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Abstract: The intestinal tract serves as a critical immune regulator in aquatic species,
maintaining homeostasis and environmental stress resistance. This study evaluates the
protective effects of melatonin (MT) on Litopenaeus vannamei (L. vannamei) under acute
alkaline stress through a comprehensive analysis of intestinal morphology, antioxidant
responses, apoptosis regulation, and microbial community dynamics. A total of six groups
of melatonin treatment groups were designed. After another 2 months of breeding, a
96 h acute alkalinity stress experiment was conducted. Experimental supplementation
revealed dose-dependent outcomes: 82.7 mg/kg MT significantly improved survival rates
without affecting growth parameters, while higher concentrations (329.2 mg/kg) induced
elevated apoptosis (p < 0.05). Histological examination demonstrated mitigated intestinal
structural damage in MT-treated groups compared to non-supplemented controls under
alkaline stress. Antioxidant capacity initially increased and then stabilized at optimal
MT doses (82.7-165.1 mg/kg), accompanied by enhanced immune marker expression
(p < 0.05). Microbial profiling indicated MT-mediated enrichment of commensal bacteria
associated with polysaccharide metabolism, energy utilization, and intestinal immunity.
This study establishes that melatonin exerts dose-dependent protection in L. vannamei
under alkaline stress, balancing antioxidant enhancement, apoptosis modulation, and
microbiome regulation to fortify intestinal health, with 82.7-165.1 mg/kg identified as
the optimal therapeutic range for mitigating environmental stress without compromising
physiological homeostasis. The results of this study establish an empirical framework
for optimizing MT application in crustacean aquaculture, particularly highlighting its
role in maintaining intestinal barrier integrity and microbial homeostasis under alkaline
environmental challenges.

Keywords: melatonin; immune response; intestinal health; high alkali stress

1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine, MT) is an indoleamine derived primarily
from the essential amino acid tryptophan and is associated with skin pigment accumulation
in most animals [1]. Melatonin regulates a variety of physiological functions, including the
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regulation of sleep-wake rhythms, the reproductive system, and hormone balance [1,2]. In
addition, melatonin enhances the innate immunity, growth performance, and feed utiliza-
tion of aquatic animals [3]. It is distributed in various tissues and organs of crustaceans,
such as hemolymph, eyestalks, and the gut [4-6], and modulates the growth and molting
of crustaceans, and it can enhance their resistance to adverse environmental factors [5-8].
Consequently, the use of melatonin in aquaculture feeds, including aquacultural feed, has
gradually increased.

Light exposure regulates melatonin synthesis through a series of enzymatic reactions
in organisms [9]. In standard aquaculture conditions, the critical role of photic regula-
tion in melatonin biosynthesis is frequently overlooked, which may lead to alterations in
crustacean growth patterns and physiological homeostasis [10]. Consequently, exogenous
melatonin supplementation becomes imperative to optimize growth performance and
enhance stress adaptation mechanisms in cultured crustaceans. Exogenous melatonin sup-
plementation can reduce oxidative stress by inhibiting the formation of hydroxyl radicals
and inhibiting the inflammation and apoptosis of damaged cells [11]. Melatonin is a free
radical scavenger and metal-chelating agent that protects cellular lipids and proteins from
being oxidized [12]. It can also indirectly enhance the function of antioxidant enzymes, such
as glutathione, glutathione peroxidase, and superoxide dismutase [13]. Dietary supplemen-
tation of 75-81 mg/kg melatonin improved the survival and antioxidant and nonspecific
immunity of the crayfish, Cherax destructor [14]. Li, et al. [15] found that 165.1 mg/kg
melatonin supplementation in the diet of red swamp crayfish (Procambarus clarkii) signifi-
cantly improved growth performance and antioxidant immunity, while Ref. [16] reported
that dietary supplementation with melatonin improved the antioxidant, immune, and
antibacterial defenses of Chinese mitten crab, Eriocheir sinensis.

A high carbonate content will lead to alkaline water, which affects the acid-base level
in aquatic organisms, impacting enzyme activity and biochemical reactions and, thus,
the growth and development, physiological function, cell metabolism, and even death
of aquatic animals [17,18]. A series of experiments on the stress response of crustaceans
in alkaline environments revealed that alkalinity stress causes tissue damage to the hep-
atopancreas, gills, muscles, and intestines [19], thus affecting the physiological state of
organisms. Under acute stress of high alkalinity, significant damage occurred in the gills
and hepatopancreas tissues of L. vannamei, accompanied by apoptosis [20,21]. In addition,
high alkaline stress can also damage the immune function of aquatic organisms. For ex-
ample, E. sinensis experienced increased oxidative stress under carbonate alkalinity, which
impaired its immune function [22]. Therefore, feed nutrition fortification can be used as a
quick effective way to improve the stress resistance of aquatic organisms. Previous work
showed that the addition of different substances to the feed can mitigate the effects of high
alkalinity, such as the addition of lipids and astaxanthin [23,24]. However, the effects of
adding melatonin to feed on gut health and immunity have not yet been studied.

The intestinal tract is an important immune organ of crustaceans and is involved
in the regulation of various physiological activities [25,26]. With its extensive surface
area, the intestine serves as a site for the absorption and digestion of nutrients, while
also acting as a robust barrier against pathogens [27]. The intestinal microflora not only
participates in digestion and absorption but also has an important role in maintaining
host health [28,29]. MT also has an important role in gut health, alleviating a variety
of gastrointestinal diseases and intestinal damage [30]. Melatonin regulates intestinal
movement in goldfish by attenuating neurotransmitter-mediated contractions [31] and
can alleviate imidacloprid-induced pyroptosis and ferroptosis in the gut of the common
carp through the PGN/TLR2/P38MAPK pathway [32]. Song, et al. [33] found that dietary
supplementation with melatonin improved the antibacterial ability and intestinal microbial
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diversity of glyphosate-exposed E. sinensis. The gut is one of the main sources of mela-
tonin. Melatonin has been shown to have beneficial effects on gut barrier function and
the balance of microbial populations [34]. Therefore, by studying the effect of melatonin
on the gut of crustaceans, we can better understand the mechanism of melatonin on their
physiological regulation.

As a crucial commercial species in global aquaculture, L. vannamei serves as an es-
sential source of high-quality animal protein for human nutrition [35]. Its widespread
popularity can be attributed to its delicious meat, fast growth rate, high yield, and good
economic benefits [35]. Nevertheless, emerging evidence indicates that alkalinity stress has
become an urgent challenge in modern aquaculture systems, exacerbated by intensive farm-
ing practices and cumulative environmental pressures [36]. Indirectly, various chemicals
and antibiotics are overused to ensure shrimp growth [37]. To address this critical issue,
developing novel feed additives capable of ameliorating alkalinity stress while enhancing
innate immunity represents a priority for sustainable shrimp farming. This investigation,
therefore, systematically evaluates the therapeutic potential of dietary melatonin supple-
mentation in improving immune competence and intestinal barrier function of L. vannamei
under alkalinity stress conditions. Our findings establish a scientific foundation for em-
ploying melatonin as an eco-friendly immunomodulator, offering practical solutions to
mitigate alkalinity-related challenges in intensive aquaculture operations.

2. Materials and Methods
2.1. Diet Preparation

White crystalline MT powder (with a purity of at least 99.0%) was obtained from
China National Pharmaceutical Group Chemical Reagent Co. (Shanghai, China). For the
experiment, a basal feed formulation (Table 1) was used as a base, supplemented with
different levels of MT. To prepare the experimental diets, solutions of MT were dissolved in
1 mL of ethanol and sprayed onto the basal feed at various concentrations [38], followed by
drying at 37 °C for 24 h. Six distinct experimental diets were formulated, containing varying
concentrations of MT: 0 mg/kg (control), 20 mg/kg, 40 mg/kg, 80 mg/kg, 160 mg/kg,
and 320 mg/kg MT. The true MT content in each feed was confirmed through ultra-high-
performance liquid chromatography with ultraviolet detection (UPLC-UV). All of the diets
were kept at —20 °C until required for use.

Table 1. Feed formulation and proximate composition of the basal feed (dry matter basis).

Ingredients g kg1 Diet
Casein 450
Wheat flour 260
Gelatin 80
Fish oil 40
Soybean oil 20
Soyabean lecithin 10
Vitamin premix @ 20
Mineral premix ° 20
Choline chloride 5
Cholesterol 5
Carboxy methyl cellulose 20
Alpha-cellulose 70

Total 1000
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Table 1. Cont.

Ingredients g kg1 Diet
Proximate composition
Crude protein 37.27
Crude lipid 10.12
Crude ash 3.45
Moisture 10.28
Melatonin basic content ¢ (mg/kg) ND

2 Vitamin premix (mg kg’1 premix): microorganism A, 1000 mg; Vitamin D3, 300 mg; Vitamin E, 2000 mg;
Vitamin K3, 600 mg; Vitamin C, 6000 mg; Vitamin B1, 1000 mg; Microbial B2, 1000 mg; Vitamin B6, 1200 mg;
Vitamin B12, 200 mg; Calcium pantothenate (vitamin B5), 3000 mg; Biotin, 500 mg; Folic acid, 300 mg; Niacin
(microbial B3), 4000 mg; Myo-inositol, 6000 mg. ® Mineral premix (mg kg~ premix): zinc sulfate monohydrate,
41.17; Calcium iodate, 0.234; Copper sulfate pentahydrate, 1.25; Manganese sulfate monohydrate, 3.25; Magnesium
sulfate monohydrate, 79.72; Cobalt chloride, 0.02; Ferrous sulfate monohydrate, 22.358; Sodium selenite, 0.05;
Calcium hydrogen phosphate, 332.884; Zeolite powder, 519.064. © ND: undetected. The basic melatonin content
was below the detectable range.

2.2. Experimental Shrimp and Feeding Management

The L. vannamei utilized in this study were sourced from Jinshan Aquafarm (Shanghai,
China). Before the start of the study, the shrimp underwent a 7-day acclimatization period in
300 L tanks. For the experiment, 720 healthy shrimp, with a mean weight of 0.322 4= 0.005 g
and a mean length of 2.423 + 0.012 cm, were randomly allocated across 18 100 L tanks.
Each experimental treatment was replicated three times, with 40 shrimp per tank.

The feeding regimen lasted for 2 months; the shrimp were fed three times daily (08:00 h,
14:00 h, and 20:00 h) with a quantity of food equivalent to 5% of their body weight. Water
quality management included partial water changes every second day, exchanging half of
the water volume, alongside the daily removal of deceased shrimp, leftover feed, and waste
products. Water conditions were closely monitored and maintained as follows: dissolved
oxygen levels at 6.7 = 0.1 mg/L, temperature at 25 £ 2 °C, total ammonia nitrogen not
exceeding 0.05 mg/L, pH at 8.1 £ 0.1, and salinity at 3 &= 0.5%.. Following the 2-month
feeding period, ten shrimp from each treatment group were selected for the assessment
of enzyme activity and gene expression levels. Concurrently, 60 shrimp of uniform size
from each treatment group were selected to undergo an acute alkalinity stress test. All
shrimp that received MT treatments were exposed to an alkaline environment of 350 mg/L,
with each treatment group having three replicates, comprising 20 shrimp per replicate. The
acute alkalinity stress lasted for 96 h, after which the survival rate was determined, and the
surviving shrimp were sampled for further analysis.

2.3. Paraffin-Embedded Tissue Sections of Intestinal

After alkalinity stress, intestinal tissues of all treated groups were fixed in a 4%
paraformaldehyde solution for more than 24 h, dehydrated through graded ethanol so-
lutions (80%, 90%, 95%, and 100% for 45, 45, 30, and 30 min, respectively), embedded in
paraffin, and sectioned into ultrathin slices. The sections were stained with hematoxylin
and eosin (H&E) and examined under a bright-field microscope (ECLIPSE 90i; Nikon
Corporation, Shinagawa-ku, Tokyo, Japan). Images were analyzed using Image-Pro Plus
version 6.0 software (Media Cybernetics, Rockville, MD, USA), and morphometric mea-
surements, including fold height (FH), fold width (FW), muscle layer thickness (MLT),
and muscle thickness (mt), were quantified using Elements version 4.60 software (Nikon
Instruments Inc., Minato-ku, Tokyo, Japan).

For apoptosis detection, tissue sections were digested with 100 uL of proteinase
K, dried at room temperature for 5 min, and labeled with a 1x TdT labeling solution
containing 2 pL of enzyme at 37 °C for 1 h in the dark. Following three gentle washes with
PBS, nuclei were stained with DAPI for 3 min, and the sections were mounted with an
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anti-hardening medium before observation under a fluorescence microscope (Eclipse CI-L;
Nikon Instruments Inc., Minato-ku, Tokyo, Japan).

2.4. Determination of Oxidative Stress-Related Indicators in Intestinal

Four shrimp were randomly selected from each group before and after alkalinity stress,
and their intestinal tissues were collected and processed for analysis. The tissue samples
were homogenized in a pre-prepared buffer solution at a ratio of 1:9 (tissue to buffer) and
then centrifuged at 2500 rpm for 10 min at 4 °C. Following centrifugation, the supernatant
was collected to assess various oxidative stress markers, including antioxidant enzymes
(superoxide dismutase (SOD), catalase (CAT)), lipid peroxidation (LPO), malondialdehyde
(MDA), acid phosphatase (ACP), alkaline phosphatase (AKP), glutamate oxaloacetate
transaminase (GOT), and glutamate pyruvate transaminase (GPT). The enzymatic activities
were measured using commercial kits supplied by Nanjing Jiancheng Bioengineering
Institute, following the manufacturer’s protocols. SOD activity was defined as the quantity
of tissue extract required to induce a 50% inhibition of the xanthine reduction rate at 25 °C,
with specific activity expressed as enzyme units per milligram protein (U-mgprot-1). CAT
activity was characterized as the enzyme amount catalyzing the decomposition of 1.0 umol
H,0O, per minute [39].

2.5. Identification of Genes Involved in Apoptosis and Immunity in Intestinal Samples

Intestinal samples were collected from four shrimp in each treatment group. Total RNA
extraction from these tissues was performed using TRIzol, followed by reverse transcription
into cDNA with the PrimeScript™ RT reagent kit, all according to the manufacturer’s
instructions. The resulting cDNA was stored at —20 °C for subsequent use.

To assess the expression levels of immune-related genes, quantitative real-time PCR
(QRT-PCR) was carried out on a CFX96™ Real-Time PCR Detection System using SYBR®
Premix Ex Taq™. The genes involved in apoptosis and immunity included those encoding
caspase-3, Bcl-2, p53, TNF, TLRs, MyD88, hemocyanin, and ALF. The qRT-PCR conditions
were as follows: an initial denaturation and polymerase activation step at 95 °C for 5 min,
followed by 40 cycles of denaturation at 95 °C for 15 s, annealing, and extension at 60 °C
for 45 s. A final melting curve analysis from 60 °C to 95 °C was conducted over 20 min to
verify primer specificity and detect primer—dimers. Specific primers for each target gene
were designed based on their coding sequences (Table 2) and synthesized by Shanghai
Sangon Biotechnology Co., Ltd. (Shanghai, China). S-actin was used as the internal control
gene. Relative gene expression levels were calculated using the 2744t method [40].

Table 2. Nucleotide sequences and sources of primers for qRT-PCR analysis.

Primer Name

Primer Sequence (5'-3') NCBI Database, Gene Accession

Number
Caspase-3 F AGTTAGTACAAACAGATTGGAGCG KC660103.1
Caspase-3 R TTGTGGACAGACAGTATGAGGC '
BCL-2F CCTTGCTTGACACAGTCGGA
BCL-2R CAGACAAGGTCGTGAGGTGG MH559339.1
P53 F CCAAGCAGCAATGTGTCAG
P53 R CTTGTTGCGATCTTTGTTGC KX173650.1
TNF-a F CTCAGCCATCTCCTTCTTG IN180639.1
TNF-a R TGTTCTCCTCGTTCTTCAC :
TLRs F CCAGCTTAGAAGACCGGCAA KT3721791
TLRs R GTTGTCCGAGCAGAAGTCCA :
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Table 2. Cont.

Primer Name

Primer Sequence (5'-3) NCBI Database, Gene Accession

Number
MyD88 F GCTGTTCCACCGCCATTT JX073568.1
MyD88 R GCATCATAGTGCTGTAGTCCAAGA '
Hemocyanin F GTCTTAGTGGTTCTTGGGCTTGTC KJ151291.1
Hemocyanin R GGTCTCCGTCCTGAATGTCTCC '
ALFF AGAGGATCGTTGGGTTGTGG KJ000049.1
ALF R AATTCTAGCGTCGTCCTCCG ’
B-actin F CAGGTCGTGACTTGACCGAT KY780290
B-actin R CGTCAGGGAGCTCGTAAGAC

2.6. Gut Microbiota Analysis

After exposure to alkalinity stress, the 0 mg/kg (CL) and 82.7 mg/kg (TL) MT treat-
ment groups were selected for the determination of intestinal flora. Total DNA extracted
from the gut samples was sequenced on the Illumina platform, with raw sequencing
data saved in FASTQ format. For sequence processing, the DADA2 method was used
within QIIME2 (version 2019.4, developed by the Caporaso Lab, Northern Arizona Uni-
versity, Flagstaff, AZ, USA) to perform depriming, quality filtering, denoising, splicing,
and chimera removal. The experimental workflow had several key steps: First, the total
microbiome DNA was extracted from the samples. This was followed by PCR amplification
of the target gene fragments using Pfu high-fidelity DNA polymerase, ensuring consis-
tent amplification conditions across all samples within each batch by strictly controlling
the number of cycles. Next, PCR products were purified and recovered using magnetic
beads and quantified via fluorescence. Sequencing libraries were prepared, leading to
high-throughput sequencing. DNA quantification was carried out using a NanoDrop
spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), and the quality of
the extracted DNA was assessed through 1.2% agarose gel electrophoresis. The amplified
PCR products were quantified using the Quant-iT PicoGreen dsDNA Assay Kit on a BioTek
FLx800 Microplate reader (Agilent Technologies Inc., Santa Clara, CA, USA). Sequencing
libraries were prepared using the TruSeq Nano DNA LT Library Prep Kit from Illumina.

After completing the denoising process for all libraries, amplicon sequence variant
(ASV) feature sequences and tables were merged, and singletons (ASVs present only
once in the entire data set) were removed according to default settings. Operational
taxonomic units (OTUs) were clustered based on ASVs with a similarity threshold >97%
and analyzed at a 70% confidence level. For «-diversity analysis, species richness was
evaluated using Chaol and Observed Species indices; diversity was measured using the
Shannon and Simpson indices; evolution-based diversity was characterized by Faith’s
Phylogenetic Diversity (PD) index; evenness was assessed using Pielou’s Evenness index;
homogeneity was evaluated using the Goodness index; and coverage was determined by
Good’s Coverage index. The Kruskal-Wallis H-test was used to test for between-group
differences, followed by Dunn’s test for post hoc comparisons. Beta diversity analysis
was interpreted using principal coordinates analysis (PCoA). Hierarchical clustering of
data sets was performed using weighted UniFrac distances relative to species abundance.
Community composition analyses were visualized through Venn diagrams generated using
the VennDiagram package in R script (version 3.2.0; R Foundation for Statistical Computing,
Vienna, Austria).
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2.7. Statistical Analyses

All data are presented as means = SEM. Data analysis was performed using
SPSS 22.0 software (IBM Corporation, Armonk, NY, USA). One-way ANOVA followed by
Duncan’s post hoc test was used for each variation in different environmental treatments,
with significance set at p < 0.05. An independent samples t-test was used to detect differ-
ences between control and stress under the same MT dietary treatments, with significance
setat*p <0.05, ** p < 0.01, and *** p < 0.001. After correlation analysis and Mantel tests
between the biochemical parameter matrix and the MT dietary factor matrix, the R package
linkET was used to display associations between MT dietary and biochemical parameters,
as well as correlations among the biochemical parameters, through network plots and
correlation heat maps.

3. Results
3.1. Survival Rate and Morphology of Intestinal

After 96 h of acute alkalinity stress, there were significant differences between the
groups fed different concentrations of melatonin (p < 0.05, Table 3). The survival rate
of the 82.7 mg/kg group was the highest, with the survival rate of the 41.2 mg/kg
and 165.1 mg/kg groups also being significantly higher than that of the control group
(p < 0.05). However, there was no significant difference in terminal length and weight
among the groups.

Table 3. Effect of dietary melatonin levels on the growth performance of L. vannamei. SR: survival rate.

Dietary Parameters
Melatonin Level SR (%) Initial Weight Initial Length ~ Terminal Weight Terminal Length
(mg/kg) ° (& (cm) (8 (cm)
0 41.67 £6.24°¢ 3.86 £ 0.63 6.08 £ 0.32 3.87 £ 0.46 6.12 £0.26
22.5 48.33 4 6.24 bc 3.86 + 0.63 6.08 = 0.32 3.95 +0.49 6.15 + 0.21
41.2 60 + 4.08 2P 3.86 = 0.63 6.08 = 0.32 3.96 + 0.88 6.11 + 0.37
82.7 68.33 £4.712 3.86 + 0.63 6.08 = 0.32 3.93 + 0.58 6.19 + 0.28
165.1 58.33 + 6.24 2P 3.86 £ 0.63 6.08 £ 0.32 3.96 £ 048 6.12 £ 0.3
329.2 51.67 + 2.36 b 3.86 £ 0.63 6.08 £ 0.32 39+03 6.11 =0.26

Note: different letters above the bars indicate significant differences (p < 0.05).

Histological analysis (Figure 1) showed that, under high alkalinity stress, the intesti-
nal tissue morphology of L. vannamei varied significantly with the concentration of MT
(p < 0.05). FH and FW were significantly higher in the high-concentration MT groups (41.2,
82.7,165.1, and 329.2 mg/kg) compared with the control group (p < 0.05). MLT was maxi-
mally developed in the shrimp fed 22.5 mg/kg MT, which was significantly greater than
that of the control group (p < 0.05), whereas no significant changes were observed in other
treatment groups (p > 0.05). Compared with the control group, muscle thickness signifi-
cantly decreased in the high-concentration MT groups (165.1 and 329.2 mg/kg) (p < 0.05)
and significantly increased in the 22.5 mg/kg MT group (p < 0.05). Villus length in the
intestine was notably reduced in the 0 mg/kg MT group compared with the 82.7 mg/kg
MT group. In the 329.2 mg/kg MT group, the intestinal epithelium was almost completely
detached from the basal lamina.

The proportion of apoptotic cells was significantly higher in the group fed 329.2 mg/kg
MT compared with the control group (p < 0.05) (Figure 2A). Conversely, the group fed
82.7 mg/kg MT exhibited a significantly lower proportion of apoptotic cells relative to the
control group (p < 0.05). Compared with the control group (0 mg/kg), the intestinal lumen
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structure was deformed in the 329.2 mg/kg MT group, whereas it remained well preserved
in the 82.7 mg/kg MT group (Figure 2B).

(b)
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Figure 1. Effect of dietary melatonin levels on intestinal morphology of L. vannamei (paraffin-
embedded tissue sections). (A) intestinal tissue morphology; (B) morphological parameters of
intestinal tissue. Scale bars = 20 um. FH, fold height; FW, fold width; MLT, muscle layer thickness;
MT, muscle thickness. Different letters above the bars indicate significant differences (p < 0.05).

3.2. Oxidative Stress-Related Indicators

The results of oxidative stress-related indexes (Figure 3) revealed that, with the increase
in MT concentration, SOD and CAT activities in the control and alkalinity stress groups first
increased and then decreased. The enzyme activities in the 82.7 mg/kg and 165.1 mg/kg
MT groups were significantly higher than in the 0 mg/kg MT group (p < 0.05). There was
no significant difference in CAT activity between the control group and the alkalinity stress
group in the 82.7 mg/kg, 165.1 mg/kg, and 329.2 mg/kg MT groups. Under alkalinity
stress, the activities of GPT and GOT and the LPO and MDA content first increased and then
decreased at higher MT concentrations. The lowest values of these four indexes occurred
in the 82.7 mg/kg MT group and were significantly lower than those in the control group
(p < 0.05). In the environment without alkalinity stress, there was no significant difference
in MDA content among MT groups (p > 0.05). In addition, under alkalinity stress, the
activities of AKP and ACP peaked in the 82.7 mg/kg MT group and were significantly
higher than in the control group (p < 0.05); however, alkalinity stress did not significantly
reduce the ACP activity in this treatment group (p > 0.05).



Life 2025, 15, 772

9 of 21

100+
S
3
2 504
£
3
=3
(=%
-~

0 82.7 329.2
Concentration (mg/kg)
B Total cell Positive cell Merge

o - - -
o - - -
329.2mg/kg
200 pm

Figure 2. Effect of dietary melatonin levels on intestinal apoptosis of L. vannamei. (A) Apoptosis
of intestinal tissues in the L. vannamei treatment groups (MT at 0, 82.7, and 329.2 mg/kg). Blue
fluorescence indicates nuclei, and red fluorescence indicates apoptotic cells. (B) Apoptosis rates
among groups. Different letters above the bars indicate significant differences (p < 0.05).

3.3. Gene Expressions

Analysis of the expression of apoptosis-related genes (Figure 4A-D) showed that,
compared with the control alkalinity group, high alkalinity stress significantly upregulated
the expression levels of caspase-3, p53, and TNFa (p < 0.05). However, the expression levels
of these three genes in the 82.7 mg/kg and 165.1 mg/kg MT groups were significantly
lower than in the 0 mg/kg MT group (p < 0.05). Alkalinity stress significantly decreased
the expression level of BCL2 in all groups (p < 0.05), with the highest value occurring in the
82.7 mg/kg MT group. Analysis of the expression of immune-related genes (Figure 4E-H)
showed that, compared with the control alkalinity, high alkalinity stress significantly
downregulated the expression levels of TLRs, MyD88, hemocyanin, and ALF (p < 0.05).
However, the expression levels of these four genes in the 82.7 mg/kg MT group were
significantly higher than in the 0 mg/kg MT group (p < 0.05).
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Figure 3. Effect of dietary melatonin levels on oxidative stress-related indicators in L. vannamei.
(A) SOD (Superoxide dismutase) activity; (B) CAT (Catalase) activity; (C) GPT (Glutamate pyruvate
transaminase) activity; (D) GOT (Glutamate oxaloacetate transaminase) activity; (E) LPO (Lipid
peroxide) level; (F) MDA (Malondialdehyde) level; (G) AKP (Alkaline phosphatase) activity; (H) ACP
(Acid phosphatase) activity. p-value ("* p > 0.05, *p < 0.05, ** p < 0.01, **p < 0.001, *** p < 0.0001).
Different lowercase letters represent the significant differences among different concentrations of MT

in the control group (p < 0.05), and different uppercase letters represent the significant differences

among different concentrations of MT in the stress group (p < 0.05).
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Figure 4. Effect of dietary melatonin levels on the expression levels of genes related to apoptosis

and immune regulation in L. vannamei. (A) caspase-3 (cysteine-aspartic acid protease 3); (B) BCL-2
(B-cell lymphoma-2); (C) p53; (D) TNF-« (Tumor necrosis factor-alpha); (E) TLRs (Toll-like recep-
tors); (F) MyD88 (Myeloid differentiation primary response 88); (G) Hemocyanin; (H) ALF (Anti-
lipopolysaccharide factor). p-value (™ p > 0.05, * p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001).
Different lowercase letters represent the significant differences among different concentrations of MT

in the control group (p < 0.05), and different uppercase letters represent the significant differences

among different concentrations of MT in the stress group (p < 0.05).
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3.4. Correlation Analysis

A ggcor correlation chart was used to elucidate the potential regulatory mechanisms
of MT (Figure 5). The control alkalinity results showed that different concentrations of
melatonin significantly affected the content of LPO, activity of GOT, and gene expression
levels of caspase-3, TNFa, and TLR. Moreover, SOD activity was positively correlated
with the activity of antioxidant immuno-enzymes (CAT, AKP, and ACP) and negatively
correlated with the gene expression levels of apoptosis factors (caspase-3, p53, and TNF-
o). The results from the high alkalinity groups showed that different concentrations
of melatonin were related only to ACP activity. In addition, antioxidant immune-related
enzymes (SOD, CAT, AKP, and ACP) were significantly negatively correlated with oxidative
stress indices (LPO, MDA, GPT, and GOT) and apoptosis factors (caspase-3 and TNF-c).
However, there was a significant positive correlation with immune-related factors (TLRs,
MyD88, hemocyanin, and ALF).
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Figure 5. Ggcor correlation combination plots and regulatory network in L. vannamei at 24 h post
alkalinity exposure. Indicator correlation in the (A) control group and (B) alkalinity stress group.
Rows and columns correspond to the genes, and each cell contains the corresponding correlation and
p-value (*p < 0.05, ™ p < 0.01, *** p < 0.001). Pearson’s R-values are color-coded according to the color
legend. The curve width corresponds to the mantel’s r statistic for the correlations between alkalinity
exposure and indicators. The curve color corresponds to the mantel’s p statistic for the correlations
between the alkalinity exposure and indicators.

3.5. Sequencing of 165 yYRNA and Annotation and Evaluation of Species

After 2 months of dietary supplementation with MT, the intestinal flora of L. vannamei
was analyzed based on phylum, class, order, family, and genus following exposure to
high-alkalinity stress. Across all ten samples from both groups (0 and 82.7 mg/kg), most
phylotypes belonged to four core phylum: Proteobacteria in group Cl (0.633) and group
T1 (0.632); Bacteroidota in group Cl (0.31) and group TI (0.3); Firmicutes in group Cl (0.036)
and group T1 (0.023); and Actinobacteriota in group Cl (0.006) and group T1 (0.01) (Figure 6A).
In L. vannamei, after high alkalinity stress, the distribution patterns of the three predominant
phyla within each group were comparable across the MT concentration groups, although
distinct differences were observed in both abundance and variation trends: there were
233 different species in group Cl and 379 different species in group T1 (Figure 6B). PCoA
plots showed that, after high alkalinity stress, the groups fed MT at concentrations of 0
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and 82.7 mg/kg exhibited significant clustering, suggesting a favorable grouping effect
(Figure 6C).
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Figure 6. Impact of alkalinity stress on the gut microbiota of L. vannamei fed dietary MT [0 (Cl) and
82.7 (T1) mg/kg] for 2 months. (A) Histogram of the relative distribution of the top 15 phyla (based
on relative abundance) in each group. (B) Venn diagram of each group. (C) Principal coordinates
analysis results.

3.6. Analysis of Species and Genera

The results of random forest algorithms showed that Pseudarcobacter, Eubacterium,
Vibrio, and Spongiimonas were the key components of the differences caused by the addition
of MT after alkalinity stress (Figure 7). After feeding with 82.7 mg/kg of MT, the relative
abundance of Aeromonas, Spongiimonas, Flavobacterium, Photobacterium, and Pseudomonas
was high in the gut following exposure to high-alkalinity stress (Figure 8A). The abundance
of Shewanella bicestrii, Dechloromonas sp., Acidovorax sp., Sphingomonas paucimobilis, Gem-
mobacter sp., Streptomyces durhamensis, and Cloacibacterium rupense in the gut of L. vannamei
fed 82.7 mg/kg MT also increased (Figure 8B). Compared with the control group, the
relative abundance of Escherichia coli, Pseudomonas stutzeri, Rodentibacter heylii, and Weeksella
sp. in the intestinal tract decreased with MT supplementation.
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Figure 7. Random forest analysis based on genus level of gut microbiota of L. vannamei fed dietary
MT [0 (Cl) and 82.7 (T1) mg/kg] for 2 months and then exposed to high alkalinity stress.
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Figure 8. Impact of alkalinity stress on the gut microbiota in L. vannamei fed dietary MT [0 (CI) and
82.7 (T1) mg/kg] for 2 months. (A) Heat map of differences between the two groups at the genus
level. Sample information is on the horizontal axis, and species labeling information is on the vertical
axis. Higher relative abundance is in red, and lower relative abundance is in blue. (B) Phylogenetic
tree between populations and heat map of species abundance in both groups. The evolutionary tree
is shown on the left. Different colors of the branches represent different phyla. The tip of each branch
is an operational taxonomic unit (OTU).
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4. Discussion

The increasing impact of alkaline stress on aquaculture has drawn research attention
to dietary additives. Some studies have found that adding dietary melatonin can improve
the ability of Chinese mitten crab to resist ammonia nitrogen stress [41] and that melatonin
supplementation can promote the growth and lipid utilization of P. vannamei [42]. The
results of the current study revealed that the survival rate of L. vannamei fed a diet sup-
plemented with melatonin was significantly improved after 96 h of acute alkalinity stress,
indicating that melatonin improves the stress resistance of shrimp and, thus, enhances their
survival [43].

Pacific white shrimp show increased reactive oxygen species (ROS) levels in gills and
hepatopancreas under alkalinity stress [44]. Excessive ROS can cause damage to the body,
such as intensifying lipid peroxidation, resulting in tissue damage [45]. Organisms have an
antioxidant defense system, which includes SOD and CAT, to remove excess oxygen free
radicals [46]. SOD and CAT are essential antioxidant enzymes found in almost all living
organisms and can counteract the effects of oxidative stress by eliminating Hy,O, [47,48]. In
this study, the activity of antioxidant enzymes showed a similar trend before and after high
alkali stress, and their activity was high under optimal dietary melatonin supplementation.
Previous research showed that high alkaline stress can lead to acute oxidative stress in
shrimp [49]. And the research by Zhang et al. [50] indicates that the Eriocheir sinensis initiates
anti-inflammatory effects and excretory regulation to resist stress under high alkalinity
stress. However, this study showed that the addition of MT can help reduce the damage to
the organism. LPO and MDA are used to measure the degree of oxidative damage to the
body [51]. The LPO and MDA activity levels in the stress group were significantly higher
than in the control group, indicating that the degree of lipid peroxidation damage after
high alkali stress in shrimp was alleviated by the addition of melatonin. Some authors
reported that exogenous melatonin supplementation can reduce oxidative damage to the
body [52]. As an oxygen free radical scavenger, melatonin itself exerts an effect on reducing
ROS content, which also indicates that it can help alleviate high alkali stress [53].

Some metabolic processes in aquatic organisms are catalyzed by different kinds of
phosphatase [54]. For example, ACP and AKP are involved in the transfer and metabolism
of phosphate groups and might also have a crucial role in immune defense; thus, they are
often chosen as indicators that reflect the immune status of aquatic animals [55]. In this
study, melatonin significantly increased the activity of AKP and ACP after acute high alkali
exposure, indicating that melatonin can promote immune activity under high alkali stress,
which is consistent with other reported results [42]. GOT and GPT are used to assess the
degree of liver damage and are usually released into the hemolymph when the liver is
damaged [56,57]. This study found that melatonin significantly reduced the content of
GOT and GPT under high alkali stress, indicating that melatonin has a certain protective
role in hepatopancreas and improved stress resistance.

Apoptosis is the programmed death of cells and is usually used to remove senescent,
damaged cells from living organisms [58]. The process is regulated by a variety of genes.
For example, the functions of p53 include cell cycle regulation [59]. If DNA damage is
severe or irreparable, p53 also induces apoptosis [60]. The effector caspases, caspase-3, -6,
and -7, directly cleave key cellular protein substrates, leading to apoptosis [61]. Notably,
melatonin exhibits a concentration-dependent dual role in apoptosis regulation. While
physiological concentrations of melatonin typically exert antioxidant and anti-apoptotic ef-
fects, supraphysiological doses may paradoxically promote apoptosis through pro-oxidant
activity, a biphasic behavior that could be attributed to the generation of reactive oxygen
species when melatonin exceeds optimal concentrations [62]. In the current study, com-
pared with before alkaline stress, the expression of caspase and p53 increased, indicating



Life 2025, 15, 772

16 of 21

that high alkali stress induced an apoptosis response; this was the lowest in the optimal
melatonin group. These results indicate that the appropriate addition of melatonin can
reduce the level of apoptosis and that it has a protective effect [58].

The Toll pathway has a key role in regulating invertebrate innate immune responses,
and MyD88 is a key molecule in this signaling pathway [63]. Toll-like receptors (TLRs)
are pattern recognition molecules that are the first line of defense against pathogen in-
vasion [64]. We specifically evaluated three categories of immune markers: TNF«x (a
pro-inflammatory cytokine), a member of tumor necrosis factor, has a role in the early
immune response of shrimp to inflammation [65]; the antimicrobial peptide represented by
anti-lipopolysaccharide factor (ALF) is an antimicrobial peptide (AMP) with a vital role in
antimicrobial defense [66]; and pattern recognition receptors, including the aforementioned
TLRs. These selected markers are known to be stress-responsive in crustacean immunity
systems. In this study, all three categories of immune markers showed downregulated
expression after high alkali stress compared with pre-stress levels, indicating that high
alkali conditions suppressed both pathogen recognition (via TLRs), antimicrobial defense
(via ALF), and inflammatory regulation (via TNF«x). Notably, their expression was strongest
in the optimal melatonin group, suggesting that melatonin might activate multiple defense
mechanisms including cytokine production, antimicrobial peptide synthesis, and pattern
recognition. This is particularly relevant to the stress response as melatonin has been shown
to enhance the production of various cytokines (e.g., TNFo) in macrophages, natural killer
(NK) cells, and T lymphocytes, while regulating intracellular glutathione levels [67-69],
mechanisms that collectively improve stress tolerance through immunomodulation.

The intestine is an important digestive and immune organ in aquatic organisms, serv-
ing as a crucial defense barrier against the invasion of external pathogenic substances [25].
The steady-state balance of the gut microbiota has an important role in maintaining the
health and survival of aquatic organisms. Exogenous supplementation of specific nutrients
can affect the homeostasis of the inner environment of the intestinal flora [70]. Proteobacte-
ria, which are responsible for breaking down polysaccharides, proteins, and other organic
matter, are the dominant group in the gut microbiota of many animals [71]. Our analysis
showed that higher MT pretreatment significantly increased the abundance of Proteobacteria
after high alkaline stress relative to the group without MT addition, suggesting that the
growth conditions of Proteobacteria affect the gut health of shrimps. Furthermore, Vibrio
species (known for chitin degradation capacity [72]) and Pseudomonas spp. (capable of pro-
ducing short-chain fatty acids [73]) were markedly enriched in MT-treated groups. These
taxa have been reported to enhance intestinal barrier function and pathogen resistance in
crustaceans [74], suggesting that MT-induced Proteobacteria proliferation may improve gut
health through both nutritional and immunological pathways. Many members of the Firmi-
cutes and Bacteroidetes are involved in the degradation of polysaccharides in organisms [75].
Notably, the firmicute/bacteroidetoid ratio is associated with obesity and efficient energy
absorption from food, as well as with improved shrimp growth performance [76]. There-
fore, melatonin might improve the anti-stress response by improving the intestinal immune
state. Many studies have shown that melatonin can improve biological immunity. For
example, melatonin supplementation can activate the expression of immune-related genes,
including those encoding anti-inflammatory factors [16]. Melatonin is also involved in the
regulation of T lymphocytes and the activation of B cells to enhance immune function [77].
Therefore, improving the immune capacity of aquatic animals with dietary melatonin can
be an efficient and practical method for the aquaculture industry.

The environmental profile of melatonin shows promise through rapid photodegra-
dation (<48 h half-life under UV), yet its dose-dependent modulation of Proteobacteria
dominance necessitates long-term monitoring of antibiotic resistance gene transfer in aqua-
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culture ecosystems. Three key limitations constrain the current findings: 1. Acute 96 h expo-
sure models inadequately replicate chronic alkalinity fluctuations in coastal rearing systems.
2. Unresolved melatonin metabolite pathways in hemolymph prevent full biodegradation
assessment. 3. Fixed feeding regimes (5% body weight/day) neglect natural appetite vari-
ations during stress cycles. These constraints underscore the imperative for longitudinal
studies to verify melatonin’s ecological safety, particularly regarding microbial community
resilience and photodegradation byproduct persistence across seasonal conditions.

5. Conclusions

This study investigated the effects of melatonin supplementation on the intestinal
physiology, histology, and transcriptome of L. vannamei under acute alkaline stress. The
results showed that dietary supplementation of melatonin could effectively improve the tol-
erance of L. vannamei to high alkalinity conditions. Melatonin was able to alleviate damage
to the intestinal tissue structure induced by alkalinity stress and reduce cell apoptosis as
well as alleviate intestinal oxidative stress and enhance immune performance. In addition,
the number of beneficial intestinal bacteria was significantly increased. This study details a
preliminary explanation of the mechanism of action of melatonin in alleviating high alkali
stress, providing a scientific basis for precision nutrition regulation to improve saline—alkali
shrimp aquaculture.
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