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Introduction: The overuse of antibiotics in aquaculture has raised concerns,

necessitating the exploration of sustainable alternatives. This study evaluated

tea-derived additives as potential substitutes.

Methods: This study evaluated the effects of black tea powder (BTP) and black tea

powder-probiotics mixed fermentation product (TPMFP) on Cherax quadricarinatus

growth, antioxidant capacity, and gut microbiota. Cherax quadricarinatus were fed

diets supplemented with BTP (1–6%) or TPMFP (2%) for 84 days.

Results: The addition of BTP (<2%) to the feed enhances the weight, carapace

length, and muscle protein content of Cherax quadricarinatus, while higher

doses (>3%) showed adverse effects. Moreover, the addition of BTP (1%-6%)

can significantly reduce the muscle content of CHO, TG, and HDL (P<0.05). The

TPMFP group exhibited the highest muscle protein content and significantly

elevated hepatopancreatic SOD, GSH-PX, and AKP activities (P < 0.05), indicating

improved antioxidant capacity. Gut microbiota analysis revealed dose-

dependent shifts, with Proteobacteria dominating (>70%) and Aeromonas

increasing with BTP levels. TPMFP significantly increased the a-diversity indices

(richness and evenness) of the gut microbiota. The Mantel test confirmed the

relationship between the antioxidant function of the microbial community, with

Proteobacteria positively correlated with GSH-PX/SOD, while Fusobacteria and

Tensionella negatively correlated with antioxidant enzyme activity.

Discussion: This study provides a foundation for using tea-derived additives as a

sustainable alternative to antibiotics in aquaculture.In the future, metagenomic

analysis of key metabolic pathways can be combined to optimize the

mechanistic explanation of the application and efficacy of BTP and TPMFP.
KEYWORDS

Cherax quadricarinatus, black tea, probiotic fermentation, antioxidant enzymes,
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1 Introduction

Aquaculture has become a crucial sector in global food

production, supplying over 50% of the world’s fish in 2024 and

playing a key role in ensuring food security as the global population

approaches 10 billion by 2050 (FAO, 2024). Shrimp farming,

particularly in Asia, has significantly contributed to economic

growth and employment (Vaiyapuri et al., 2021). Species like

Cherax quadricarinatus are gaining attention for their rapid growth

and adaptability, making them ideal for sustainable aquaculture

(Mauro et al., 2024). However, intensified aquaculture has

increased disease susceptibility, oxidative stress, and the overuse of

antibiotics, leading to antibiotic resistance and environmental

pollution (Vaiyapuri et al., 2021; Zhao et al., 2020). This

underscores the need for sustainable alternatives, such as plant-

derived compounds and probiotics, to improve growth, immunity,

and reduce oxidative stress (Bai et al., 2022; Jiang et al., 2023).

Plant phenolic compounds exhibit a wide range of biological

activities, including immunostimulatory, anti-inflammatory,

antioxidant, and antimicrobial (antibacterial, antifungal, antiviral,

and antiprotozoal) properties. These activities can enhance the

immune system, stimulate appetite, improve intestinal digestion

and function, support mucosal morphology and integrity, and

modulate the composition of gut microbiota (Garcia Beltran and

Esteban, 2022), making them ideal candidates for inclusion in aquatic

feed.These properties. The application of functional feed additives can

mitigate issues related to antinutritional factors, low palatability, and

low digestibility of sustainable feed (Bai et al., 2022).

Black tea (Camellia sinensis), a widely consumed beverage, is

rich in polyphenolic compounds, including theaflavins and

thearubigins, which possess significant antioxidant, anti-

inflammatory, and antimicrobial properties (Sun et al., 2023). Tea

polyphenols (TPs), as natural antioxidants, enhance the

endogenous antioxidant defense system, maintain cellular redox

balance, significantly improve the immune response, antioxidant

capacity, and growth performance of various aquatic species (Qin

et al., 2024). At the same time, they can regulate the composition of

the gut microbiota, promote the production of beneficial

metabolites (Gowd et al., 2019; Liu et al., 2022; Sun and Miao,

2020), and play a role in anti-inflammatory activity, intestinal

barrier protection, and bile acid metabolism regulation (Huang

et al., 2021; Truong and Jeong, 2022). Dietary supplementation with

TPs has been demonstrated to improve growth, feed intake, and

immunity in cold-water silver salmon (Yu et al., 2024), as well as

enhance growth, feed efficiency, and disease resistance in tilapia

(Oreochromis niloticus) and coho salmon (Oncorhynchus kisutch)

(Daniel et al., 2024; Yu et al., 2024), highlighting their potential as

novel feed additives in aquaculture.
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The application of probiotics as functional feed additives in

aquaculture has garnered significant attention. Probiotics provide

multiple health benefits to cultured species by modulating gut

microbiota, enhancing non-specific immune responses, and

improving water quality (Rahayu et al., 2024). Studies have

shown that the supplementation of probiotics, such as

Lactobacillus and bacillus, can significantly improve disease

resistance and growth performance in cultured species (Bai et al.,

2022; Eissa et al., 2024a). Furthermore, the combined use of

probiotics and plant-derived additives has been demonstrated to

synergistically enhance immune responses and antioxidant capacity

(Roh and Kannimuthu, 2023). Probiotics, prebiotics, metabolic

bacteria and medicinal plants are effective feed additives for the

control and treatment of aquaculture diseases, providing a healthy

management scheme for aquaculture (Bondad-Reantaso et al., 2023;

Roh and Kannimuthu, 2023).

This study aims to evaluate the potential effects of black tea

powder (BTP) and its fermented product with probiotics as

functional feed additives on Cherax quadricarinatus, exploring

their comprehensive impacts on growth performance, antioxidant

capacity, and gut microbiota. By investigating the mechanisms of

these natural additives, this research provides valuable insights into

the combined application of natural feed additives and probiotics in

aquaculture, offering feasible alternatives to antibiotics and

synthetic compounds. Moreover, it enhances the comprehensive

utilization of black tea and its by-products, increasing the added

value of the tea industry.
2 Materials and methods

2.1 Experimental materials

Cherax quadricarinatus were purchased from Zhangzhou

Miaoyuan Aquatic Co., Ltd., with an initial body weight of 4.50 ±

0.28g and carapace length of 1.56 ± 0.10cm. The experimental

Cherax quadricarinatus were healthy and of uniform size. The basal

diet for the Cherax quadricarinatus was obtained from Guangdong

Yuehai Feed Group Fujian Yuehai Feed Co., Ltd. The composition

of the basal diet is shown in Table 1.

The black tea powder (BTP) was purchased from Damin Food

(Zhangzhou) Co., Ltd., and was produced by spray-drying Yunnan

large-leaf variety black tea. It contains 35% tea polyphenols (TPs),

8.3% caffeine, and 4.5% moisture. The BTP was mixed with

Lactobacillus plantarum and Bacillus subtilis (Eissa et al., 2024b),

brown sugar, and vitamins according to the proportions outlined in

Table 2, and placed into a 10L fermentation tank for fermentation.

The temperature was controlled between 25-30°C, and the mixture
TABLE 1 Composition of the basal diet for shrimp (unit: %).

Component
Crude
Protein

Crude
Fat

Crude
Fiber

Moisture Ash Calcium
Total
Phosphorus

Sodium
Chloride

Lysine
Content

Multivitamins Multiminerals

Content ≥40.0 ≥4.0 ≤5.0 ≤12.0 ≤16.0 0.8-4.0 0.5-3.0 0.5-3.0 ≥2.0 0.5%-2% 2%-5%
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was stirred every 12 hours. The total fermentation duration was 72

hours. This fermentation method was provided by Xiamen Haiyue

Biotechnology Co., Ltd., based on their production experience.

After fermentation,the black tea powder-probiotics mixed

fermentation product (TPMFP) was stored in a sterile sample

tank for future use. All ingredients for the fermentation, except

for the black tea powder, were purchased from Xiamen Haiyue

Biotechnology Co., Ltd.
2.2 Experimental diet formulation and
feeding protocol

The control group (CK) was fed a basal diet without any

additional substances. The experimental groups (A1, A2, A3, A4,

A5, A6) followed the methodology used in the experiment with

fermented tea dregs for feeding juvenile largemouth bass (Jiang

et al., 2022), with BTP added at 1%, 2%, 3%, 4%, 5%, and 6% of the

basal diet weight. The addition method involved weighing the black

tea powder according to the proportion of basal diet weight,

dissolving the black tea powder in sterile water, with a sterile

water volume (ml) to basal diet weight (g) ratio of 1:5. The black

tea powder solution was added in layers and mixed into the basal

diet, ensuring uniformmixing during the process. The experimental

group (CJ) followed the method used in the feeding experiment

with dietary yeast for shrimp (Ayiku et al., 2020), adding 2%

TPMFP. The addition method involved weighing the TPMFP

liquid based on the proportion of basal diet weight and layering it

into the basal diet, ensuring uniformmixing during the process. The

feed was prepared every 3 days and stored in sterile sealed

containers at 4°C for later use.
2.3 Feeding regimen and sample collection

The experiment was conducted in glass aquariums

(1.2m×0.6m×0.8 m), with 8 groups, each with 3 replicates, totaling

24 aquariums (Figure 1). Each aquarium housed 30 Cherax

quadricarinatus, with a total of 720 Cherax quadricarinatus. The

aquaculture system was equipped with internal water circulation and

continuous aeration. The water temperature was maintained at room

temperature, with a pH of 7.5 ± 0.5, dissolved oxygen levels ranging

from 5.5 to 8.7mg/L, and ammonia nitrogen concentration

maintained below 0.5mg/L. Based on production experience and

studies on the feeding activity of Cherax quadricarinatus in the

afternoon (Nie et al., 2024), feeding was done once daily at 16:30,

with a feeding amount of 3% of body weight. Uniform feed intake was
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ensured among groups during the feeding process.The trial duration

was 84 days, covering the rapid growth phase of Cherax

quadricarinatus. On day 85, 6 randomly selected crayfish from

each aquarium were sampled to measure body weight and carapace

length. After surface disinfection with 75% ethanol, muscle,

hepatopancreas, and intestinal tissues were collected under sterile

conditions. The samples were rapidly frozen in liquid nitrogen and

stored at -80°C for further analysis.
2.4 Measurement indicators and methods

2.4.1 Determination of total protein, lipids, and
enzyme activities

The contents of total protein (TP), triglycerides (TG), total

cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and

high-density lipoprotein cholesterol (HDL-C) in muscle tissue, along

with TP content and antioxidant enzyme activities in the

hepatopancreas—Total Antioxidant Capacity (T-AOC),

Glutathione Peroxidase (GSH-Px), Catalase (CAT), Superoxide

Dismutase (SOD), and Alkaline Phosphatase (AKP)—were

measured using commercial kits from Nanjing Jiancheng

Bioengineering Institute. These measurements were conducted with

a fully automated microplate reader (Thermo Scientific Skanit 6).

2.4.2 Genomic DNA extraction, 16S rRNA gene
sequencing, and library construction

Genomic DNA extraction, 16S rRNA gene sequencing, and

library construction were performed following the methodology

described by Lin et al. (Lin et al., 2024). Genomic DNA (gDNA) was

extracted from Cherax quadricarinatus intestinal samples using the

QIAamp DNA Microbiome Kit (Qiagen, Hilden, Germany). The

concentration and purity of the extracted gDNA were measured

using a NanoDrop 2000 spectrophotometer (Thermo Fisher

Scientific, Waltham, MA, USA). The quality of the gDNA was

further assessed by electrophoresis, purified, and stored at -20°C for

subsequent 16S rRNA gene sequencing analysis.

The V3-V4 region of the 16S rRNA gene was amplified using

the KAPA HiFi HotStart Ready Mix PCR Kit. Paired-end

sequencing was performed on the Illumina MiSeq platform

(Illumina, San Diego, CA, USA). Raw sequencing data were

processed and analyzed using the QIIME 2 software package

(Bolyen et al., 2019). Sequences were trimmed to remove

chimeras, and operational taxonomic units (OTUs) were clustered

at a 97% similarity threshold using the RDP database (Cole et al.,

2014). To limit taxonomic depth, the confidence threshold was

set at 0.7.
TABLE 2 Composition of the black tea powder-probiotics mixed fermentation product (TPMFP).

Component
Black
tea
powder

Lactobacillus
plantarum (1 ×
108 CFU/g)

Bacillus
subtilis (6 ×
108 CFU/g)

Bacillus
coagulans (2
× 108 CFU/g)

Brown
sugar

Vitamin
B2

(purity
98%)

Vitamin
B6

(purity
98%)

Sterilized
pure
water

Amount (g,ml) 100 0.25 0.5 5 125 0.3 0.05 4750
(Solid units: g, liquid units: ml).
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2.4.3 Statistical analysis
Growth performance and antioxidant enzyme activity data were

analyzed using one-way analysis of variance (ANOVA) followed by

LSD post hoc tests in SPSS 18.0. Results were presented graphically,

including 95% confidence intervals,with P<0.05 indicating

significant differences and P<0.01 indicating highly significant

differences between groups.

Microbial community composition, abundance, a-diversity,
b-diversity phylogenetic tree construction, and Mantel test

correlation analysis were performed using the cnsknowall

software (https://www.cnsknowall.com/#/HomePage, last accessed:

December 10, 2024). Microbial community composition was

analyzed using Venn diagrams (Gao et al., 2021) to illustrate

commonalities and specificities among multiple groups. Microbial

abundance analysis displayed the top 10 taxa (Yu et al., 2021),

highlighting differences and trends across groups, as well as

cumulative significance. a-Diversity was assessed using indices

including S.obs (Observed richness), Shannon (Shannon diversity

index), Simpson (Simpson’s diversity index), and Pielou (Pielou’s

evenness index) to evaluate differences among groups. b-Diversity
phylogenetic trees were constructed to cluster microbial data and

visualize evolutionary relationships. b-Diversity principal

coordinate analysis (PCoA) was performed based on the weighted

UniFrac metric, and permutational multivariate analysis of variance

(PERMANOVA) was conducted using the microeco package

(v1.10.0). Results were visualized using ggplot2.

Significant differences in bacterial taxa were detected using

linear discriminant analysis effect size (LEfSe) and linear

discriminant analysis (LDA) scores, while functional annotation

analysis was performed using Lingbo Microclass software (http://

www.cloud.biomicroclass.com/CloudPlatform ,last accessed:

December 10, 2024). In this study, LEfSe analysis version 2.0 was

performed using the following parameters: Kruskal-Wallis rank-

sum test for between-group factors with an alpha value of 0.05,

paired Wilcoxon rank-sum test for between-subgroup comparisons

with an alpha value of 0.05, a threshold of 2 for the LDA log score of
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discriminative features, and a one-against-one strategy for multi-

class classification.Results were visualized using bar plots and

cladograms. Functional annotation was performed using

FAPROTAX to predict functional profiles based on 16S rRNA

gene sequences. Differences in functional categories were visualized

using heatmaps, cumulative plots, and bar plots. Mantel tests and

global association analyses (using PyCharm 2025.1) were conducted

to evaluate the spatial correlations between shrimp gut microbiota

(based on Bray-Curtis distance) and enzyme activities (based on

Euclidean distance). Data preprocessing included handling outliers

and normalization.
3 Results

3.1 Effects of black tea powder and its
fermentation products on growth
performance, muscle protein, and lipid
content in Cherax quadricarinatus

The effects of black tea powder (BTP) supplementation on the

growth performance, muscle protein content, and lipid content of

Cherax quadricarinatus are illustrated in Figure 2. Group A1

demonstrated significant improvements in body weight, carapace

length, and muscle protein content when compared to the control

group (CK). However, for groups A2–A6, body weight, carapace length,

andmuscle protein content decreased as the BTP supplementation level

increased. Furthermore, muscle cholesterol (CHO), triglycerides (TG),

and LDL content were significantly reduced in groups A1–A6, while

HDL levels were elevated. Group CJ exhibited the highest muscle

protein content and the lowest TG content. Statistical analysis of the

data presented in Table 3 indicates significant differences between

groups in terms of metabolic and biochemical markers. The data

analysis suggests that the experimental treatments had minimal

impact on the weight and carapace length of Cherax quadricarinatus,

but significantly affected its biochemical markers.
FIGURE 1

Technical workflow of the experimental methodology.
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3.2 Effects of black tea powder and its
fermentation products on
hepatopancreatic enzyme activity in
Cherax quadricarinatus

Supplementation with BTP and TPMFP significantly enhanced the

antioxidant enzyme activity in the hepatopancreas of Cherax

quadricarinatus (Figure 3). Group A4 exhibited the highest T-AOC

activity, while Group A5 showed the highest CAT activity. Both were

very significantly higher than those of the control group (P<0.01).

Group CJ demonstrated the highest SOD, GHX-PX, and AKP

activities, all of which were extremely higher than those in the

control group (P<0.001). Statistical analysis, as presented in Table 4,

indicated that the experimental treatments significantly improved the
Frontiers in Marine Science 05
antioxidant enzyme activity in Cherax quadricarinatus, with SOD

activities showing the highest statistical significance and a very large

effect size, suggesting a strong response to the experimental conditions.
3.3 Effects of black tea powder and its
fermentation products on gut microbiota
in Cherax quadricarinatus

3.3.1 Composition and abundance of gut
microbiota in Cherax quadricarinatus

Venn diagram analysis was conducted to compare the shared

and unique microbial taxa among groups CK, A1-A6, and CJ

(Figure 4A). The results indicated that 19 taxa were common to
FIGURE 2

Effects of black tea powder and its fermentation products on body weight (A), carapace length (B), muscle protein content (C), and lipid content
(D) in Cherax quadricarinatus. "a-d" letters represent statistically homogeneous subsets, automatically generated by post-hoc tests in ANOVA.
Groups that share letters do not have significant differences between them, whereas groups with different letters have significant differences
(p<0.05).
TABLE 3 Statistical analysis of growth performance, muscle protein, and lipid content in Cherax quadricarinatus.

Metric Levene’s Test p-value ANOVA Test p-value Eta-squared (h²) Omega-squared (w²)

Weight 0.9058 0.5453 0.1309 0.0212

Carapace_length 0.1704 0.3305 0.1724 0.0275

Muscle_protein 0.8766 6.00E-08 0.9271 0.8952

CHO 0.8972 4.51E-06 0.8728 0.8172

TG 0.6681 5.27E-08 0.9875 0.9820

LDL 0.9668 1.29E-05 0.8541 0.7903

HDL 0.4651 0.0119 0.6284 0.4659
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all groups, while group CK exhibited 18 unique taxa. The unique

taxa counts for groups A1-A6 and CJ were 24, 9, 5, 11, 7, 8, and 69,

respectively, with group CJ having the highest number of unique

taxa. Notably, as the supplementation level exceeded 2%, the

number of unique taxa in groups A2-A6 significantly decreased.

The top 10 microbial taxa at the phylum (Figure 4B) and genus

(Figure 4C) levels were analyzed. At the phylum level (Figures 4B-

2), the total abundance was significantly higher in groups CK, A2,

and CJ, while group A4 had the lowest total abundance (P<0.05).

Significant variations in the top 10 phyla were observed among the

groups (Figures 4B-1, B-3). Proteobacteria was the dominant

phylum across all groups, with its abundance increasing as the

BTP supplementation level rose, reaching over 70% in groups A2-

A6.The abundance of Fusobacteria was higher in groups CK, A1,

and CJ, but it and Tenericutes significantly decreased with

increasing BTP supplementation. Conversely, Bacteroidetes

abundance increased with higher BTP supplementation. The

abundance of Firmicutes, Verrucomicrobia, Chloroflexi, and

Candidatus was relatively higher in group CJ.

At the genus level (Figures 4C-2), the total abundance in group

CK was significantly higher than in other groups, while group A4 had
Frontiers in Marine Science 06
the lowest total abundance. The top 10 genera varied significantly

among groups (Figures 4C-1, C-3). The abundance of Fusobacterium

significantly decreased with increasing BTP supplementation,

showing higher abundance in groups CK, A1, and CJ, but it was

undetectable in group A5. The abundance of Aeromonas increased

with BTP supplementation, whereas Shewanella abundance

decreased. Arcobacter and Chitinilyticum were only detected in

group A5, Pseudoduganella, Vogesella, and Acidovorax were only

detected in group A6, and Stenotrophomonas was only detected in

group CJ. The abundance of Pseudoxanthomonas, Gemmobacter, and

Labrenzia in group CJ was significantly higher than in other groups.

3.3.2 Analysis of gut microbiota diversity in
Cherax quadricarinatus
3.3.2.1 a-diversity analysis of gut microbiota

Alpha diversity analysis was used to assess the diversity within

specific regions or ecosystems. The S.obs index reflects the total

number of observed species or operational taxonomic units, the

Shannon index evaluates species evenness and richness, the Simpson

index emphasizes the contribution of rare species to community

diversity, and the Pielou index measures the evenness of species
FIGURE 3

Effects of black tea powder and its fermentation products on hepatopancreatic enzyme activities in Cherax quadricarinatus: T-AOC (A, unit: uM),
SOD (B, unit: U/mg prot), GHX-PX (C, unit: IU), CAT (D, unit: U/mg prot), and AKP (E, unit: KU/g prot). *: p<0.05 (significant difference), **: p<0.01
(very significant difference), ***: p<0.001 (extremely significant difference), NS "is" Not Significant "(p>0.05).
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abundance within a community. The results (Figure 5) show group CJ

exhibited the highest S.obs, Shannon, and Simpson indices, indicating

the highest diversity and evenness. Group A6 showed relatively high

diversity and evenness, second only to group CJ, while group A3

displayed the lowest diversity and evenness among all groups.

3.3.2.2 b-diversity clustering and PCoA analysis

Hierarchical clustering analysis was employed to construct a

phylogenetic tree, illustrating the similarities and groups

relationships among the samples (Figure 6A). Principal Coordinate

Analysis (PCoA) was conducted to visualize the differences among

the samples (Figure 6B). The first principal coordinate (PCo1)

accounted for 40.6% of the variation, representing the primary

source of variability. The CK, A1, and CJ exhibited PCo1<0, while

groups A2 and A3 showed PCo1>0 and PCo2<0, and groups A4, A5,

and A6 had PCo1>0 and PCo2>0. Significant differences were

observed in PCo1 between groups A1 and A5 and the other groups

(P<0.05), and in PCo2 between group A6 and the other groups

(P<0.05). These results suggest that the experimental groups can be

divided into two main categories and three clusters.

3.3.3 LEfSe analysis of gut microbiota in Cherax
quadricarinatus

Linear discriminant analysis effect size (LEfSe) combined with

linear discriminant analysis (LDA) scores was used to identify

significantly different bacterial taxa among groups (Figure 7A).

LEfSe analysis revealed 37 significantly different bacterial taxa

between group CK and groups A4–A6 and CJ, while no significant

differences were observed between groups A1–A3 and other groups.

LDA scores (Figure 7B) showed that group CK had 8 significantly

different taxa, primarily Fusobacteriia and Mollicutes. As the BTP

supplementation level increased, the number of significantly different

taxa in groups A4–A6 decreased. Group A4 was dominated by

Flavobacteriia and Bacilli, while groups A5 and A6 were dominated

by Betaproteobacteria, Aeromonadales, and Enterobacteriales.Group

CJ had the highest number of significantly different taxa, primarily

Clostridia, Alphaproteobacteria, and Xanthomonadales.
3.4 Functional annotation analysis of gut
microbiota in Cherax quadricarinatus

Functional annotation of gut microbiota was performed using

FAPROTAX (Figure 8). The top 10 functional categories included
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chemoheterotrophy, fermentation, nitrate reduction, aerobic

chemoheterotrophy, nitrogen/nitrate respiration, parasites or

symbionts, pathogens, iron respiration, chitinolysis, and mammal

gut. The cumulative functional annotation values fluctuated with

increasing BTP supplementation, with the highest value in group

A2 and the lowest in group A4. The CK and CJ groups showed

intermediate values. Chemoheterotrophy, fermentation, and nitrate

reduction were the dominant functions, with group A2 having the

highest values, followed by group A5. The CK and CJ groups had

significantly higher values for aerobic chemoheterotrophy and

nitrogen/nitrate respiration than groups A1–A6. Groups A5 and

A6 had significantly higher values for parasites or symbionts,

pathogens, and iron respiration than other groups.
3.5 Correlation analysis between gut
microbiota and muscle protein and lipid
content and hepatopancreatic enzyme
activity in Cherax quadricarinatus

The Mantel test analysis was conducted to evaluate the

correlation between gut microbiota and muscle protein and lipid

content, as well as hepatopancreatic enzyme activity (Figure 9). The

results indicated that the abundance of Fusobacteria and Tenericutes

showed a significant positive correlation with muscle protein, lipid

CHO, TG, and LDL content (P<0.05), while demonstrating a negative

correlation with hepatopancreatic T-AOC and GHX-X activity

(P<0.01). The abundance of Proteobacteria was significantly

positively correlated with GHX-PX and SOD activity (P<0.01).

Notably, the abundance of Bacteroides was significantly positively

correlated with T-AOC activity (P<0.01). The Global Mantel test

revealed a significant association between gut microbiota and both

muscle protein and lipid content (Mantel’s r = 0.542, 95% CI: [0.492,

0.812]), as well as hepatopancreatic metabolic function (Mantel’s r =

0.506, 95% CI: [0.467, 0.778]).
4 Results and discussion

4.1 Growth performance and muscle lipid
modulation

This study demonstrates that supplementing Cherax

quadricarinatus with up to 2% black tea powders (BTP) enhances
TABLE 4 Statistical analysis of antioxidant enzyme activity in the hepatopancreas of Cherax quadricarinatus.

Metric Levene’s Test p-value ANOVA Test p-value Eta-squared (h²) Omega-squared (w²)

T-AOC 0.6742 0.0002 0.7881 0.6954

SOD 0.8964 3.40E-08 0.9322 0.9025

GHX-PX 0.8237 8.23E-05 0.8136 0.7321

CAT 0.9927 0.0183 0.6038 0.4304

AKP 0.8564 0.0007 0.7522 0.6438
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body weight, carapace length, and muscle protein content, while

higher levels (>3%) lead to a decline in these parameters. The black

tea powder-probiotics mixed fermentation product (TPMFP) group

demonstrated the highest muscle protein content. These results are

consistent with studies on juvenile tilapia and largemouth bass
Frontiers in Marine Science 08
(Jiang et al., 2022; Zheng et al., 2017). Additionally, increasing BTP

supplementation reduced muscle triglycerides (TG), total

cholesterol (TC), and LDL-C, while increasing HDL-C levels. This

aligns with previous research showing that black tea reduces fatty

acid synthase activity, lowers TG and LDL-C (Du et al., 2005; Zhao
FIGURE 4

Effects of black tea powder and its fermentation products on gut microbiota composition and abundance in Cherax quadricarinatus. (A) Venn diagram
showing shared and unique microbial taxa among groups. (B-1, C-1) Top 10 microbial taxa at the phylum and genus levels. (B-2, C-2) Total abundance
of the top 10 taxa at the phylum and genus levels. (B-3, C-3) Changes in the abundance of the top 10 taxa at the phylum and genus levels.
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FIGURE 5

Effects of black tea powder and its fermentation products on a-diversity indices (S.obs, Shannon, Simpson, and Pielou) of gut microbiota in Cherax
quadricarinatus. *: p<0.05 (significant difference), **: p<0.01 (very significant difference), ***: p<0.001 (extremely significant difference).
FIGURE 6

Effects of black tea powder and its fermentation products on b-diversity of gut microbiota in Cherax quadricarinatus. (A) Hierarchical clustering tree.
(B) PCoA and significance analysis.
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et al., 2015), and improves lipid profiles in other species (Zang et al.,

2021). In conclusion, low levels of BTP promote growth and

enhance lipid metabolism, whereas excessive supplementation has

adverse effects. These findings suggest that tea supplementation

holds potential benefits for aquaculture.
4.2 Hepatopancreatic antioxidant
responses

In our study, the activities of total antioxidant capacity (T-

AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-

PX), catalase (CAT), and alkaline phosphatase (AKP) in the

hepatopancreas showed fluctuating increases with BTP

supplementation. Notably, the activities of SOD, GSH-PX, and

AKP in the TPMFP-fed group were significantly higher than

those in the control group.

Previous studies have reported that in aquatic animals, TPs

mitigate drug-induced toxicity (Zhao et al., 2022). TP

supplementation, which increases weight gain rate, growth, and

antioxidant capacity (CAT, GSH-PX, T-AOC) in grouper, also

reduces oxidative stress and improves immunity (Pan et al.,

2022). Adding Bacillus subtilis and B. licheniformis(BSL) can

significantly enhance the antioxidant status (superoxide dismutase

and catalase) of red tilapia (Eissa et al., 2024a). The fermented tea

residue enhanced the activities of SOD, GSH-PX, and CAT in

juvenile largemouth bass (Jiang et al., 2022). These findings align

with our results, suggesting that tea play a positive role in enhancing

antioxidant defense and immunity in aquatic species.
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4.3 Gut microbiota dynamics and
functional shifts

This study demonstrates that the addition of BTP to the diet

significantly impacts the gut microbiota of Cherax quadricarinatus.

The results showed that as the BTP supplementation level increased,

the total amount of intestinal microbes initially rose and then

declined.The Proteobacteria abundance increasing as the BTP

supplementation level rose, reaching over 70% in groups A2-A6. The

abundance of Aeromonas increased with BTP supplementation.The

dominant phyla were Proteobacteria, Fusobacteria, and Tenericutes,

with the dominant genera being Fusobacterium and Aeromonas,

consistent with previous studies (Cheng et al., 2022; Liu et al., 2020).

Studies have shown that the fertilized tea residue improves animal

intestinal resistance to Aeromonas hydrophila (Jiang et al., 2022).When

the BTP addition level reached 5%, Arcobacter and Chitinilyticumwere

detected; at a 6% addition level, Pseudoduganella, Vogesella, and

Acidovorax were identified. Functional annotation analysis of the

microbiota revealed that the BTP 2% group showed higher

functional annotation values for chemoheterotrophy, fermentation,

and nitrate reduction compared to other groups, while the BTP ≥5%

group had higher values for parasites/symbionts, pathogens, and iron

respiration. This indicates that an appropriate addition of BTP is

beneficial for the growth of dominant gut microbiota in Cherax

quadricarinatus, but excessive levels lead to microbial imbalance and

increased opportunistic pathogens.

These findings are consistent with research showing that

theaflavins can increase the diversity of gut microbiota in animals

and enhance the abundance of Proteobacteria, Flavonifractor
FIGURE 7

Effects of black tea powder and its fermentation products on significantly different bacterial taxa in gut microbiota of Cherax quadricarinatus.
(A) LEfSe analysis results. (B) LDA scores.
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plautii, Bacteroides uniformis, and Eubacterium ramulus (Sun et al.,

2023), but excessive levels can decrease their diversity (Liu et al.,

2024). In the later stages, detailed research can be conducted on the

changes in the abundance of Proteobacteria, Aeromonas, and other

bacterial communities due to the addition of high-dose black tea

powder. The aim is to distinguish between symbiotic and

pathogenic bacterial types, determine whether it causes dysbiosis,

and assess its impact on the growth of Cherax quadricarinatus.

Feeding Cherax quadricarinatus with TPMFP significantly

increased the a-diversity indices (richness and evenness) of the

intestinal microbiota compared to other experimental groups.

LEfSe analysis identified Clostridia, Alphaproteobacteria, and

Xanthomonadales as significantly different microbial taxa in the

TPMFP group.These taxa are known to have positive effects on

intestinal metabolic absorption (Meng et al., 2021), anti-inflammatory

properties (Zhang et al., 2020), antioxidant activity (Kim and Liesack,

2015), and immune regulation (Huang et al., 2024; Liang et al., 2022).
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Previous studies have shown that post-fermented dark tea extracts

increase the proportion of beneficial gut microorganisms and reduce

pathogenic bacteria (Gong et al., 2020). Supplementation with Bacillus

coagulans and Lactobacillus can enhance the diversity of gut microbiota

and increase the abundance of Firmicutes and Bacteroidota in Cherax

quadricarinatus (Zhu et al., 2023). Tea polyphenols can prevent

inflammation and improve treatment outcomes in patients with

inflammatory bowel disease (Truong and Jeong, 2022), and green tea

and lactic acid bacteria fermentation products can enhance the immune

function of juvenile rainbow trout (Niazi et al., 2023), further

supporting the conclusions of this study.
4.4 Microbiota-antioxidant axis

Global Mantel tests confirmed the biological association between

gut microbiota composition and hepatopancreatic metabolic function,
FIGURE 8

Effects of black tea powder and its fermentation products on functional annotation of gut microbiota in Cherax quadricarinatus. (A) Heatmap of the
top 10 functional categories. (B) Cumulative functional annotation values. (C) Significance analysis of the top 10 functional categories.
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reinforcing the microbiota-antioxidant axis in Cherax quadricarinatus.

Spearman’s correlation analysis revealed a correlation between specific

intestinal microbial taxa and hepatopancreatic enzyme activities.

Notably, the abundance of Proteobacteria in the gut microbiota was

significantly positively correlated with GSH-PX and SOD activities,

while Bacteroidetes abundance showed a positive correlation with T-

AOC. Conversely, the abundance of Fusobacteria and Tenericutes

showed a significant positive correlation with muscle protein, lipid

CHO, TG, and LDL content, while demonstrating a negative

correlation with hepatopancreatic T-AOC and GHX-X activity.

Studies have shown that Fusobacteria including sub-taxa showed

high abundance in the hypertriglyceridemia group (Yun et al., 2020).

The glutaredoxins, which function as antioxidants by reducing metals

and peroxides, are exclusively encoded in Proteobacteria,

Bdellovibrionata, and Verrucomicrobia (Johnson and Hug, 2019).

The positive correlation between SOD activity and Proteobacteria

network connectivity further supports its role as a potential

pathological marker (Degli Esposti and Martinez Romero, 2017). T-

AOC, a key indicator of antioxidant potential and immune status (Zhu

et al., 2019), may be modulated by Bacteroidales, which stimulate

intestinal immunity and metabolic pathways via epithelial signaling

(Zhou et al., 2022). Additionally, the negative correlations between

GSH-PX/T-AOC and genera such as Morganella, Fusobacterium, and

Serratia (He et al., 2021) underscore the detrimental effects of these taxa

on redox balance. These findings support the results of this study.
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5 Conclusions

This study demonstrates that the supplementation of Cherax

quadricarinatus with black tea powder (BTP) and black tea powder-

probiotics mixed fermentation product (TPMFP) positively affects

growth performance, lipid metabolism, antioxidant responses, gut

microbiota dynamics and. Specifically, low concentrations (≤2%) of

BTP supplementation improved body weight, carapace length,

muscle protein content, lipid profiles and antioxidant responses.

However, the addition of high concentrations of BTP has a negative

effect.The TPMFP group exhibited the highest muscle protein

content and improved antioxidant enzyme activity, significantly

impacting gut microbiota composition by promoting beneficial taxa

and enhancing microbial diversity. Moreover, the study establishes

a microbiota-antioxidant axis in Cherax quadricarinatus, with

specific microbial taxa, such as Proteobacteria and Bacteroidetes,

showing correlations with key hepatopancreatic enzyme activities.

These findings suggest that tea plays a positive role in enhancing

both antioxidant defenses and immunity in aquatic species as

a natural additive to aquatic feed, thereby improving

aquaculture productivity.

The current research results are obtained based on a single

laboratory environment, but the lack of independent replication by

external institutions remains a significant limitation, which is a key

direction for future research.Future research should focus on
FIGURE 9

(A) Correlation analysis between gut microbiota and (A-1) muscle protein and lipid content and (A-2) hepatopancreatic enzyme activity in Cherax
quadricarinatus. (B) Global bivariate correlation analysis between gut microbial composition (Bray-Curtis distance) and (B-1) muscle protein and lipid
content (Protein- Lipids Distance) and (B-2) hepatopancreatic enzyme activity profiles (Enzyme Activity Distance).
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understanding the specific role of beneficial gut bacteria in immune

modulation and their contribution to disease resistance in

aquaculture. Given that Cherax quadricarinatus exhibits stronger

antimicrobial and stress resistance compared to other aquaculture

species, further exploration of antimicrobial resistance genes in this

species is needed. Investigating the genetic mechanisms underlying

these traits could provide valuable insights into enhancing disease

resistance through selective breeding or microbial management.

Additionally, developing more stable and effective tea-

supplemented aquatic feed products, maximizing the retention of

active ingredients in tea, could facilitate large-scale application in

aquaculture and further improve productivity.
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