
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Pengsheng Dong,
Henan Agricultural University, China

REVIEWED BY

Guangxu Liu,
Zhejiang University, China
Yuwen Dong,
University of Pennsylvania, United States
Shifeng Wang,
Hainan University, China
Laijin Su,
Wenzhou University, China

*CORRESPONDENCE

Yuan Hu

yuanhu2009great@163.com

RECEIVED 02 August 2025
ACCEPTED 27 August 2025

PUBLISHED 25 September 2025

CITATION

Hu Y, Li A, Shao X, Zhu J, Cai J, Ma J and
Lu R (2025) Assessing the risks of dietary
quercetin supplementation in red-spotted
grouper (Epinephelus akaara): effects on
growth performance, antioxidant capacity,
lipid level, and intestinal microbiome.
Front. Mar. Sci. 12:1678527.
doi: 10.3389/fmars.2025.1678527

COPYRIGHT

© 2025 Hu, Li, Shao, Zhu, Cai, Ma and Lu. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Original Research

PUBLISHED 25 September 2025

DOI 10.3389/fmars.2025.1678527
Assessing the risks of dietary
quercetin supplementation in
red-spotted grouper
(Epinephelus akaara): effects on
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Quercetin, a naturally occurring plant flavonoid, is used in aquaculture feeds to

affect fish health. This study evaluated the effects of dietary quercetin

supplementation on the growth performance, antioxidant capacity, lipid levels,

and gut microbiota in juvenile Epinephelus akaara. Fish were reared in a

controlled recirculating aquaculture system and received dietary quercetin for

8 weeks at five levels: 0, 181, 362, 544, and 725 mg/kg. Growth metrics,

physiological and biochemical parameters, antioxidant enzyme activities, and

intestinal microbial communities were assessed using standard analytical

protocols. Quercetin supplementation at 362–544 mg/kg significantly

increased the weight gain rate and the specific growth rate. It elevated the

activities of key antioxidant enzymes, including superoxide dismutase (SOD),

catalase (CAT), and glutathione peroxidase (GPx), while reducing

malondialdehyde (MDA) levels. Supplementation of quercetin at 181–725mg/

kg lowered the levels of cholesterol (TC) in liver and muscle as well as triglyceride

in liver. It also increased gut microbiota diversity and enriched beneficial taxa,

such as Cetobacterium, Romboutsia, and Turicibacter, which were positively

correlated with physiological resilience. Cetobacterium was correlated

significantly negative with cholesterol (r < −0.6, P < 0.01). These findings

suggest that quercetin is a promising functional feed additive for improving

health and aquaculture performance in red-spotted grouper.
KEYWORDS

quercetin, Epinephelus akaara, aquaculture immunonutrition, growth performance,
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1 Introduction

Groupers are a rich set of reef-associated fish within the

Epinephelidae family (Segaran et al., 2025). Within the broader

category of groupers, red-spotted grouper (Epinephelus akaara)

distinguishes itself as a high-value reef-associated species native to

subtropical and temperate waters of the western North Pacific,

particularly the South China Sea and surrounding coastal regions of

Japan and Korea (FishBase, 2025; Rimmer and Glamuzina, 2017).

Since 2022, wholesale prices for hybrid grouper in major Chinese

markets (Guangzhou and Shanghai) have ranged from CNY 60 to

100/kg, depending on size, freshness, and form (live vs. chilled)

(Food and Agriculture Organization (FAO, 2025). Groups are

widely farmed across tropical and subtropical regions,

predominantly in Southeast Asia (Market Report Analytics,

2025). Grouper farming has expanded rapidly in recent years due

to rising consumer demand for lean, high-protein seafood (Business

Research Insights, 2025), and the adoption of recirculating

aquaculture systems (RAS) enables year-round production with

improved biosecurity (Astari et al., 2022).

The expansion and intensification of aquaculture have elevated

disease risks and led to widespread excessive antibiotic use (FAO,

2022; Luthman et al., 2024). This trend raises ecological and public

health concerns, particularly in the Asia-Pacific region, which

dominates global antimicrobial consumption in the aquaculture

sector (Kakkar et al., 2018; Luu et al., 2021; Schar et al., 2020; Thiang

et al., 2021). In response, immunonutritional strategies have

emerged as a sustainable solution. Immunonutrition in

aquaculture broadly refers to the strategic use of dietary

components to modulate and strengthen the immune system,

enabling fish to better cope with environmental stressors and

pathogenic challenges (Rocha et al., 2024). This approach aims to

enhance overall health and welfare, boost disease resistance,

improve growth performance, and reduce reliance on antibiotics.

Promising outcomes have been reported for species such as

European seabass (Peixoto et al., 2024), Nile tilapia (Bakry et al.,

2024), and gilthead seabream (Marmelo et al., 2024). Researchers

are now actively exploring diets enriched with peptides, probiotics,

phytochemicals, and other bioactive additives to improve survival

rates, growth performance, and disease resistance (Loh et al., 2020;

Morales-Lange et al., 2025).

Quercetin (3,5,7,3′,4′-pentahydroxyflavone) is a naturally

abundant polyphenolic flavonoid found in fruits, vegetables, and

grains (Ghareeb et al., 2024; Kandemir et al., 2022). It exerts

protective effects against cancer, bacterial infection, cardiovascular

diseases, and hepatic injuries (Aghababaei and Hadidi, 2023). These

benefits arise from a suite of bioactive mechanisms, including

scavenging reactive oxygen species (ROS) via its hydroxyl-rich

structure, chelating transition metals to prevent Fenton-type

reactions, and inhibiting proinflammatory signaling pathways

such as Nuclear Factor kappa-light-chain-enhancer of Activated B

Cells (NF-kB) and Mitogen-Activated Protein Kinase (MAPK)

cascades (Huang et al., 2015; Yang et al., 2020). In aquaculture,

dietary quercetin has been found to enhance the growth

performance, elevate antioxidant capacity, and/or improve the
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immune responses in grass carp (Ctenopharyngodon idellus) (Xu

et al., 2019), zebrafish (Danio rerio) (Wang et al., 2020), and

snakehead fish (Channa argus) (Kong et al., 2022). In juvenile

black carp (Mylopharyngodon piceus) challenged with a high-fat

diet, dietary quercetin supplementation improves growth

performance and mitigates inflammation, oxidative stress, and

lipid metabolism disorders by modulating NF-kB, Nuclear Factor
Erythroid 2-Related Factor 2 (Nrf2) and Adenosine 5'-

Monophosphate-Activated Protein Kinase (AMPK) signaling

pathways (Ming et al., 2025).

In fish, the intestine serves both as a digestive and as an immune

organ, and its functionality depends heavily on the composition of

the gut microbiota (Shen et al., 2020; Talwar et al., 2018). The

dominant bacterial phyla in the fish intestine include Firmicutes,

Proteobacteria, Fusobacteria, Bacteroidetes, and Actinobacteria

(Eichmiller et al., 2016; Givens et al., 2015; Kim et al., 2021).

Commensal and beneficial members within these phyla play key

roles in supporting host physiology, including nutrient metabolism,

immune modulation, and intestinal homeostasis (Banerjee and Ray,

2016; Tolas et al., 2025). Kanika et al. (2025) reviewed the global

diversity and ecological significance of fish gut microbiomes,

emphasizing their roles in host health, aquatic ecosystem stability,

and sustainable aquaculture. Dominant bacterial phyla (e.g.,

Firmicutes, Fusobacteria, and Proteobacteria) are consistently

observed across major aquaculture species (cyprinids, catfish,

salmonids, and cichlids), and microbiome composition is shaped

by climate zones, habitat characteristics, and feeding behaviors.

However, some phyla also harbor harmful members under certain

conditions. For example, Bozzi et al. (2021) found that Aliivibrio

and Photobacterium proliferate in the gut of Atlantic salmon during

Tenacibaculum dicentrarchi infection. Their increase is associated

with gut dysbiosis and reduced microbial diversity, indicating a shift

toward pathogenic activity under stress.

Although studies on immunonutrition in grouper species remain

limited, some have reported promising benefits. Cheng et al. (2023)

demonstrated that in pearl gentian grouper (Epinephelus fuscoguttatus

× E. lanceolatus), intraperitoneal injection of L-arginine at 50 mg/kg

significantly improves immune parameters, digestive enzyme activity,

and intestinal morphology, whereas higher doses result in diminishing

or adverse effects. Yau (2015) showed that lipophilic extracts from the

microalga Chaetoceros calcitrans enhance leucocyte viability,

lymphocyte proliferation, and respiratory burst activity in E.

fuscoguttatus. However, to date, no studies have directly examined

immunonutritional effects in red-spotted grouper. Accordingly, the

present study investigates whether dietary supplementation with a

functional feed additive can enhance physiological resilience and

overall culture performance in E. akaara.
2 Materials and methods

2.1 Experimental diets

As shown in Table 1, experimental diets were formulated

according to the nutritional requirements of E. akaara. All the
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coarse ingredients were finely ground using a hammer mill and then

passed through a 250-mm mesh screen. The ingredients were then

weighed and thoroughly mixed using a mixer, and a dough was

produced after adding oils and water. The dough was conveyed into

multifunctional spiral extrusion machinery (F-26) to produce pellet

feed (5.0 mm diameter). The pellets were dried at room temperature

in the dark for 24 h and then stored in plastic bags at −20 °C until

use. Quercetin dehydrate was purchased from China Shanghai

Macklin Biochemical Technology Co. Ltd., Shanghai, China, with

an effective content of 97%. The four experimental diets contained

quercetin at 181 mg/kg (F1), 362 mg/kg (F2), 544 mg/kg (F3), and

725 mg/kg (F4), respectively. The control diet (F0) had no

quercetin supplementation.
2.2 Fish and experimental design

A total of 500 healthy E. akaara with an average body weight of

147.52 g ± 3.61 g were obtained from Zhejiang Mariculture

Research Institute (Dongtou, China). The fish did not have any

detectable skin lesions indicative of probable bacterial infections.

Subsequently, the fish were stocked into 500 L glass aquarium and

supplied with aerated filtered seawater in a single-circulation

aquaculture system and allowed to acclimate to laboratory

conditions for 14 days. After acclimatization, 450 healthy E.
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akaara were randomly divided into five groups and stocked into

15 cylindrical cages (1 m3) at a density of 30 fish per tank. The fish

were fed the corresponding diets twice a day at 08:00 and 16:00,

with a daily feeding rate of 5%–8% of body weight. Throughout the

8-week experimental period, two-thirds of the water in each tank

was replaced daily. The average water temperature was 30.0 °C ± 0.9

°C, pH was 7.8 ± 0.4, dissolved oxygen exceeded 8.0 mg/L, and total

ammonia was 0.05 mg/L ± 0.01 mg/L.
2.3 Sample collection

At the beginning of the experiment, 30 fish per tank were

randomly selected to measure the initial body weight. The

experiment lasted 8 weeks, and fish were subjected to a 24-h

fasting period before sample collection at the end of the trial. Six

fish were randomly selected from each tank, anesthetized with

buffered MS-222 (30 mg/L, Sigma-Aldrich, St. Louis, MO, USA),

and weighed individually. Serum was collected via caudal

venipuncture and allowed to stand for 24 h at 4 °C. The serum

was then obtained by centrifugation at 3,000 rpm for 15 min at 4 °C

and stored in − 80°C for subsequent evaluation of biochemical and

hematological indices. Six fish from each tank were dissected to

collect liver and kidney samples for body indices analysis.

Additionally, liver, kidney, and intestine samples were quickly

removed, frozen in liquid nitrogen, and stored in − 80 °C until

analysis. Six fish from each tank were used for proximate analysis of

muscle from each treatment.
2.4 Measurements of growth metrics

At the end of the experimental period, the following formulas

were used to calculate growth performance parameters:
Weight gain rate (WGR, %) = ([final average body weight −

initial average body weight]/initial average body weight)

× 100.

Specific growth rate (SGR, %/day) = (ln [average final weight]

− ln [average initial weight])/number of days × 100.

Condition factor (CF) = total weight of fish (g)/length of fish

(cm)3 × 100.

Viscerosomatic index (VSI, %) = visceral weight (g)/whole

body weight of fish (g) × 100.

Hepatosomatic index (HSI, %) = wet weight of liver sample (g)/

wet weight of fish (g) × 100.
2.5 Assay of antioxidant enzymes and
soluble proteins

Liver and serum samples from fish were used to determine

antioxidant enzyme activities. Total protein, superoxide dismutase
TABLE 1 Dietary formulations of experimental diet for juvenile
Epinephelus akaara.

Ingredients
Treatmenta

F0 F1 F2 F3 F4

Fish meal 50 50 50 50 50

Wheat meal 12 12 12 12 12

Wheat flour 17.47 17.47 17.47 17.47 17.47

Corn gluten meal 8 8 8 8 8

Fish oil 4 4 4 4 4

Soybean oil 1.5 1.5 1.5 1.5 1.5

Soybean lecithin 1.5 1.5 1.5 1.5 1.5

Microcrystalline cellulose 10 8.19 5.37 4.56 2.75

Quercetin 0 1.81 3.63 5.44 7.25

CaHPO4 2 2 2 2 2

Choline chloride 0.5 0.5 0.5 0.5 0.5

Ethoxyquin 0.03 0.03 0.03 0.03 0.03

Premixb 2 2 2 2 2

Total 100 100 100 100 100
aValues are given as wt.%. The dry matter profile is the same for all five treatments: crude
protein, 48.47%; crude lipid, 10.43%; and crude ash, 9.67%.
bComposition (per 500 g): VB1, 5.00 g; VB2, 5.125 g; VB6, 11.25 g; VB12, 0.025 g; VK3, 1.14 g; VE,
22.500 g; VA, 2.5 g; VD3, 10.00 g; nicotinic acid, 20.5 g; D-calcium pantothenate, 15.17 g; biotin,
0.5 g; folic acid, 1.54 g; inositol, 35.01 g; cellulose, 119.74 g; ferriccitrate, 3.59 g; ZnSO4·7H2O,
7.28 g; MgSO4·H2O, 3.05 g; MnSO4·7H2O, 0.028 g; CuSO4·5H2O, 4.713 g; CoCl2·6H2O, 1.088
g; Ca(H2PO4)2·H2O, 12.5 g; KIO3, 0.008 g; KCl, 4.435 g; Na2SeO3, 0.5 g; and zeolite powder,
212.82 g.
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(SOD), catalase (CAT), malondialdehyde (MDA), and alanine

aminotransferase (ALT) activities were measured in liver

homogenates using commercial kits (Nanjing Jiancheng Bio-

Engineering Institute, Nanjing, China) following the manufacturer’s

instructions (Li M. Y. et al., 2019). SOD, CAT, MDA, glutathione

peroxidase (GPx), alkaline phosphatase (ALP), and acid phosphatase

(ACP) activities were measured in serum using commercial kits

(Nanjing Jiancheng Bio-Engineering Institute, Nanjing, China)

according to the manufacturer’s protocols.
2.6 Analysis of physiological and
biochemical parameters

The serum cholesterol (TC), triglycerides (TG), low-density

lipoprotein cholesterol (LDL-C), high-density lipoprotein

cholesterol (HDL-C), and glucose (Glu), as well as liver TG and

glycogen concentrations, were measured using commercial kits

(Nanjing Jiancheng Bio-Engineering Institute, Nanjing, China)

according to the manufacturer’s protocols. Liver and muscle

samples were saponified with anhydrous ethanol-potassium

hydroxide solution and extracted with a mixture of petroleum

ether and anhydrous ether in triplicate following the Chinese

national standard GB 5009.128-2016.
2.7 Proximate composition analysis

The composition of body tissue was determined by measuring

the contents of moisture, crude protein, and lipids according to the

methods of AOAC (2005). Briefly, moisture content was measured

by drying the samples to a constant weight at 105 °C. Total protein

content was determined by the semiautomatic Kjeldahl System

(Buchi, Kjielflex K-360, Switzerland) after acid digestion. The

ammoniac nitrogen was absorbed in boric acid by adding sodium

hydroxide solution and then titrated with hydrochloric acid. Finally,

protein content was estimated by multiplying nitrogen content by a

factor of 6.25. Crude lipid was extracted from 1 g of each sample

using 20 mL of an extraction solution consisting of chloroform and

methanol (2:1, v/v). Ash content was determined by using a muffle

furnace (Lindberg/Blue M, Thermo Scientific, Watertown, USA) at

640°C for 4 h.
2.8 DNA extraction, sequencing, and data
processing of the intestinal bacterial
community

At the end of the feeding trial, intestinal contents were collected

from six fish per group. Gut contents were obtained under sterile

conditions using sterile forceps. The samples were placed on ice,

transferred to sterile microcentrifuge tubes, immediately flash-

frozen in liquid nitrogen, and stored at − 80 °C until DNA

extraction. The intestinal content samples of E. akaara collected

were preserved on dry ice and sent to BGI Genomics (Shenzhen,
Frontiers in Marine Science 04
China) for extraction and sequencing of total bacterial genomic

DNA. For bacterial diversity analysis, the V3–V4 regions of the 16S

rRNA gene were amplified by PCR using the universal primers 338F

(5 ′-ACTCCTACGGGAGCCAGCAG-3) and 806R (5 ′-
GGACTACHVGGGTWTCTAAT-3) to construct a bacterial 16S

rDNA library (Xu et al., 2016).

The dix-seq software (version 1.0) was used to filter and merge

paired reads of the raw sequencing data (raw reads) to obtain valid

sequences (clean tags) (Dong et al., 2025). For Trimmomatic, a

sliding window approach was adopted with a window size of 50

bp, requiring an average quality score of 20 and a minimum retained

read length of 150 bp (Bolger et al., 2014). The paired-end sequences

were merged, primers were removed, and duplicated sequences were

filtered out using USEARCH11 (Edgar, 2010). Subsequently, the

UNOISE3 algorithm (Edgar, 2016a) was applied for denoising and

chimera removal, yielding zero-radius operational taxonomic unit

(zOTU) sequences. The clean tags were denoised for calling zOTUs

using USEARCH (v11.0.667) software. After obtaining the zOTU

representative sequences, the SINTAX algorithm (Edgar, 2016b) was

used by the dis-seq software to assign taxonomy of zOTUs against the

Silva 138.2 database (Kõljalg et al., 2005), with a confidence threshold

set at 0.8. Each zOTU was classified into phylum, family, and genus,

and the relative abundances of bacteria at the phylum and genus

taxonomic levels were calculated. Based on the processed data, alpha

diversity index analysis was performed. The richness index (Chao1),

species abundance index (abundance-based coverage estimator

metric [Ace]), Shannon index, Simpson index, and coverage rate

were calculated to obtain the species richness and diversity

information of each sample. Additionally, beta diversity was

determined by principal coordinates analysis (PCoA). A forward

selection was used to identify the nonredundant indicators for fish

growth, TG, TC, and antioxidant enzyme activities in the CAP model

by the function “ordiR2step” (permutations = 999) of the R

package “vegan”.
2.9 Statistical analysis

The data were expressed as mean ± standard deviation (SD). The

analysis was conducted using SPSS Statistics 21.0 software. The growth,

enzymatic and oxidative enzymes, metabolic and lipid biomarkers,

body proximate composition, and alpha and beta diversity data of the

E. akaara were analyzed using one-way analysis of variance (ANOVA)

to determine the significant differences. When significant differences

were observed, Duncan’s test was used to determine the differences

between the control and experimental treatments. Results with p ≤ 0.05

were considered statistically significant. Spearman correlation

coefficients and associated significance levels were calculated, using

the “rcorr()” function in the Hmisc package of the R software (version

4.1.0), between dominant gut microbiota and host parameters—

including growth performance, liver and blood physiological

indicators, TG, TC, and other biomarkers. The associations between

microbial communities and fish growth, lipid content, and

physiological indicators were further assessed using the Mantel test,

implemented in the linkET package in R.
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3 Results

3.1 Growth parameters

The final body weight (FBW), WGR, and SGR of E. akaara

peaked in F2, i.e., when the level of quercetin supplementation (QS)

was 362 mg/kg (Table 2). All four QS groups had significantly

higher (p < 0.05) SGR than the control, and F2–F4 had significantly

elevated (p < 0.05) FBW and WGR compared with F0. All five

groups had indistinguishable (p > 0.05) condition factor (CF),

viscerosomatic index (VSI), and hepatosomatic index (HSI).
3.2 Enzymatic and oxidative stress
biomarkers

Table 3 shows that treatments F1–F3 had significantly higher

levels of liver SOD and liver CAT than treatments F4 and F0, and F1

and F2 had significantly higher levels of liver ALT than F4 and F0.

All five groups showed no significant differences in liver MDA.

Regarding the serum biomarkers, F1 and F3 had significantly lower

serum MDA than F0, F3 and F4 had significantly higher serum

SOD than F0 and F1, and F2–F4 had significantly higher serum GPx

than F0 and F1. All five groups had indistinguishable serum ALP,

CAT, and ACP.
3.3 Metabolic and lipid biomarkers

Table 4 shows that F4 had significantly higher serum cholesterol

than F0 and F1, F3 had significantly higher serum TG than all other

treatments, F4 had significantly higher serum LDL-C than F0–F2,

along with significantly higher serum HDL-C than all other groups.

F1 and F2 both had significantly higher blood glucose than the other

three groups. With the increase in dietary QS, the serum levels of

cholesterol, LDL-C, and triglycerides showed a gradual and

continuous rise (p < 0.05). As the dietary QS increased, the serum

Glu content exhibited a sustained upward trend, reaching its peak at
Frontiers in Marine Science 05
an addition level of 362 mg/kg (p < 0.05). All five groups showed no

significant differences in liver cholesterol, TG, and glycogen. In

addition, F4 had significantly lower muscle cholesterol than F0. As

the dietary QS increased, the muscle cholesterol content showed a

declining trend, reaching its lowest level at an addition of 725 mg/kg

(p < 0.05).
3.4 Body proximate composition

Table 5 shows that F1 and F3 had higher glycogen levels than

the other groups, but no clear trend could be inferred. The

supplement did not significantly affect the moisture, crude lipid,

crude protein, or ash content of the fish.
3.5 Intestinal microbiome analysis

3.5.1 Alpha diversity
High-throughput 16S rRNA sequencing yielded 1,447,979

sequences, which formed 865 operational taxonomic units

(OTUs) at 97% similarity. Table 6 shows the alpha diversity

indices of the gut microbiota of E. akaara. For all groups, Good’s

coverage exceeded 99.8%, indicating near-complete species

representation. Both F3 and F4 had significantly higher zOTU

counts than F0, F1, and F2 (p < 0.05). Compared to the other

four groups, F4 had significantly higher ACE and Chao1 indices,

along with a significantly lower Simpson index. In addition, F2–F4

had significantly higher Shannon indices than F0 and F1.

3.5.2 Beta diversity
The beta diversity of the E. akaara gut microbiome was

analyzed using Constrained Analysis of Principal Coordinates

(CPCoA) based on Bray–Curtis dissimilarity, constrained by

growth (SGR) and biomarker profiles (Figure 1). Bacterial

communities differed significantly among the five experimental

groups (PERMANOVA, R2 = 0.25, p = 0.02). The CPCoA model

resolved these differences, with component 1 (25.87%) and
TABLE 2 Growth measures and body indices of Epinephelus akaara, fed different dietary quercetin levels.

Parametera
Treatmenta

F0 F1 F2 F3 F4

IBM (g/fish) 150.50 ± 5.85 150.08 ± 5.85 149.77 ± 6.40 150.38 ± 7.52 150.65 ± 6.50

FBW (g/fish) 240.76 ± 8.77c 247.50 ± 5.33c 267.03 ± 6.13a 256.48 ± 5.12b 251.43 ± 5.10bc

WGR (%) 59.97 ± 1.27d 64.91 ± 1.12cd 78.32 ± 1.08a 69.96 ± 1.43b 66.55 ± 1.55c

SGR (%/day) 0.78 ± 0.05c 0.83 ± 0.04b 0.96 ± 0.04a 0.89 ± 0.05ab 0.85 ± 0.06b

CF (g/cm3) 2.55 ± 0.16a 2.50 ± 0.13a 2.75 ± 0.63a 2.64 ± 0.22a 2.68 ± 0.24a

VSI 9.99 ± 0.80a 9.25 ± 1.58a 10.28 ± 1.73a 9.78 ± 0.91a 9.85 ± 2.28a

HSI 2.66 ± 0.43a 2.46 ± 0.76a 2.70 ± 1.10a 2.59 ± 0.72a 2.34 ± 1.18a
aValues expressed as mean ± standard deviation (n = 10). Letters indicate a significant difference between groups (p < 0.05).
IBM, initial body weight; FBW, final body weight; WGR, weight gain rate; SGR, specific growth rate; CF, condition factor; VSI, viscerosomatic index; HSI, hepatosomatic index.
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component 2 (16.21%) collectively explaining 42.08% of the total

constrained variation. Biomarker–microbiota correlations revealed

divergent patterns, as liver oxidative stress markers (MDA and liver

SOD) aligned with +x-axis communities, while hepatic antioxidant/

lipid markers (liver TG and CAT) associated with −x-axis

communities. Meanwhile, SGR and liver cholesterol metabolism

drove independent variation along the y-axis (orthogonal to

oxidative/lipid axes).
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3.5.3 Intestinal bacterial composition
Figure 2 shows the relative abundances of the E. akaara gut

microbiota at the phylum and genus levels. The dominant phyla

were Proteobacteria (sub-phyla: g-Proteobacteria 48.11%, a-
Proteobacteria 3.56%), Firmicutes (25.21%), Fusobacteriota

(8.45%), and Actinobacteriota (5.86%), and they collectively

represented 91.19% of total abundance. At the genus level, the

dominant taxa were Photobacterium (33.88%), Cetobacterium
TABLE 4 Metabolic and lipid biomarkers of Epinephelus akaara, fed different dietary quercetin levels.

Biomarkera
Treatmenta

F0 F1 F2 F3 F4

Serum

Cholesterol (mmol/L) 5.27 ± 0.45a 6.03 ± 0.66a 7.20 ± 0.83ab 7.08 ± 1.02ab 8.12 ± 0.62b

TG (mmol/L) 1.43 ± 0.43ab 1.15 ± 0.06ab 1.70 ± 0.35b 2.08 ± 0.56c 1.40 ± 0.38a

LDL-C (mmol/L) 2.98 ± 0.49a 4.06 ± 0.25b 5.16 ± 0.80c 5.07 ± 0.64cd 5.85 ± 0.57d

HDL-C (mmol/L) 1.52 ± 0.62a 1.44 ± 0.18a 1.46 ± 0.20a 1.56 ± 0.66a 2.86 ± 0.20b

Glucose (mmol/L) 1.72 ± 0.33a 4.45 ± 0.24c 5.75 ± 0.75d 3.62 ± 0.34b 1.90 ± 0.30a

Liver

Cholesterol (mg/100 g) 183.67 ± 34.2a 164.15 ± 43.73a 151.61 ± 36.66a 132.39 ± 30.56a 176.22 ± 58.33a

Triglyceride (mmol/gprot) 0.22 ± 0.08a 0.19 ± 0.03a 0.19 ± 0.05a 0.2 ± 0.03a 0.17 ± 0.05a

Glycogen (mmol/L) 142.61 ± 27.71a 127.52 ± 19.43a 141.16 ± 14.75a 116.08 ± 14.26a 121.4 ± 39.47a

Muscle

Cholesterol (mg/100 g) 54.36 ± 11.04c 41.31 ± 6.67ab 50.08 ± 7.03bc 48.21 ± 6.44abc 39.78 ± 7.28a
TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.
aValues expressed as mean ± standard deviation (n = 6). Letters indicate a significant difference between groups (p < 0.05).
TABLE 3 Enzymatic and oxidative stress biomarkers of Epinephelus akaara, fed different dietary quercetin levels.

Biomarkera
Treatmenta

F0 F1 F2 F3 F4

Liver

SOD (U/mgprot) 283.43 ± 41.83a 462.87 ± 78.22b 439.58 ± 58.87b 393.15 ± 44.00b 268.07 ± 72.71a

ALT (U/gprot) 140.78 ± 23.26a 203.14 ± 45.37b 193.33 ± 60.75b 174.89 ± 25.82ab 126.41 ± 26.86a

CAT (U/mgprot) 6.48 ± 2.31a 10.75 ± 1.78b 10.07 ± 2.44b 10.06 ± 2.16b 8.3 ± 3.13ab

MDA (nmol/mgprot) 0.22 ± 0.08a 0.41 ± 0.20a 0.48 ± 0.12a 0.44 ± 0.23a 0.34 ± 0.20a

Serum

MDA (nmol/mgprot) 84.76 ± 11.63b 47.15 ± 13.04a 57.07 ± 14.26ab 46.39 ± 9.49a 65.70 ± 15.93ab

SOD (U/mgprot) 178.06 ± 17.38a 166.64 ± 6.24a 181.19 ± 33.26ab 220.66 ± 21.62 c 214.46 ± 16.04bc

GPx (U/mgprot) 333.33 ± 50.68a 448.21 ± 78.76a 638.1 ± 66.37b 692.86 ± 61.45b 741.07 ± 90.23b

ALP (U/mgprot) 12.00 ± 4.63a 6.84 ± 0.31a 10.1 ± 3.46a 7.57 ± 4.54a 8.68 ± 0.77a

CAT (U/mgprot) 0.21 ± 0.09a 0.31 ± 0.14a 0.30 ± 0.10a 0.23 ± 0.07a 0.26 ± 0.10a

ACP (U/mgprot) 2.09 ± 0.66a 2.3 ± 0.10a 2.28 ± 0.41a 1.99 ± 0.2a 2.52 ± 0.77a
SOD, superoxide dismutase; ALT, alanine aminotransferase; CAT, catalase; MDA, malondialdehyde; GPx, glutathione peroxidase; ALP, alkaline phosphatase; ACP, acid phosphatase.
aValues expressed as mean ± standard deviation (n = 6). Letters indicate a significant difference between groups (p < 0.05).
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TABLE 6 Indicators of the intestinal microflora of Epinephelus akaara, fed different dietary quercetin levels.

Index
Treatmenta

F0 F1 F2 F3 F4

OTUs 426.67 ± 8.16b 432.33 ± 7.87b 457.33 ± 9.03b 532.67 ± 7.41a 554.67 ± 10.80a

Good’s coverage 99.90% 99.92% 99.91% 99.93% 99.89%

ACE index 358.85 ± 6.74b 363.6 ± 6.68b 364.57 ± 8.73b 375.21 ± 8.75b 427.57 ± 9.12a

Chao1 index 347.18 ± 7.15b 345.75 ± 6.31b 357.70 ± 8.43b 372.71 ± 9.27ab 394.70 ± 8.94a

Shannon index 3.93 ± 0.44c 4.11 ± 0.41c 4.67 ± 0.39b 4.88 ± 0.47b 5.49 ± 0.58a

Simpson index 0.78 ± 0.07a 0.79 ± 0.09a 0.74 ± 0.11a 0.64 ± 0.05ab 0.58 ± 0.07b
F
rontiers in Marine Science
 07
aValues expressed as mean ± standard deviation (n = 6). Letters indicate a significant difference between groups (p < 0.05).
TABLE 5 Body proximate composition of Epinephelus akaara, fed different dietary quercetin levels.

Parameter
Treatmenta

F0 F1 F2 F3 F4

Moisture (%) 77.37 ± 0.55a 75.96 ± 0.91a 76.26 ± 1.09a 76.97 ± 0.6a 76.14 ± 1.21a

Crude protein (%) 18.78 ± 0.58a 19.43 ± 0.68a 18.73 ± 1.03a 19.27 ± 0.76a 19.07 ± 0.83a

Crude lipid (%) 3.18 ± 0.68a 3.37 ± 0.73a 3.53 ± 0.8a 3.67 ± 0.45a 3.22 ± 0.35a

Ash (%) 1.15 ± 0.05a 1.11 ± 0.06a 1.17 ± 0.09a 1.15 ± 0.05a 1.16 ± 0.10a

Glycogen (%) 0.17 ± 0.01b 0.23 ± 0.01d 0.16 ± 0.01b 0.21 ± 0.02c 0.14 ± 0.01a
FIGURE 1

CPCoA plot of E. akaara gut microbiota zOTU profiles, based on Bray–Curtis dissimilarity and constrained by specific growth rate (SGR) and other relevant
biomarkers. SOD, superoxide dismutase; CAT, catalase; MDA, malondialdehyde; ALP, alkaline phosphatase; TG, triglycerides; SGR, specific growth rate.
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(8.44%), Romboutsia (5.88%), and Vibrio (5.79%), accounting for

53.99% of the bacterial abundance.
3.6 Correlation between intestinal bacteria
and physiological biomarkers

The gut microbiota of E. Akaara comprised a diverse

community of both opportunistic pathogens and functional

microorganisms. Pathogenic genera included Photorbacterium,
Frontiers in Marine Science 08
Vibrio, Mycobacterium, Acinetobacter, and Pseudomonas, whereas

beneficial or functional taxa such as Cetobacterium, Enterococcus,

Bifidobacterium, Bacillus, Romboutsia, Halomonas, Zhenhengia,

and Turicibacter were also prevalent (Figure 3). Microbial

correlation analyses revealed several key interactions within this

ecosystem. Cetobacterium exhibited significant negative

correlations with opportunistic taxa, including Photobacterium,

Vibrio, Mycobacterium, and Pseudomonas, yet showed positive

associations with Romboutsia and Turicibacter. Interestingly,

despite being categorized as functional taxa, both Bifidobacterium
FIGURE 2

The abundance of E. akaara gut microbiota at the phylum and genus levels in Epinephelus akaara fed different dietary quercetin levels (n = 6).
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and Bacillus were moderately correlated with pathogenic genera

such as Photobacterium and Vibrio (Figure 3, r < 0.5).

Regarding the links between microbiota composition and fish

physiology, Romboutsia and Turicibacter correlated positively with

fish growth. In contrast, they were negatively correlated with liver

and visceral indices, as well as antioxidant indicators related to liver

function (Figure 4). Among all physiological parameters, serum

enzyme activity showed the most extensive microbial interactions,

with moderate to high correlations (r > 0.4) involving eight taxa—

including pathogens such as Legionella and probiotics such as

Enterococcus and Cetobacterium (Figures 3, 4). Therefore, serum

immune and antioxidant functions must be critical drivers of both

probiotic proliferation and pathogen suppression and thus shape

the gut microbial balance. Presumably, Cetobacterium must have

played a key role in the quorum-sensing regulation of fish lipid

content and intestinal microbiota, as it correlated strongly with both

lipid content and serum antioxidant capacity. In linear regression

analyses, the relative abundance of Cetobacterium showed strong

negative correlations with serum markers, including MDA and

CAT (Figure 5, r ≤ 0.4, p < 0.05), as well as cholesterol levels

(Figure 6, r ≤ 0.6, p < 0.01). Thus, it appears to play a key role in

regulating lipid content and hepatic oxidative stress.
4 Discussion

4.1 Growth performance and antioxidant
capacity

Dietary quercetin has been found to improve the growth of Nile

tilapia (Oreochromis niloticus) (Zhai and Liu, 2013), northern
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snakehead (Channa argus) (Kong et al., 2022), and olive flounder

(Paralichthys olivaceus) (Shin et al., 2010). It enhances growth in

farmed fish by the secretion of digestive enzymes secretion,

reducing oxidative stress in intestinal tissues, and optimizing

nutrient metabolism (Armobin et al., 2023; Khan et al., 2023).

This mechanism is dose-dependent and has been consistently

validated across multiple fish species (Xu et al., 2019; Baker,

1998). In our study, dietary supplementation with quercetin

increased the WGR and SGR of E. akaara in a dose-dependent

manner, with the optimal level observed at 363 mg/kg (group F2).

In farmed animals, the antioxidant system, which encompasses

enzymes (e.g., SOD, CAT, GPx) and low-molecular-weight

compounds (e.g., vitamins C/E, glutathione [GSH]), collectively

neutralizes reactive oxygen species (ROS) to maintain cellular

homeostasis and prevent oxidative tissue damage. This system

operates through coordinated mechanisms. SOD catalyzes the

dismutation of superoxide (O2·
−) to hydrogen peroxide (H2O2),

while CAT decomposes excess H2O2 in peroxisomes. GPx reduces

H2O2 to water using reduced GSH as an electron donor, and GSH

can also directly quench singlet oxygen and hydroxyl radicals. In

addition, vitamins C/E scavenge lipid peroxyl radicals. By

mitigating ROS propagation, this network attenuates lipid

peroxidation, reduces MDA formation, preserves membrane

integrity, and thereby enhances stress resilience, growth efficiency,

and product quality.

Quercetin exerts potent antioxidant effects in farmed fish

through dual mechanisms. Its molecular structure—specifically

the catechol group (B-ring) and the C-3 hydroxyl group—enables

direct ROS neutralization and metal chelation (Boots et al., 2008),

while it also upregulates endogenous defenses via Nrf2-mediated

transcription of antioxidant enzymes and GSH synthesis (Dong
FIGURE 3

Relationships between prevalent bacteria (relative abundance > 0.5%) in E. akaara gut microbiota and growth performance, lipid content, and liver
and serum biomarkers.
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et al., 2020; Wang et al., 2020). These mechanisms translate into

significant in vivo benefits. In spotted seabass (Lateolabrax

maculatus), 0.5–1 g/kg dietary quercetin enhances hepatic CAT,

SOD, total antioxidant capacity (T-AOC), and GSH while

suppressing MDA (Dong et al., 2021). In northern snakehead (C.

argus), 300 mg/kg quercetin is optimal for improving SOD, CAT, T-

AOC, GST, and GPx activities (Kong et al., 2022). In rainbow trout

(Oncorhynchus mykiss), quercetin-rich (0.1%–1%) nettle extract

elevates lysozyme, IgM, and myeloperoxidase, thereby producing

complementary immunomodulatory effects (Awad et al., 2013). We

found that in E. akaara, serum SOD and GPx generally increased

with rising quercetin dosage, whereas liver SOD, CAT, and ALT

were best improved with moderate quercetin supplementation.

There was no significant difference in liver MDA across groups,

but groups F1 and F3 had significantly lower serum MDA than

group F0.
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4.2 Lipid metabolism and whole-body
proximate composition

Lipid metabolism biomarkers in fish serum respond

dynamically to physiological or pathological changes induced by

environmental factors. Parameters such as TG, TC, HDL-C, and

LDL-C serve as critical indicators of metabolic status, nutritional

health, and disease conditions. Among these, TG and TC primarily

reflect lipid absorption efficiency, whereas HDL-C and LDL-C

indicate lipid transport and catabolic pathways. Luo et al. (2022)

reported that in hybrid grouper (E. fuscoguttatus × E.

polyphekadions), quercetin downregulates genes involved in the

steroid biosynthesis pathway, reducing hepatic cholesterol

production and lipid accumulation, while sodium quercetin-5′-
sulfonates upregulate polyamine synthesis genes, thereby

enhancing energy metabolism and mitigating liver steatosis. Dong
FIGURE 4

Correlations of prevalent bacteria (> 0.5% relative abundance) with (A) growth parameters, (B) body lipid composition, (C) liver function markers, and
(D) serum metabolic profiles. SGR, specific growth rate; CF, condition factor; VSI, viscerosomatic index; HSI, hepatosomatic index; TG, triglycerides;
SOD, superoxide dismutase; ALT, alanine aminotransferase; CAT, catalase; MDA, malondialdehyde; GPx, glutathione peroxidase; ALP, alkaline
phosphatase; ACP, acid phosphatase.
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et al. (2021) found that in spotted seabass fed a high-fat diet,

quercetin supplementation significantly reduces excessive lipid

accumulation by promoting mitochondrial biogenesis and

autophagy, while suppressing endoplasmic reticulum stress. Pan

et al. (2024) demonstrated that in carp (Cyprinus carpio), quercetin

supplementat ion counterac ts di fenoconazole- induced

inflammatory spleen damage by restoring oxidative balance and

suppressing key proinflammatory pathways (e.g., reduction of ROS

and MDA levels, inhibition of NF-KB pathway activation, and

blockade of the NOD-like receptor family, pyrin domain-

containing 3 (NLRP3) inflammasome complex), thereby

rebalancing cytokine profiles and promoting splenic immune

homeostasis. Ming et al. (2025) noted that in juvenile black carp

(Mylopharyngodon piceus) fed high-fat diets, quercetin activates the

AMPK signaling pathway to enhance lipid metabolism, thereby
Frontiers in Marine Science 11
reducing hepatic lipid accumulation and improving growth

performance. The present results showed that the TC, HDL-C,

and LDL-C levels increased with rising dietary QS, suggesting that

QS enhances the transport capacity of triglycerides and cholesterol,

thereby reducing cholesterol accumulation in the liver and muscle.

Serum TG levels serve as a crucial indicator of hepatic lipid

metabolism and generally follow a trend similar to TC levels. The

specific regulatory mechanisms underlying lipid metabolism

require further investigation.

There is currently limited knowledge about the association

between dietary quercetin and the whole-body proximate

composition of farmed fish. Zhai and Liu (2014) reported that in

Nile tilapia (Oreochromis niloticus), dietary quercetin

supplementation reduces muscle moisture and lipid content while

increasing protein levels. In contrast, Xu et al. (2019) found that in
FIGURE 5

Correlation analysis of Cetobacterium abundance with serum biomarkers: (A) SOD, (B) MDA, (C) GPx, (D) ALP, (E) CAT, and (F) ACP. SOD, superoxide
dismutase; MDA, malon dialdehyde; GPx, glutathione peroxidase; ALP, alkaline phosphatase; CAT, catalase; ACP, acid phosphatase.
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grass carp (Ctenopharyngodon idella), dietary quercetin

supplementation does not significantly alter the conventional

proximate composition of muscle (moisture, crude protein, lipid,

and ash), although it does modify some functional parameters, such

as collagen content and amino acid profiles. In our experiments

with E. akaara, the whole-body proximate composition (moisture,

protein, lipid, and ash) remained unaffected.
4.3 Intestine microbiota

The gut microbiota offish is a dynamic ecosystem that is critical

for host physiology and influences nutrient metabolism, immune

function, pathogen exclusion, and intestinal integrity. Microbial

diversity, quantified through alpha diversity indices, serves as a key

indicator of ecosystem stability. The Chao1 and Ace indices assess

species richness (total taxa present), while the Shannon and

Simpson indices measure diversity (abundance and evenness)

(Li M. et al., 2019). This community structure is highly plastic

and can be shaped by host genetics, diet, environmental stressors,

and aquaculture practices. We found that with rising levels of

quercetin supplementation, the Simpson index generally

decreased, and the Chao1, Ace, and Shannon indices generally

increased. This suggests that quercetin must have enhanced the

diversity of the gut microbiota in E. akaara.

Zhu et al. (2022) reported that, in juvenile dark sleeper

(Odontobutis potamophila), exposure to quercetin preserves

overall gut microbial a-diversity and selectively enriches

putatively beneficial genera (Bacillus, Lactobacillus). The

intervention also suppresses opportunist ic pathogens

(Plesiomonas, Aeromonas, Shewanella) in a dose-dependent

manner, with microbiota shifts coinciding with enhanced hepatic

antioxidant enzyme activities. Ma et al. (2025) reported that dietary
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supplementation with Bacillus subtilis in E. akaara restructures the

intestinal microbiota by increasing the relative abundance of

beneficial genera, including Clostridium sensu stricto, Turicibacter,

and Bacillus, while reducing potential pathogens, such as Vibrio,

Cetobacterium, and Erysipelothrix. These compositional shifts are

accompanied by significant gains in alpha diversity, suggesting

enhanced microbial stability and presumably improved immune

status. In our case, we found that in E. akaara receiving quercetin,

the dominant phyla in the gut microbiota included Proteobacteria,

Actinobacteriota, Firmicutes, and Fusobacteriota. Quercetin

supplementation increased the Firmicutes/Bacteroidota ratio and

reduced the Fusobacteriota abundance.

The key bacterial genera in E. Akaara included beneficial

strains, such as Cetobacterium and Romboutsia, as well as

pathogenic strains, such as Photobacterium and Vibrio.

Cetobacterium, a vitamin B12-producing genus enriched in fish

gut microbiota, plays a central role in carbohydrate fermentation

and acetate-mediated host regulation. It modulates metabolic

health, ammonia tolerance, and gut–liver physiology (e.g., lipid

metabolism, fat accumulation) across species such as catfish, carp,

tilapia, and zebrafish (Qi et al., 2023; Xie et al., 2022; Wang et al.,

2021, Wang et al., 2025; Zhang et al., 2023; Zhou et al., 2022).

Romboutsia improves carbohydrate metabolism and glucose

homeostasis by producing short chain fatty acids (SCFAs) (e.g.,

butyrate), and its high abundance has been linked to plant-based

diets in tilapia (Fan et al., 2024). Photobacterium is a core genus in

marine fish, with species such as P. leiognathi forming mutualistic

bioluminescent symbioses in ponyfish (Urbanczyk et al., 2011),

while pathogenic strains like P. damselae cause photobacteriosis and

vibriosis in a wide range of marine hosts (Dunlap et al., 2004; Gouife

et al., 2022). Stress-induced virulence of Vibrio species—such as V.

harveyi and V. anguillarum under warming and pollution—has

been linked to disease outbreaks in fish (Sanches-Fernandes et al.,
FIGURE 6

Linear regression of Cetobacterium abundance with the hepatic level of (A) cholesterol and (B) triglycerides.
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2022), whereas commensal Vibrio strains may support gut

homeostasis and nutrient cycling in healthy marine fish (Pérez-

Gómez et al., 2025; Zhang et al., 2024). The effects of quercetin on

gut microbiota diversity and its treatment mechanisms in

modulating functional strains remain unclear, warranting

further investigation.
5 Conclusions

Dietary supplementation with quercetin significantly improved

multiple physiological and biochemical parameters in juvenile E.

akaara. Optimal supplementation levels (362–544 mg/kg) enhanced

growth performance, antioxidant capacity, and lipid metabolism.

Quercetin also promoted intestinal microbial diversity and

selectively enriched beneficial taxa, such as Cetobacterium,

Romboutsia, and Turicibacter, which correlated positively with

antioxidant status and growth metrics. These findings underscore

the potential of quercetin as a functional feed additive to improve

health, resilience, and aquaculture performance in red-spotted

grouper through coordinated host–microbiota interactions.
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