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Abstract
The aim of this study was to investigate the effects of melatonin (MT) feed supplementation on the antioxidant capacity, 
immune defense, and intestinal flora in Procambarus clarkii (P. clarkii). Six groups of P. clarkii were fed test feeds containing 
different levels of MT: 0 mg/kg (control), 22.5, 41.2, 82.7, 165.1, and 329.2 mg/kg for a duration of 2 months. The specific 
growth rate, hepatosomatic index, and condition factor were recorded highest in the test group of shrimp fed an MT concen-
tration of 165.1 mg/kg. Compared to the control group, the rate of apoptosis was lower in hepatopancreas cells of P. clarkii 
supplemented with high concentrations of MT. Analyses of antioxidant capacity and immune-response-related enzymes in 
the hepatopancreas indicated that dietary supplementation of MT significantly augmented both the antioxidant system and 
immune responses. Dietary MT supplementation significantly increased the expression levels of antioxidant-immunity-related 
genes and decreased the expression levels of genes linked to apoptosis. Dietary MT was associated with an elevation in the 
abundance of the Firmicutes and a reduction in the abundance of the Proteobacteria in the intestines; besides, resulting in 
an increase in the abundance of beneficial bacteria, such as Lactobacilli. The broken-line model indicated that the suitable 
MT concentration was 154.09–157.09 mg/kg. MT supplementation enhanced the growth performance of P. clarkii, exerting 
a positive influence on the intestinal microbiota, and bolstered both immune response and disease resistance. Thus, this study 
offered novel perspectives regarding the application of dietary MT supplementation within the aquaculture field.
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Introduction

Melatonin (MT) is a derivative of tryptophan, a steroidal hormone, 
chemically referred to as N-acetyl-5-methoxytryptamine (Herrero 
et al. 2007). Initially MT discovered as a secretion product of the 
pineal gland, it is now understood to also be synthesized in other 
animal organs (Agapito et al. 1995; Meyer-Rochow 2001; Reiter 
et al. 2013, 2014). The lipophilic and hydrophilic properties of 

MT enable it to readily traverse different physiological barriers 
and distribute across organs and bodily fluids (Cruz et al. 2014; 
Hardeland et  al. 2010). MT serves multiple physiological 
functions and impart a broad range of biological effects (Ahmadi 
et al. 2024). One of its primary functions is to convey information 
about the day-night cycle, thereby synchronizing physiological 
parameters with environmental factors and contributing to the 
formation of the biological clock (Reiter 1991).

MT plays a regulatory role in the reproductive, neurologi-
cal, immunological, and digestive systems of animals (Reiter 
et al. 2009; Sébastien et al. 2021; Zhernakova and Rybnikova 
2008). MT has close relationship in numerous physiological 
functions in aquatic animals, such as enhancing antioxidant 
capacity, immune responses, digestive enzyme activity, and 
the regulation of blood lymphocyte parameters (Maciel et al. 
2009; Sainath et al. 2013; Yang et al. 2023). Furthermore, 
MT possesses potent free radical scavenging properties. 
Both MT itself and its metabolites mitigate oxidative stress 
by promoting the upregulation of antioxidant enzymes and 
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attenuating the activation of pro-oxidant enzymes (Cai et al. 
2021; Reiter et al. 2016; Zhang and Zhang 2014). For exam-
ple, following exposure to glyphosate and feeding 80 mg/
kg MT, the Chinese mitten crab (Eriocheir sinensis) expe-
rienced a significantly increased survival rate, antibacte-
rial capabilities, and increased lipase, amylase, and trypsin 
activities (Song et al. 2020b). Moreover, the addition of MT 
to diet increases weight gain, specific growth rate, and the 
digestive enzyme activity of crayfish (Cherax destructor). 
MT also boosts the antioxidative potential of the hepato-
pancreas and improves immunological metrics within blood 
lymphocytes (Yang et al. 2023). However, there are currently 
no studies of the impacts of adding MT to feed on the growth 
performance and antioxidant capacity and immune defense 
of P. clarkii.

The intestine serves as a pivotal organ not only for diges-
tion and nutrient absorption but also as a vital element of 
the immune system (Wittig and Zeitz 2003). Shrimp intes-
tines contain a diverse array of microbes that comprise the 
gut microbiota (Duan et al. 2018). Such microbes not only 
contribute to food digestion but also influence the immune 
function of organisms by producing immune factors and pro-
moting the formation of mucosal barriers (Liu et al. 2022; 
Wu et al. 2016; Yu et al. 2012; Zhao et al. 2022). When the 
gut microbiota in an animal is healthy, it can synthesize and 
release beneficial metabolites. Such metabolites have a posi-
tive impact on the well-being of the host and aid in balancing 
the gut’s microbial ecosystem, reducing the risk of disease 
(Cai and Kang 2023; Koh et al. 2016). However, an imbal-
anced or unhealthy gut microbiota may have adverse effects 
on the host’s immune system (Wang et al. 2023b; Zhan et al. 
2022b). Feed additives play a substantial role in aquaculture 
by influencing the composition and functionality of the gut 
microbiota, thereby impacting the development and general 
health of aquatic organisms (Meng et al. 2023; Wang et al. 
2023a; Zhan et al. 2022a). A recent study revealed that the 
supplementation of glycerol monolaurate in the diet of Chi-
nese mitten crabs enhanced their blood lymphocyte immune 
enzyme activity and antimicrobial peptide expression, and 
improved the gut microbiota composition, thereby enhanc-
ing the growth and antioxidative capacity of crabs (Fu et al. 
2022). Another study indicated that the inclusion of 1.0 g/kg 
to 2.0 g/kg of fennel extract to the diet of Yellow River carp 
was beneficial in modulating the gut microbiota, thereby 
enhancing their growth and antioxidative capacity (Li et al. 
2023a). Currently, there is a lack of research investigating 
the mechanisms leading to the effects of MT supplementa-
tion on the intestinal microbiota of P. clarkii.

P. clarkii is a significant economic crustacean, originally 
found in the southeastern USA and northern Mexico (Ou 
et al. 2013). It was introduced to China from Japan dur-
ing the 1920s, and is notable for its delectable taste, high 
protein content, relatively low fatty levels, favorable fatty 

acid composition, and low cholesterol content. Thus, fresh-
water crayfish are considered an ideal food source (Chen 
et al. 2018; 2022b). Due to its high growth rate, high repro-
ductive capacity, and strong environmental adaptability, 
P. clarkii is widely distributed throughout freshwater wet-
lands in China, including rice paddies and river channels 
(Yi et al. 2018). However, in recent years, artificial culti-
vation of crayfish has been plagued by health challenges 
(Zhu et al. 2023). A weakened immune system, inadequate 
antioxidant and stress responses, increased susceptibility 
to disease, increased mortality, and reduced tolerance to 
transport are problems that must be addressed in artificial 
farming (Zhang et al. 2023). Therefore, in recent years, suit-
able dietary immune enhancers such as probiotics (include 
yeasts, microalgae, and bacteria), functional sugars (such 
as fucoidan), etc., have been widely employed in aquacul-
ture to augment the innate immune responses of shrimp and 
crayfish (Amenyogbe 2023; Michalak et al. 2023; Xu et al. 
2014). In this study, we chose MT as a feed supplement 
to evaluate its effects on the growth, intestinal microbiota, 
antioxidant capacity, and immune defense of P. clarkii. Our 
results have the potential to facilitate the formulation of 
suitable cultivation strategies for P. clarkii and offer inno-
vative perspectives for future investigations into the feed 
nutrition of crayfish.

Materials and Methods

The present study was approved by the Committee on the 
Ethics of Animal Experiments of East China Normal Uni-
versity (Shanghai, China). The protocols for crayfish were 
implemented under the Guidance of the Care and Use of 
Laboratory Animals in China (20,201,001).

Experimental Diet

MT powder (purity ≥ 99.0%, China National Pharmaceuti-
cal Group Corporation, Shanghai, China) was dissolved in 
1 mL of ethanol (Yang et al. 2023). The solution was then 
sprayed onto basal feed and the prepared pellets were dried 
at 37 °C for 24 h. The formula of the basic feed and setting 
of different melatonin concentration groups are shown in our 
previous study (Li et al. 2023d).

Experimental Animals and Experimental Design

P. clarkii were gained from an aquaculture base (Jiading 
District, Shanghai, China). The specific breeding process is 
consistent with our previous studies (Li et al. 2023d).
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Sample Collection

The feeding trial extended over a period of 8 weeks. In order 
to assess the growth performance of P. clarkii, the number 
of shrimps in each tank was counted at the beginning and 
end of the trial. Upon the conclusion of the 8-week feed-
ing experiment, a 24-h starvation period was implemented 
before sample collection. From each tank, three P. clarkii 
were chosen at random and pooled to form a solitary sample 
for each group. The survival rate (SR), body length growth 
rate (BLGR), and weight gain rate (WGR) of the cultured 
P. clarkii can be seen in previous studies (Li et al. 2023d). 
In addition, we also measured specific growth rate (SGR), 
hepatosomatic index (HSI), feed conversion ratio (FCR), and 
condition factor (CF). The formula is as follows:

Hepatopancreatic tissues of shrimps were removed for 
histological analysis, and the remaining were immediately 
frozen in liquid nitrogen at – 80 °C. Intestinal flora was 
analyzed for the 0 and 165.1 mg/kg MT group (n = 6). Crude 
protein, crude fat, ash, and moisture content of the basal 
diet and whole shrimp body were determined by methods 
as described in the literature (AOAC 1995).

Determination of Hepatopancreas Cell Apoptosis

Hepatopancreatic tissues from each group (0, 82.7, and 
329.2 mg/kg) were fixed in 4% paraformaldehyde. The pro-
cessing process is consistent with previous studies (Li et al. 
2023d). Apoptosis was detected following the method of Li 
et al (2022). The formula is in the Supplementary Material.

Analysis of Antioxidant Indicators  
and Immune Enzymes

Pre-cooled physiological saline was mixed with hepatopancreas 
samples in a 9:1 ratio and homogenized using an electric 
homogenizer. The homogenate was centrifuged at 4 °C and 
2500  rpm for 10 min, and the supernatant was collected 
for analyses of antioxidant and immune indicators. Acid 
phosphatase (ACP, A060-2–2), alkaline phosphatase (AKP, 
A059-2–2), lysozyme (LZM, A050-1–1), phenol oxidase 
(PO, H247-1–2), nitric oxide synthetase (NOS, A014-2–2), 
nitric oxide (NO, A013-2–1), acetyl-CoA ascorbic acid (ASA, 

SGR (%∕day) =
[

(ln final weight − ln initial weight)∕breeding days
]

× 100

HSI (%) = (hepatopancreatic wet weight∕body wet weight) × 100

FCR (%) = feed dosage ∕(f inal weight − initial weight) × 100

CF
(

g∕cm3
)

= body weight∕(body length)3 × 100

A009-1–1), and total antioxidant capacity (T-AOC, A015-3–1) 
were analyzed using commercial assay kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China).

Identification of Genes Involved in Immune 
Response and Antioxidant Capacity 
in the Hepatopancreas

Upon completion of the experiment, total RNA was 
extracted from the hepatopancreas of the shrimps from 
each group. Total RNA was reverse transcribed into first-
strand cDNA following assessment of the extracted RNA’s 
concentration and purity. The primer sequences of the target 
genes were formed by Shanghai Sangon Biotechnology Co., 
Ltd. (Shanghai, China) (Table 1). Relative gene expression 
was calculated by the  2–ΔΔCT method (Livak and Schmittgen 
2001). All procedures were consistent with our previous 
studies (Li et al. 2023d).

Intestinal Microbiota DNA Extraction 
and Sequencing

DNA was extracted from the intestinal contents of shrimp 
using the Fast DNA Stool Mini Kit (QIAamp, Germany) 
according to the instructions of manufacturer. Sequencing 
was performed applying the V3–V4 region of the 16S rRNA 
gene, amplified with barcode primers V341F (5′-CCT ACG 
GGNGGC WGC AG-3′) and V805R (5′-GAC TAC HVGGG 
TAT CTA ATC C-3′). Refer to Supplementary Materials for 
more information.

Statistical Analysis

All data were expressed as the mean ± standard error of the 
mean (mean ± SEM). SPSS 23.0 software (IBM, Armonk, 
NY, USA) was used to analyze the data. The Shapiro–Wilk 
test was used to test the normality of the data and the Leven’s 
test was used to test the homogeneity of the variance before 
data analysis. Data were analyzed using one-way ANOVA 
followed by Duncan’s multiple comparisons. Statistical 
significance was defined when P < 0.05. All graphs were 
generated by GraphPad Prism 9 (GraphPad Software, Inc., 
San Diego, CA, USA).

Result

Growth Performance

As the concentration of MT increased, the specific growth 
rate (SGR) and hepatosomatic index (HSI) exhibited an ini-
tial increase followed by a subsequent decrease in quadratic 
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models (p < 0.001). The feed conversion ratio (FCR) showed 
an initial decrease followed by an increase in quadratic 
models (p < 0.001). In addition, the results of condition 
factor (CF) were significant both linearly and quadratically 
(p < 0.05). When the MT concentration reached 165.1 mg/
kg, the SGR, HSI, and CF reached their highest values, 
while the FCR reached its lowest value. Moreover, the SGR 
and HSI values were significantly higher in the 165.1 mg/
kg group than other groups (p < 0.05), while the FCR 

values were considerably lower than those in other groups 
(p < 0.05) (Table 2).

Relationship between dietary MT level and SGR broken-
line model (y = 0.0047x + 1.2881, R2 = 0.9381) indicated 
that the most suitable dietary MT level for P. clarkii in our 
study was 157.09 mg/kg (Fig. 1A). The broken-line model 
(y =  − 0.2862x + 184.43, R2 = 0.9322) derived from the 
correlation between MT level and FCR demonstrated that 
154.09 mg/kg represented the optimal level for the growth 

Table 1  Primers used for RT-PCR

CAT  catalase, SOD superoxide dismutase, LZM lysozyme, proPo prophenoloxidase, Cytc cytochrome C

Gene Sequence (5′–3′) Gene ID Efficiency (%) R2 Tm (℃) Annealing 
temperature (℃)

Product
length (bp)

SOD-F GCC AGT GTA GGA GTA AAG G EU254488.3 98.73 0.998 54.59 60 135
SOD-R AAG TCC AAG CAA GGG TAT 52.83 60
CAT -F GCA GAG GTG GAA CAG ATT KM068092.1 106.43 0.999 54.14 60 109
CAT -R GAT GGG TGT CAT TGT AGG A 53.81 60
proPO-F GAG TCC CTC TTT ATT TAC GC EF595973.1 97.93 0.992 53.54 60 138
proPO-R CTC AAC CTG CAT CTT TGT C 54.01 60
LZM-F TGC TTA GGG TGC TTG TGC GQ301200.1 101.44 0.996 57.92 60 122
LZM-R TTG CCA GCT TCA TTC CAG 55.20 60
Caspase-3-F AGC CAG AAC CTC AGA CAA TTCA XM_045726644.1 103.93 0.998 59.63 60 99
Caspase-3-R TCA CGT TGT CGG TCT CAG TG 59.97 60
Cytc-F GCG AAA GTG ATC AAT GAA GCAGA MZ997835.1 102.06 0.998 59.87 60 150
Cytc-R AAA GTG TTG GTG AAG CAC GG 59.26 60
β-actin-F CGC AAC CAA CGT AGT CAG TG KR135165.1 103.55 0.999 59.49 60 156
β-actin-R GGT TAG GTT GCC GCT CAA GA 60.32 60

Table 2  Effect of dietary MT 
levels on the growth of P. clarkii 

Data are expressed as the mean ± SEM (standard error of the mean) (n = 3 in SR, n = 9 in all others). Differ-
ent lowercase letters indicate significant differences between groups (P < 0.05)
SGR specific growth rate, HSI hepatosomatic index, FCR feed conversion ratio, CF condition factor, Adj.
R2 adjusted R squared

Dietary melatonin level 
(mg/kg)

Parameters

SGR (%/d) HSI (%) FCR (%) CF (g/cm3)

0 1.21 ± 0.07e 6.39 ± 0.26c 189.41 ± 2.44a 4.17 ± 0.63b

22.5 1.39 ± 0.055d 6.76 ± 0.35bc 177.05 ± 3.96b 4.23 ± 0.51b

41.2 1.52 ± 0.06c 6.93 ± 0.27bc 172.15 ± 5.13b 4.5 ± 0.53ab

82.7 1.78 ± 0.076b 7.43 ± 0.2ab 153.14 ± 6.03c 4.58 ± 0.52ab

165.1 1.99 ± 0.047a 7.72 ± 0.35a 141.25 ± 6.08d 4.97 ± 0.69a

329.2 1.44 ± 0.088 cd 7.06 ± 0.16ab 155.02 ± 1.84c 4.65 ± 0.24ab

ANOVA
p value  < 0.001 0.005  < 0.001 0.032
Regression (n = 3 in SR, n = 9 in all others)
Linear
Adj. R2 0.056 0.099 0.382 0.067
p value 0.038 0.109 0.004 0.026
Quadratic
Adj. R2 0.934 0.672 0.907 0.160
p value  < 0.001  < 0.001  < 0.001 0.003
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Fig. 1  A Broken-line relation-
ship of MT levels and SGR in P. 
clarkii. B Broken-line relation-
ship of dietary MT levels and 
FCR in P. clarkii. C Broken-
line relationship of dietary MT 
levels and HSI in P. clarkii 
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of P. clarkii (Fig. 1B). Additionally, the broken-line model 
(y = 0.0078x + 6.5599, R2 = 0.9124) derived from the cor-
relation between MT level and HSI suggested that the most 
favorable growth for P. clarkii was observed at 154.58 mg/
kg (Fig. 1C).

Nutrient Composition of Whole Body

The impact of MT concentration on the proximate composi-
tion of whole shrimp is shown in Table 3. The levels of MT 
in feed did not exert a notable impact on the moisture or ash 
contents between the different groups (p > 0.05). However, 
the incorporation of 82.7, 165.1, and 329.2 mg/kg of MT 
in the feed resulted in a noteworthy elevation of the crude 
protein content in shrimp bodies when contrasted with the 
control group. The group with 165.1 mg/kg of MT showed 
a 4.4% increase in crude protein content than the control 
group. Conversely, the inclusion of 41.2, 82.7, 165.1, and 
329.2 mg/kg of MT in feed significantly reduced the crude 
fat content in shrimp bodies. The group with 165.1 mg/kg 
of MT showed a 6.1% decrease in the crude fat content com-
pared to the control group.

Immune Response‑Related Substance Content 
and Enzyme Activities

As shown in Table 4, with increasing MT concentrations, 
the activities of PO, LZM, AKP, and ACP demonstrated 
an initial rise succeeded by a decrease, showing a quad-
ratic model (p < 0.05). When the MT concentration was 

165.1 mg/kg, the activities of PO, LZM, and ACP reached 
their highest levels, exhibiting a notable increase than 
other groups (p < 0.05). When the MT concentration was 
82.7 mg/kg, the AKP activity peaked, exhibiting a sub-
stantial increase compared to the activity levels observed 
in the other groups (p < 0.05). The NO content exhibited 
an initial increase followed by a decrease as the MT con-
centration increased (Table 5). When the MT concentra-
tion was 165.1 mg/kg, NO content reached its maximum, 
which was considerably higher than that in the other groups 
(p < 0.05). When the MT concentration was 82.7 mg/kg, 
NOS activity was highest. In comparison with the control 
group, the NOS activity in P. clarkii fed 82.7 mg/kg MT 
increased approximately 1.13 times (p < 0.05).

Apoptosis Rate and Antioxidant Capacity‑Related 
Enzyme Activities

We measured apoptosis rates in the groups supplemented 
with different concentrations of MT (Fig. 2). Fluorescence 
intensity analysis revealed that the apoptosis rate of hepato-
pancreas cells decreased with increases in MT concentra-
tion. The quantity of positive cells identified in the groups 
administered 82.7 mg/kg and 329.2 mg/kg were notably 
lower compared to the control group (p < 0.05). Besides, 
as shown in Table 5, the MT concentration in the feed was 
165.1 mg/kg, and the ASA content and T-AOC capacity in 
P. clarkii reached their maximum, significantly higher than 
the other groups (p < 0.05).

Table 3  Effect of dietary MT 
level on the genes’ expression 
involved in antioxidation, 
immune and apoptosis in the 
hepatopancreas of P. clarkii 

Data are expressed as the mean ± SEM (standard error of the mean) (n = 4). Different lowercase letters indi-
cate significant differences between groups (P < 0.05)
Adj. R2 adjusted R squared

Dietary melatonin 
level (mg/kg)

Parameters

Moisture (%) Crude protein (%) Crude lipid (%) Ash (%)

0 68.36 ± 0.55 18.39 ± 0.14b 8.74 ± 0.083a 1.68 ± 0.009
22.5 68.92 ± 0.61 18.33 ± 0.12b 8.8 ± 0.075a 1.65 ± 0.029
41.2 67.73 ± 1.14 18.51 ± 0.12b 8.43 ± 0.084b 1.71 ± 0.016
82.7 67.91 ± 1.16 18.87 ± 0.1a 8.41 ± 0.041b 1.69 ± 0.021
165.1 67.44 ± 1.91 19.2 ± 0.18a 8.21 ± 0.047c 1.7 ± 0.062
329.2 68.32 ± 1.42 18.9 ± 0.14a 8.3 ± 0.067bc 1.66 ± 0.033
ANOVA
p value 0.859  < 0.001  < 0.001 0.500
Regression (n = 4)
Linear
Adj. R2  − 0.058 0.364 0.434  − 0.052
p value 0.798 0.005 0.002 0.690
Quadratic
Adj. R2  − 0.042 0.171 0.754  − 0.009
p value 0.534  < 0.001  < 0.001 0.418
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Effects of Melatonin on Antioxidant, Immune, 
and Apoptosis‑Related Genes

As demonstrated in Fig. 3, the mRNA expressions of the 
antioxidant-related enzymes catalase (CAT) and superoxide 

dismutase (SOD) depicted an initial rise, succeeded by a 
decline with increasing dietary MT concentration in quad-
ratic models (p < 0.05). When the MT concentration was 
82.7 mg/kg, the mRNA level of CAT  reached its highest 
point, which was significantly higher compared to the 

Table 4  Effect of dietary 
MT level on immune-related 
enzyme activity in P. clarkii 

Data are expressed as the mean ± SEM (standard error of the mean) (n = 4). Different lowercase letters indi-
cate significant differences between groups (P < 0.05)
PO phenol oxidase, LZM lysozyme, AKP alkaline phosphatase, ACP acid phosphatase, Adj. R2 adjusted R 
squared

Dietary melatonin 
level (mg/kg)

Parameters

PO activity
(U/mgprot)

LZM activity
(U/mgprot)

AKP activity
(U/ gprot)

ACP activity
(U/gprot)

0 7.388 ± 0.487d 3.958 ± 0.404b 12.871 ± 1.106d 37.358 ± 0.422b

22.5 7.531 ± 0.724d 4.388 ± 0.517b 19.072 ± 2.437c 46.494 ± 2.07b

41.2 9.474 ± 0.265bc 5.814 ± 1.396b 26.103 ± 1.097b 49.219 ± 5.024b

82.7 10.782 ± 1.278ab 8.122 ± 1.222a 38.392 ± 0.976a 81.645 ± 2.989a

165.1 11.694 ± 0.681a 8.772 ± 0.512a 36.661 ± 2.201a 89.18 ± 3.043a

329.2 7.976 ± 0.642 cd 5.808 ± 0.548b 19.387 ± 0.65c 50.123 ± 4.818b

ANOVA
p value  < 0.001 0.001  < 0.001  < 0.001
Regression (n = 4)
Linear
Adj. R2  − 0.046 0.050  − 0.045 0.001
p value 0.624 0.187 0.610 0.327
Quadratic
Adj. R2 0.767 0.746 0.878 0.855
p value  < 0.001  < 0.001  < 0.001  < 0.001

Table 5  Effect of dietary MT 
level on antioxidant-related 
enzyme activity in P. clarkii 

Data are expressed as the mean ± SEM (standard error of the mean) (n = 4). Different lowercase letters indi-
cate significant differences between groups (P < 0.05)
NOS nitric oxide synthetase, NO nitric oxide, ASA acetyl-CoA ascorbic acid, T-AOC total antioxidant 
capacity, Adj. R2 adjusted R squared

Dietary melatonin 
level (mg/kg)

Parameters

NOS activity
(U/mgprot)

NO content
(μmol/gprot)

ASA content
(μg/mgprot)

T-AOC capacity
(U/mgprot)

0 28.89 ± 0.423d 14.255 ± 1.422d 373.056 ± 8.86d 2.041 ± 0.05cd

22.5 24.443 ± 1.643e 16.518 ± 1.005d 300.431 ± 4.35e 1.845 ± 0.095d

41.2 39.693 ± 2.094c 22.136 ± 1.996c 440.586 ± 1.902c 2.3 ± 0.179c

82.7 61.622 ± 1.505a 26.973 ± 1.109b 525.859 ± 16.537b 2.663 ± 0.032b

165.1 55.616 ± 1.495b 31.196 ± 1.722a 715.72 ± 14.58a 3.093 ± 0.225a

329.2 41.245 ± 0.793c 20.525 ± 0.754c 455.231 ± 12.331c 2.345 ± 0.146bc

ANOVA
p value  < 0.001  < 0.001  < 0.001  < 0.001
Regression (n = 4)
Linear
Adj. R2 0.071 0.060 0.116 0.100
p value 0.149 0.168 0.091 0.109
Quadratic
Adj. R2 0.729 0.920 0.833 0.774
p value  < 0.001  < 0.001  < 0.001  < 0.001
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control group (p < 0.05). When the MT concentration in the 
diet was 165.1 mg/kg, the mRNA level of SOD reached its 
peak, exhibiting a significantly higher than the control group 
(p < 0.05). 

The mRNA levels of the immune-related enzymes LZM 
and proPo also followed a trend of initially increasing 
and then decreasing as the MT concentration in the diet 
increased. When the MT concentration was 165.1 mg/kg, the 
mRNA level of proPo reached its highest, which was consid-
erably higher than the control group (p < 0.05). The mRNA 
level of LZM reached its highest point when the MT con-
centration was 41.2 mg/kg. Conversely, the mRNA expres-
sion levels of the apoptosis-related enzymes Caspase3 and 
Cytc initially decreased and then increased with increasing 
MT concentrations in the diet. When the MT concentration 
added to the diet was 82.7 mg/kg, the mRNA level of Cas-
pase3 reached its lowest point. When the MT concentration 
was 165.1 mg/kg, the mRNA level of Cytc reached its lowest 

point, which was considerably lower than that of the other 
groups (p < 0.05).

Sequencing of 16S rRNA, and Annotation 
and Evaluation of Species

The intestinal flora of P. clarkii fed dietary supplementation 
with MT were divided into phylum, genus, family, order, 
and class. Across all 12 samples from both groups (0 and 
165.1 mg/kg), the majority of phylotypes belonged to three 
core phyla: Proteobacteria in group C (0.654) and group 
DM (0.585); Firmicutes in group C (0.202) and group DM 
(0.272); Bacteroidetes in group C (0.139) and group DM 
(0.139) (Fig. 4A). When P. clarkii was fed dietary supple-
mentation with MT, the distribution patterns of the three 
predominant phyla within each group were comparable 
across the various MT concentration groups, yet distinct 
differences were observed in both abundance and variation 

Fig. 2  Apoptosis in each group. 
A The nucleus showed blue 
fluorescence and apoptotic 
cells showed red fluorescence. 
B Apoptosis rate in different 
groups (mean ± SEM; n = 3). 
*P < 0.05, **P < 0.01
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Fig. 3  Effect of dietary MT 
level on the genes’ expres-
sion involved in antioxidation, 
immune, and apoptosis in the 
hepatopancreas of P. clarkii. 
Values are means (n = 4) with 
standard errors represented by 
the vertical bars. Different low-
ercase letters indicate significant 
differences between the groups 
(P < 0.05). Abbreviations: CAT, 
catalase; SOD, superoxide 
dismutase; LZM, lysozyme; 
proPo, prophenoloxidase; Cytc, 
cytochrome C; Adj. R2, adjusted 
R squared
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trends, group C different species were 557 and group DM 
different species were 474 (Fig. 4B). PCA plots showed that 
the groups fed MT for 2 months at concentrations of 0 and 
165.1 mg/kg exhibited significant clustering, suggesting a 
favorable grouping effect (Fig. 4C).

Analysis of Species and Genera

Boxplots of C and DM examined in terms of genera showed 
significant in Thermomonas, Clostridium sensu stricto, 
Cloacibacterium, and Lactococcus (Fig. 5A). After 2 months 

Fig. 4  P. clarkii was fed melatonin dietary supplementation with con-
centrations of 0 (C) and 165.1 (DM) mg/kg. A Histogram of the rela-
tive distribution of the top 15 phyla (based on relative abundance) in 

each group. B Venn diagram of each group. C Principal components 
analysis, PCA

Fig. 5  P. clarkii was fed dietary melatonin supplementation at con-
centrations of 0 (C) and 165.1 (DM) mg/kg. A The top 10 boxplots 
representing the abundance of different genera. Species with zero rel-
ative abundance were not present in any of the groups. B Heat map of 

differences between the two groups at the genus level. Sample infor-
mation is on the horizontal axis and species labeling information is 
on the vertical axis. Higher relative abundance is in red; lower rela-
tive abundance is in blue
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of feeding with 165.1 mg/kg of MT, the relative abundance 
of Citrobacter, Candidatus Bacilloplasma, Aeromonas, 
Lactobacillus, Prevotella, Bacteroides, Thermomonas, Gem-
mobacter, Dysgonomonas, and Anaerorhabdus furcosa was 
high in the gut (Fig. 5B). The abundance of Lactobacillus 
faecis, Enterococcus durans, Lactococcus lactis, Butyricico-
ccus pullicaecorum, Aeromonas media, Acinetobacter john-
sonii, Bdellovibrio sp., and Bacteroides sartorii in the gut of 
P. clarkii fed 165.1 mg/kg MT for 2 months increased and 
the relative abundance of beneficial bacteria also increased 
(Fig. 6). In comparison with the control group, the relative 
abundance of Lactobacillus intestinalis, Bosea sp., alpha 
proteobacterium, Vibrio cholerae, and Bacteroides plebeius 
in the intestinal tract decreased with MT supplementation.

Discussion

MT secreted by the pineal gland is an indole-class hormone 
with diverse physiological functions (Pandi-Perumal et al. 
2006). Previous studies have indicated that supplementing 
animal feed with MT can result in improvement in their 
growth performance (Akbarian et al. 2014). Feed supple-
mentation is crucial for the long-term sustainability of the 
aquaculture sector as well as for the health and development 
of animals. However, studies on the impact of adding MT 
to shrimp feed remain relatively scarce. Defining the nutri-
tional sources and quantities in the diet components of the 
study subject during biological dietary research is advan-
tageous to ensuring the controllability of environmental 

factors (Glenny et al. 2020). Therefore, to avoid interfer-
ence from MT, the basal diet in this study was modified in 
accordance with Yu et al. (2021). By evaluating fundamental 
growth indexes, antioxidant capacity, immune defense, and 
intestinal microbiota-related indicators, we elucidated the 
impact of MT supplementation on the growth of P. clarkii, 
and established the optimal dosage of MT.

This investigation demonstrated that the growth per-
formance of P. clarkii was improved after the addition of 
MT to the diet. The diet supplemented with 165 mg/kg 
MT group substantially enhanced the WGR, SGR, HIS, 
and CF of P. clarkii, which is consistent with our previous 
findings on survival (SR), weight gain rate (WGR), and 
body length growth rate (BLGR) (Li et al. 2023d). Nev-
ertheless, significant growth promotion impact was not 
observed at higher doses than this. Similar improvements 
in growth were reported in Pacific white shrimp (Litope-
naeus vannamei) (Ye et al. 2024) and crayfish (Cherax 
destructor) (Yang et al. 2023) upon achieving an appropri-
ate level of dietary MT content. But there are also studies 
that show that adding melatonin to feed does not improve 
the growth index of gilthead sea bream (Sparus aurata 
L.) (Amri et al. 2020). We speculate that this is due to 
the difference in the dose of MT supplementation in the 
feed and the species studied. The broken-line regression 
analyses of SGR, FCR, and HSI in our study indicated that 
the ideal dietary MT concentrations for juvenile P. clarkii 
were 157.09, 154.09, and 154.58 mg/kg, respectively. In 
conclusion, the optimal dietary MT levels for enhancing 
growth performance ranged from 154.09 to 157.09 mg/kg.

Fig. 6  P. clarkii was fed dietary 
melatonin supplementation at 
concentrations of 0 (C) and 
165.1 (DM) mg/kg. Phylo-
genetic tree between popula-
tions 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 OTU
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Research has revealed that proteins are essential con-
stituents in the construction and maintenance of cells, and 
they can also be converted into energy (Gao et al. 2010). 
In this study, we observed an increase in the crude protein 
content in shrimp bodies following supplementation with 
MT, thus, indicating that the addition of MT to feed can 
benefit the growth of P. clarkii. Furthermore, we observed 
a reduction in the crude fat content of the whole shrimp. 
Studies have shown that dietary MT can promote lipid 
transport, up-regulate lipid oxidation, and down-regulate 
lipid synthesis, thereby reducing lipid accumulation in 
the hepatopancreas (Ye et al. 2024). We speculate that 
MT may enhance lipid metabolism in P. clarkii. Similar 
results were found when feeding Litopenaeus vannamei 
with methanotrophic (Methylococcus capsulatus) bacteria 
powder (Chen et al. 2022a).

The hemolymph of crustaceans contains the 
prophenoloxidase (proPO) activation system, which is 
pivotal to the immune system and functions to defend 
against pathogens (Lage and Kenneth 2004). When 
exposed to pathogens, injury, or other stimuli, the immune 
system of P. clarkii responds by converting proPO into 
active phenoloxidase (PO) to counter stress and invasion 
(Cerenius et al. 2008). PO activity may arise via multiple 
pathways, including proPO and hemocyanin (HC), both of 
which play roles in immune responses (Wei et al. 2020). We 
found an increase in PO enzyme activity and proPO gene 
expression in P. clarkii, which reflects the activation of the 
prophenoloxidase system and enhances immune function. 
Similarly, the addition of MT to the diet reported by Yang 
et al. also improved the non-specific immunity of Cherax 
destructor (Yang et al. 2023).

The humoral immunity of crustaceans predominantly 
relies on the action of several enzymes, including lysozyme 
(LZM), alkaline phosphatase (AKP), and acid phosphatase 
(ACP) (Liu et al. 2020). LZM is a vital defense substance 
within the immune system of crustaceans that can indirectly 
exert bactericidal effects by stimulating the complement sys-
tem and phagocytic cells (Ashouri et al. 2020). The varia-
tions in the activities of ACP and AKP can reflect the meta-
bolic activities in crustaceans, influencing their immune 
functions and disease resistance (Lei et al. 2021). After 
supplementation with MT, the activities of LZM, AKP, and 
ACP, and the expression of the LZM gene were significantly 
increased, indicating that MT enhanced the immune defense 
of P. clarkii at the gene expression and enzyme activity level.

Nitric oxide (NO) is a highly reactive free radical gener-
ated endogenously by nitric oxide synthase (NOS) (Lai et al. 
2024). NO can regulate immune cell activity and signal-
ing, the modulation of inflammatory responses, and com-
bat bacteria, viruses, and other pathogenic microorganisms 
(Christie et al. 2014; Gajbhiye and Khandeparker 2018; Y 
et al. 2000). In contrast to the control group, we found that 

adding MT significantly increased both the concentration 
and activity of NOS. Those data suggest that the addition 
of MT to the diet effectively regulated immune cell activity 
and signaling, which influenced the immune response of 
P. clarkii. Those findings were similar to the findings in a 
study of dietary arginine in the yellow grouper, Epinephelus 
awoara (Zhou et al. 2012).

Adding MT, known as a potent endogenous antioxidant, 
has demonstrated in various species its capability to augment 
an organism’s antioxidant capacity (Yang et al. 2023). ASA, 
also known as vitamin C, is an essential antioxidant (Liu 
et al. 2024). Total antioxidant capacity (T-AOC) serves as 
a measure indicating the comprehensive antioxidant capa-
bility of organisms, encompassing the collective effects of 
all antioxidants (such as vitamins, enzymes, polyphenolic 
compounds, etc.) against oxidative stress (Sies 2007). 
T-AOC can be used to characterize the overall antioxidant 
status of living organisms (Helmut 2007). We observed an 
increase in the levels of ascorbic acid (ASA), as well as the 
T-AOC within P. clarkii fed MT. Those data suggest that MT 
increased antioxidant levels in individuals.

To maintain homeostasis in the body, crustaceans prevent 
or repair oxidative damage by eliminating ROS through their 
powerful antioxidant defense system, involving the activities 
of antioxidant enzymes (Xu et al. 2018). We found that CAT 
and SOD gene expression increased after MT supplementa-
tion. Previous studies indicated that adding MT to the daily 
diet of Litopenaeus vannamei may enhance the activities of 
antioxidant enzymes (Li et al. 2023c). Those findings agree 
with the outcomes of our research. Thus, the supplementa-
tion of MT not merely elevated the activity of antioxidant 
enzymes but also heightened the non-enzyme system level 
in P. clarkii, thereby augmenting its antioxidant capacity.

Apoptosis is a dynamic process that preserves bodily 
homeostasis and enhances environmental adaptability in 
response to cellular stress (Zhao 2012). Nevertheless, an over-
abundance of apoptosis may result in chronic degeneration or 
immune dysfunction, whereas the inability of apoptosis might 
contribute to increased cellular dysfunction (Zheng et al. 
2023). Cytochrome C (Cyt C) acts as an apoptosis-inducing 
factor by forming channels in the inner mitochondrial mem-
brane and activating the apoptosis-executing protein caspase-3 
to enter the cytoplasm and promote apoptosis (Guan et al. 
2023). In the current research, the gene expression levels of 
Cyt C and caspase-3 decreased after MT supplementation and 
tissue sections exhibited a decrease in apoptosis. A study by 
Tian et al. on the effects of dietary supplementation with β-1, 
3-glucan (immune enhancer) in Macrobrachium nipponense 
also revealed increased antioxidant capacity and decreased 
apoptosis (Tian et al. 2023a, b). Therefore, we speculated 
that dietary MT supplementation enhanced the antioxidant 
immune properties of crayfish and reduced oxidative stress, 
thereby reducing the occurrence of apoptosis.
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As a highly complex ecosystem, the intestinal flora 
has a profound influence on host physiology, immunity, 
nutrition, and metabolism through its interactions with 
the host (Henao-Mejia et al. 2012; Ma et al. 2017). The 
equilibrium of gut microbiota (including richness and 
diversity) stands as a paramount factor affecting the 
health of aquatic animals (Yang et al. 2019; Zhang et al. 
2024). Some studies have shown that MT reduces gut 
microbiota disruption in mice and prevents gut damage 
in fish (Li et al. 2023b; Miao et al. 2022). The present 
study identified a total of three core phyla in P. clarkii 
supplemented with different concentrations of MT, which 
was similar to the findings of previous reports (Chen et al. 
2021). We found a significant increase in the abundance 
of Firmicutes and a decrease in the abundance of the Pro-
teobacteria in the intestinal tract of P. clarkii after dietary 
supplementation with MT. Previous studies also found 
that organic acids and essential oils benefit the intestinal 
flora of L. vannamei and enhanced the immune response 
and resilience against diseases through the augmentation 
of Firmicutes and reduction in Proteobacteria abundance 
(He et al. 2017). Because many intestinal Proteobacte-
ria are pathogenic to aquatic organisms (Ma et al. 2017). 
This could be attributed to the fact that MT enhances 
the body’s immune enzyme activity, thereby reducing the 
number of harmful bacteria in the gut, protecting the gut 
from damage by pathogens.

At the genus level, the relative abundance of Lacto-
coccus, Citrobacter, and Candidatus Bacilloplasma were 
increased in P. clarkii fed MT. Lactobacilli have been 
found to maintain the balance of intestinal flora by pro-
hibiting the translocation and adhesion of pathogenic 
bacteria, modulating immunomodulatory properties, and  
suppressing inflammatory responses in the gut (Chen et al.  
2023; Dong et al. 2014). Citrobacter has an immune-protective  
impact in the intestinal tract and is capable of eliminat-
ing harmful bacteria from the intestinal lumen (Guo et al. 
2020). Candidatus Bacilloplasma is an essential endog-
enous component of the gut microbiota of crustaceans 
(Kostanjšek et al. 2007; Sun et al. 2020). Therefore, after 
supplementation with MT, the abundance of beneficial 
bacteria in the gut of crayfish increased, leading to an 
increase in P. clarkii immune function and antibacterial 
ability. We found that the abundance of Acinetobacter 
johnsonii and Bdellovibrio sp. were also improved in P. 
clarkii fed MT. Acinetobacter is one of the dominant gen-
era in the intestinal tract of healthy crustaceans, and helps 
to prevent infections from other pathogenic bacteria, such 
as Vibrio parahaemolyticus (Alfiansah et al. 2020; Song 
et al. 2020a). Bdellovibrio sp. is a specialized predator of 
Gram-negative bacteria that can parasitize bacteria and 
cause them to lyse; thus, Bdellovibrio spp. are considered 
potential probiotic alternatives to antibiotics (Yang et al. 

2023a). Overall, MT supplementation altered the structure 
of the gut microbiota in crayfish, increased the abundance 
of immune-associated flora, and improved the immune 
response in the gut.

Conclusion

In this study, we assessed the effects of different concen-
trations of MT on the growth performance, antioxidant 
capacity, immune response, and intestinal-microbiota-
related indices in P. clarkii. Broken-line model based on 
the dietary MT levels and SGR, FCR, and HSI indicated 
that MT addition to P. clarkii diets was more appropriate 
in the range of 154.09–157.09 mg/kg. Supplementing the 
diet with MT significantly increased the weight gain rate, 
enhanced antioxidant-immunity-related enzyme activities 
and gene expression, reduced apoptosis, and altered the 
structure of the intestinal flora in P. clarkii. Those findings 
provide new insights into the promotion of dietary MT 
supplementation in the field of aquaculture.
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