative damage and organism death. The ability of M.
nipponense “Taihu No. 3” to differentially regulate antioxidant defenses across tissues underscores its adaptive
advantage, contributing to reduced mortality under fluctuating saline conditions.

Previous studies have documented that salinity stress induces morphological alterations in the gills and
hepatopancreas of aquatic animals to facilitate adaptation and prevent mortality®®. Histopathological studies
confirm that salinity stress induces hemocytic swelling in branchial tissues and marked structural deformation of
hepatic tubules in Exopalaemon carinicauda®. Research on Portunus trituberculatus has shown that low salinity
stress leads to hemocoelic dilation, hemocytic proliferation, and epithelial layer degeneration*!. Additionally,
low salinity-exposed Portunus trituberculatus showed reduced R-cells and increased numbers of B-cell transport
vesicles*?. Similarly, in the present study, acute salinity stress (=10 ppt) induced significant histopathological
alterations in the hepatopancreas of M. nipponense “Taihu No. 3”, primarily characterized by basement membrane
disintegration and luminal dilation. Furthermore, although gill morphology retained structural integrity after
salinity exposure, branchial tissues exhibited epithelial hypertrophy accompanied by expansion of interlamellar
distances, representing compensatory adaptations to osmotic variation.

Previous transcriptome analysis of M. nipponense “Taihu No. 3” revealed significant salinity-induced
alterations in the expression of antioxidant genes Cat, Mn-SOD, and Cu/Zn-SOD in hepatopancreas and gills,
highlighting their essential roles in regulating salinity acclimation in this species*’. Supporting the role of these
enzymes, studies show that subjecting Pampus argenteus to specific low-salinity stress stimulates SOD gene
expression to counteract oxygen free radical damage*. Similarly, as salinity decreases, SOD enzyme activity
increases in the renal tissue of Larimichthys crocea, demonstrating its response pattern across salinities®.
Moreover, chronic salinity stress significantly upregulates Cat gene expression in both hepatopancreas and gill
tissues of Litopenaeus vannamei‘®. Functionally, the Cat gene encodes catalase, an essential antioxidant enzyme
that catalyzes hydrogen peroxide decomposition, thereby mitigating oxidative stress. SOD, encoded by SOD
genes, serves as the primary defense against oxidative stress by dismasting superoxide radicals, constituting a
core component of cellular antioxidant systems. SOD enzymes are classified into four distinct types based on
structural features, subcellular distribution, and metal cofactors: Cu/Zn-SOD, Mn-SOD, Fe-SOD, and Ni-SOD?.
Specifically, Mn-SOD predominantly localizes to the mitochondrial matrix to scavenge superoxide radicals®s,
whereas Cu/Zn-SOD functions in cytoplasmic antioxidant defense®. In line with this, QPCR analysis in this
study demonstrated rapid upregulation of Cat and Cu/Zn-SOD genes in response to high salinity, with both
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activated on day 1. Mn-SOD expression in gill tissue recovered during the late phase of low salinity stress. These
results confirm that salinity stress induces the upregulation of these three genes (Cat, Cu/Zn-SOD, Mn-SOD)
in the hepatopancreas and gill tissues of M. nipponense “Taihu No. 3”, which mediate immune responses to
counteract the detrimental effects of hyperosmotic stress and oxidative damage.

Conclusion

In this study, the 96-h LC,, salinity for M. nipponense “Taihu No. 3” was determined to be 11.841 ppt. Exposure
to acute and chronic salinity stress significantly upregulated key antioxidant defense enzymes (CAT, SOD,
GR, GSH-Px) and elevated the oxidative stress marker MDA, emphasizing the crucial role of these four key
antioxidant enzymes in alleviating oxidative damage under saline conditions. Furthermore, salinities>10 ppt
induced severe histopathological alterations, including disruption of hepatopancreatic basement membranes
and gill epithelial swelling. qPCR analysis revealed that salinity stress significantly induced the expression of
antioxidant-related genes encoding Cat, Mn-SOD, and Cu/Zn-SOD in both gill and hepatopancreatic tissues
(P <0.05), highlighting their essential roles in mediating osmotic adaptation and maintaining ionic homeostasis
under saline conditions. This study provides empirical evidence to support the brackish water aquaculture of M.
nipponense “Taihu No. 3” by investigating its optimal salinity range and antioxidant mechanisms in response to
saline stress.

Data availability
The original contributions presented in the study are included in the article, further inquiries can be directed to
the corresponding authors.
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