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Dietary supplementation
with polypeptin and bioture
improves growth, feed
utilization, antioxidant capacity,
and disease resistance in juvenile
hybrid grouper (Epinephelus
fuscoguttatus♀ × E. lanceolatus♂)
Futao Jing1, Xianghan Yin1, Yichao Ren2, Yongmei Han3,
Qi Zhou2, Bin Xia2*, Qiang Li4 and Peng Liu1*

1Shandong Fisheries Development and Resources Conservation Center, Jinan, Shandong, China,
2School of Marine Science and Engineering, Qingdao Agricultural University, Qingdao,
Shandong, China, 3Fishery Development Service Center of Yutai, Jining, Shandong, China, 4Rushan
Marine and Fishery Monitoring and Hazard Mitigation Center, Rushan, Shandong, China
Intensive aquaculture of hybrid grouper (Epinephelus spp.) is often constrained

by inefficient feed conversion and recurrent outbreaks of vibriosis. This study

investigated the individual and combined effects of dietary polypeptin and

bioture on growth performance, physiological status, and disease resistance in

juvenile hybrid grouper. A 3 × 3 factorial design was employed to formulate nine

iso-nitrogenous and iso-lipidic diets (i.e., P0B0, P2B0, P4B0, P0B2, P2B2, P4B2,

P0B4, P2B4, and P4B4), incorporating polypeptin and bioture at 0%, 0.2%, and

0.4% inclusion levels. Fish were fed experimental diets for 56 days, followed by a

144 h challenge with Vibrio harveyi. The results showed that co-supplementation

significantly improved multiple performance indicators, exhibiting notable

synergistic effects: final body weight, weight gain, and specific growth rate

increased, while feed conversion ratio and hepatosomatic index decreased.

Digestive enzyme activities, particularly pepsin and trypsin, were markedly

elevated, indicating improved digestive efficiency. Furthermore, antioxidant

capacity was significantly enhanced in co-supplemented groups, as evidenced

by increased T-AOC, SOD, and CAT, coupled with reducedMDA contents. Serum

biochemical parameters related to stress and hepatic function, including AST,

ALT, LDH, TG, T-CHO, and cortisol, were significantly lower in supplemented

groups. The levels of LZM, ACP, AKP, and IgMwere significantly upregulated both

at baseline and post-challenge, indicating enhanced humoral immunity. During

the V. harveyi challenge, the highest survival rates were observed in P4B4,

demonstrating delayed onset and reduced cumulative mortality relative to the

control. In conclusion, dietary co-administration of polypeptin and bioture,

particularly in the P4B4 group, elicited synergistic benefits across multiple
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physiological and immunological parameters, significantly enhancing growth

performance, digestive function, oxidative balance, and disease resistance in

juvenile hybrid grouper. These findings support the potential of precision-

nutrition strategies incorporating functional feed additives for sustainable and

health-optimized grouper aquaculture.
KEYWORDS
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1 Introduction

Aquaculture has emerged as the fastest-growing source of

animal protein globally. However, the intensification of

production systems subjects cultured fish to various nutritional,

environmental, and pathogenic stressors, ultimately compromising

growth performance and increasing susceptibility to disease. The

hybrid grouper (Epinephelus fuscoguttatus♀ × E. lanceolatus♂) is a
high-value marine carnivore known for its rapid growth and

desirable flesh quality. Nevertheless, its industry expansion is

constrained by inefficient feed conversion and recurrent outbreaks

of vibriosis, predominantly caused by Vibrio harveyi, which result

in substantial economic losses (Deng et al., 2020; Mohd Yazid et al.,

2021). These limitations underscore the urgent need for nutrition-

based strategies that simultaneously enhance growth efficiency and

disease resistance (Xin et al., 2022; Zhang et al., 2024; Zhu et al.,

2023). Within this context, precision immunonutrition—defined as

the strategic combination of digestibility enhancers and evidence-

based immunomodulators—presents a promising approach to

bolster host resilience while reducing dependence on antibiotics

(Hossain et al., 2020).

Peptide hydrolysates play a central role in targeted nutritional

strategies aimed at enhancing immune resilience in aquatic species

(Ospina-Salazar et al., 2016). Compared with intact proteins,

hydrolysates composed of short peptides and oligopeptides are

rapidly absorbed, stimulate digestive secretions, and modulate

enterocyte function, thereby enhancing enzyme activity and

nutrient assimilation (Ospina-Salazar et al., 2016; Wu et al., 2020).

Across multiple species, dietary supplementation with fish protein

hydrolysates has been shown to improve growth performance and

protein utilization. Specifically, in hybrid grouper, partial substitution

of fishmeal with hydrolyzed protein has promoted intestinal

development and elevated digestive enzyme activities (Hlordzi

et al., 2022; Refstie et al., 2004). Additionally, bioactive peptides

exhibit intrinsic antioxidant and immunomodulatory properties,

further supporting host physiological status (Chen et al., 2018;

Sheng et al., 2023). In this study, polypeptin is a peptide-rich

hydrolysate predominantly consisting of short peptides and

oligopeptides, with minor proportions of free amino acids and

nucleotides, which was paired with bioture—a yeast-derived

compound enriched with b-glucans, mannan-oligosaccharides
02
(MOS), nucleotides, small peptides, and vitamins. This pairing

was designed to integrate digestive enhancement with

immunological stimulation.

The immunonutrient functions of bioture are grounded in well-

characterized biological pathways. b-Glucans are recognized by C-

type lectin-like receptors on phagocytes, activating antimicrobial

responses and improving disease resistance (Petit et al., 2019a). In

addition to their role in acute immune activation, b-glucans have
been shown to induce trained innate immunity, which involves the

functional reprogramming of innate immune cells to enhance

subsequent immune responses. This phenomenon has been

increasingly reported in teleost fish (Petit et al., 2019b; Waikhom

et al., 2022; You et al., 2024). MOS complement these effects by

inhibiting pathogen adhesion, modulating gut microbiota

composition, and reinforcing epithelial barrier integrity (Ding

et al., 2022; Lu et al., 2022; Torrecillas et al., 2015). Furthermore,

dietary nucleotides have been shown to support leukocyte

proliferation and immunoglobulin synthesis, thereby enhancing

both growth performance and disease resistance in fish (Burrells

et al., 2001a, b; Li and Gatlin, 2006; Pelusio et al., 2023). Collectively,

these compounds contribute to the maintenance of redox

homeostasis, thus preserving mucosal health under intensive

aquaculture conditions (Li et al., 2023; Xin et al., 2022).

Despite the well-documented benefits of peptide hydrolysates

and yeast-derived immunonutrients when applied individually,

their combined use in marine carnivorous species remains largely

underexplored (Hossain et al., 2020; Rimoldi et al., 2020).

Furthermore, studies employing factorial designs to assess

potential synergistic interactions between these additives are

notably scarce. In hybrid grouper, previous research has shown

that dietary prebiotics and phytogenics can enhance growth

performance, antioxidant capacity, and nonspecific immune

responses (Xin et al., 2022; Zhu et al., 2023). However, a

systematic evaluation of peptide hydrolysate supplementation in

combination with a b-glucan/MOS/nucleotide complex has not yet

been conducted. Given the mechanistic complementarity—where

peptide hydrolysates enhance digestive capacity and nutrient

utilization while yeast-based components modulate immune

responsiveness and epithelial integrity (Ospina-Salazar et al.,

2016; Peti t et al . , 2019a)—we hypothesized that co-

supplementation would yield additive or synergistic effects across
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multiple physiological domains, including growth performance,

feed efficiency, digestive enzyme activity, antioxidant status,

humoral immune indices, and resistance to V. harveyi.

To test this hypothesis, a multifactorial feeding trial was

conducted to assess the main and interactive effects of dietary

polypeptin and bioture in juvenile hybrid grouper. By integrating

metrics related to growth, physiology, and pathogen resistance, this

study aimed to provide both mechanistic insights and practical

guidance for the development of precision aquafeeds that support

sustainable grouper aquaculture.
2 Materials and methods

2.1 Experimental design and diet
preparation

A 3 × 3 factorial arrangement was implemented to evaluate both

the individual (main) and combined (interactive) effects of dietary

polypeptin (P: 0, 0.2, and 0.4 %) and bioture (B: 0, 0.2, and 0.4 %) on

juvenile hybrid grouper. Nine iso-nitrogenous and iso-lipidic diets

were prepared accordingly, denoted as P0B0, P2B0, P4B0, P0B2,

P2B2, P4B2, P0B4, P2B4, and P4B4 (Gokulakrishnan et al., 2022;

Konstantinidis et al., 2022). Key ingredients included fish meal,
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fermented soybean meal, casein, gelatin, corn starch, fish oil, and

soybean lecithin. Proximate analyses verified that all diets contained

approximately 51 % crude protein and 10 % crude lipid

(see Table 1).

Polypeptin is a peptide-based functional additive produced by

Shandong Deep-Sea Biotechnology Co., Ltd. through enzymatic

hydrolysis. It consists primarily of short peptides and oligopeptides,

along with small amounts of free amino acids and nucleotides.

Similarly, bioture—a yeast-derived functional additive enriched in

b-glucans, mannan-oligosaccharides (MOS), nucleotides, small

peptides, and vitamins—was obtained from the same source. All

dry feed ingredients were thoroughly blended, extruded into pellets

(2 mm diameter) using a screw extruder, and subsequently dried by

forced-air convection at 45–50 °C for 24 h until constant weight was

achieved. Final feed pellets were stored in airtight containers at 4°C,

shielded from light until use.

Juvenile hybrid grouper (initial body weight 25.20 ± 1.10 g)

were procured from a hatchery in Haiyang, Shandong Province,

China, and acclimated for three weeks under controlled conditions.

Following acclimation, fish were randomly allocated to nine

treatment groups, each with three replicate tanks (30 fish per

replicate). Individuals were reared for 56 days in 500 L cylindrical

fiberglass-reinforced plastic tanks linked to a recirculating

aquaculture system. Key water quality parameters were
TABLE 1 Formulation and proximate composition of the experimental diets (dry matter, %).

Ingredients
Diet treatments

P0B0 P2B0 P4B0 P0B2 P2B2 P4B2 P0B4 P2B4 P4B4

Fish meal 32.00 32.00 32.00 32.00 32.00 32.00 32.00 32.00 32.00

Fermented soybean meal 18.00 18.00 18.00 18.00 18.00 18.00 18.00 18.00 18.00

Corn Starch 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00

Casein 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00

Gelatin 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

Fish oil 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

Soybean lecithin 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50

Ca(H2PO4)2 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50

Choline chloride 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Compound premix1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Polypeptin 0.00 0.20 0.40 0.00 0.20 0.40 0.00 0.20 0.40

Bioture 0.00 0.00 0.00 0.20 0.20 0.20 0.40 0.40 0.40

Microcrystalline cellulose 7.50 7.30 7.10 7.30 7.10 6.90 7.10 6.90 6.70

Proximate analysis

Crude protein 51.02 50.29 51.33 50.24 50.89 52.10 51.64 52.27 51.86

Crude lipid 10.20 9.56 10.32 10.08 10.47 9.79 10.22 10.50 10.34

Ash 9.66 9.65 8.99 9.35 9.55 9.68 9.90 9.32 9.40

Moisture 7.30 7.35 7.55 7.37 7.50 7.05 7.21 7.02 7.19
fr
1One kilogram of compound premix contained: VA700,000 IU, VD3 200,000 IU, VB1 0.9 g, VB2 1.5g, VB5 4.5 g, VB6 1.0 g, VC 10.0 g, VE 8.0 g, VH 0.1 g, VK3 1.2g, folic acid 0.5 g, nicotinamide
8.0 g, inositol 10.0 g, Fe 20.0 g, Zn 9.0 g, Mn 5.5 g, Cu 1.0 g, Co 0.1 g, Se 0.05 g.
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maintained as follows: dissolved oxygen > 6 mg L-¹, total ammonia

−nitrogen < 0.03 mg L-¹, salinity 28–32 ‰, pH 7.8–8.2, and

temperature 26–30 °C. Fish were hand-fed twice daily (at 08:00

and 16:00) to satiation equivalent to ~3% of their body weight per

day (Zhu et al., 2023). Uneaten feed was collected after each meal to

accurately measure feed intake per tank.

2.2 Sample collection and determination

To standardize gut contents, feed was withheld for 24 h prior to

final sampling. For each tank, total biomass and fish count were

recorded. Individual fish were measured for total length and body

weight. Prior to tissue collection and blood sampling, fish were

anesthetized in an aqueous bath of eugenol (100 mg/L; Sigma-

Aldrich, USA) until loss of equilibrium and cessation of opercular

movement were observed. For euthanasia, overdosing with eugenol

solution (200 mg/L) was applied, followed by severance of the spinal

cord to ensure death before dissection. All procedures involving fish

handling, anesthesia, and euthanasia were conducted in accordance

with the guidelines for the care and use of laboratory animals of

Qingdao Agricultural University.

From each tank, five fish were randomly selected and dissected

to determine viscera and liver weights. Growth performance was

calculated using the following equations (Tacon and Metian, 2008):

Weight gain(% ) = 100
� (Final body weight – Initial weight)=Initial weight

Specific growth rate(SGR,%  day−1)

= 100� ½ln(final weight) – ln(initial weight)�=days

Feed conversion ratio(FCR) = Dry feed intake=Weight gain

Hepatosomatic index(HSI,   % ) = 100� Liver weight=Body weight

Viscerosomatic index(VSI,   % )

= 100� Viscera weight=Body weight

Condition factor(CF,  g · cm−3)

= 100� Body weight=(Total length)3

Immediately after viscera removal, intestines were excised on

ice, gently flushed with prechilled saline to eliminate contents, and

homogenized in phosphate-buffered saline (pH 7.4) containing 0.1

% Triton X−100 at a 1:9 (w/v) ratio. Homogenates were centrifuged

at 10,000 × g for 10 min at 4°C, and the resulting supernatants were

collected for enzyme activity assays.

Digestive enzyme activities—including pepsin, trypsin, amylase,

and lipase—were determined using commercial assay kits (Nanjing

Jiancheng Bioengineering Institute, China) and measured with a

Multiskan Spectrum microplate reader (Thermo Scientific, USA)

according to the manufacturers’ protocols (Hlordzi et al., 2022).
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Pepsin activity was assessed using a casein substrate under acidic

conditions, with absorbance read at 280 nm; one unit of pepsin

activity was defined as the amount of enzyme required to release 1

mg of tyrosine equivalents per minute. Trypsin activity was

measured using Na-Benzoyl-DL-arginine p-nitroanilide as

substrate at 37 °C, with absorbance at 410 nm; one unit was

defined as the amount of enzyme producing 1 mmol of p-

nitroaniline per minute. Amylase activity was determined using

soluble starch as substrate, incubated at 37 °C for 30 min; the

resulting reducing sugars were quantified via the dinitrosalicylic

acid method at 540 nm, with one unit defined as the amount of

enzyme hydrolyzing 10 mg of starch in 30 min. Lipase activity was

measured using p-nitrophenyl palmitate as substrate at 37°C, with

absorbance at 405 nm; one unit was defined as the amount of

enzyme releasing 1 mmol of p-nitrophenol per minute. Total protein

concentration in tissue homogenates was determined using the

bicinchoninic acid (BCA) method, and all enzyme activities were

normalized and expressed as units per milligram of protein (U mg-¹

prot-¹).

Total antioxidant capacity (T-AOC), superoxide dismutase

(SOD), catalase (CAT), and malondialdehyde (MDA) were

analyzed in liver and intestinal tissues using commercial kits

(Nanjing Jiancheng Bioengineering Institute, China) (Xin et al.,

2022). T-AOC was measured by the ferric-reducing antioxidant

power method at 593 nm, while SOD activity was determined via

the xanthine oxidase method at 550 nm, with one unit defined as

the amount of enzyme causing 50% inhibition of the reaction rate.

CAT activity was assessed using the Aebi method with hydrogen

peroxide as substrate, and absorbance was read at 240 nm. MDA

levels were quantified by the thiobarbituric acid reaction method at

532 nm. All assays were conducted in triplicate for each sample.

Results were normalized to tissue protein content determined by the

BCA method using bovine serum albumin as the standard and

expressed as units per milligram of protein (U mg-¹ prot-¹), except

for MDA, which was expressed as nmol mg-¹ prot-¹.

Blood samples were collected from the caudal vein without

anticoagulant prior to euthanasia, allowed to clot at room

temperature, and then centrifuged at 3,000 × g for 10 min at 4°C

to obtain serum. The resulting serum was aliquoted and stored at –

80°C until biochemical analysis, which was conducted within two

weeks. Serum levels of aspartate aminotransferase (AST) and

alanine aminotransferase (ALT) were determined using kinetic

assays based on the reaction of transaminase-generated

oxaloacetate and pyruvate with 2,4-dinitrophenylhydrazine, with

absorbance read at 510 nm and results expressed in U L-¹. Lactate

dehydrogenase (LDH) activity was measured at 340 nm by

monitoring NADH consumption and similarly expressed as U L-

¹. Triglyceride (TG) and total cholesterol (T-CHO) concentrations

were determined through enzymatic colorimetric assays at 510 nm

and reported in mmol L-¹. Cortisol levels were quantified using a

commercial ELISA kit (Nanjing Jiancheng Bioengineering Institute,

China; sensitivity 0.5 ng/mL, assay range 2–200 ng/mL, intra-assay

CV<8%, inter-assay CV<10%), with concentrations calculated from

a standard curve and expressed as ng mL-¹.
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2.3 Pathogen challenge test

Upon completing the 56-day feeding trial, fish from each

dietary treatment group were randomly selected in equal numbers

for a V. harveyi challenge. The target pathogen was originally

isolated from diseased hybrid grouper and authenticated by

morphological profiling, biochemical tests, and 16S rRNA

sequencing, then laboratory-propagated under standardized

conditions to preserve virulence. A single colony from LB agar

was inoculated into LB broth and cultured at 28°C, 180 rpm until

reaching mid-logarithmic phase (OD600 ≈ 0.8), as measured using a

UV–Vis spectrophotometer (Shimadzu UV-1800, Japan). The

bacterial concentration was calibrated by plating serial dilutions

on LB agar followed by colony enumeration. Cells were harvested,

washed twice in sterile PBS, and resuspended to the desired median

lethal dose (LD50). The challenge dose was established through

preliminary trials in which healthy juvenile groupers (n = 20 per

group) were intraperitoneally injected with serial dilutions of

the bacterial suspension (104–108 CFU mL-¹). Mortality was

recorded 96 h post-injection, and probit analysis was used to

calculate the LD50, which was determined to be approximately

1.1 × 107 CFU mL-¹.

Randomly selected fish were lightly anesthetized with 100 mg L-¹

eugenol and intraperitoneally injected with 0.20 mL of the V. harveyi

suspension. Control fish received 0.20 mL of sterile PBS. Fish were

subsequently recovered in aerated seawater, returned to separate

tanks within the same recirculating system, and monitored unfed

for 144 h. Mortality and time of death were recorded continuously;

dead or moribund fish were sampled from the liver, kidney, and

spleen to re-isolate the pathogen and confirm cause of death.

To assess nonspecific immune responses, blood samples were

collected from subsampled fish at 0, 12, and 24 h following the

bacterial challenge (Shi et al., 2022; Zanuzzo et al., 2020). Lysozyme

(LZM) activity was evaluated in serum using the turbidimetric method

with Micrococcus lysodeikticus as the substrate, and absorbance was

measured at 530 nm, with results expressed in U mL-¹. Acid

phosphatase (ACP) and alkaline phosphatase (AKP) activities were

determined using p-nitrophenyl phosphate as the substrate at 37°C,

and absorbance was recorded at 405 nm; enzyme activities were

calculated from standard curves and reported in U L-¹. Serum

immunoglobulin M (IgM) levels were measured using an ELISA kit,

with absorbance read at 450 nm and concentrations expressed in mg
mL-¹, based on calibration against a standard curve.
2.4 Statistical analysis

All data were first tested for normality (Shapiro–Wilk test) and

homogeneity of variances (Levene’s test). Survival data were arcsine

square-root transformed prior to analysis. For variables such as

growth performance, digestive enzyme activity, serum

biochemistry, antioxidant parameters, and disease-resistance

indices, one-way ANOVA followed by Duncan’s multiple range

test (P<0.05) was used when comparing dietary groups. To assess

the individual and interactive effects of polypeptin and bioture, a
Frontiers in Marine Science 05
two-way ANOVA was performed; significant interaction terms

were further explored via simple main-effects analysis. For

nonspecific immune parameters measured at multiple time points

before and after the challenge, paired-sample t tests were employed

for pairwise comparisons. All results are presented as mean ± SD.

Scatter plots and other visualizations were generated using the

CNSknowall platform (https://cnsknowall.com), a web-based data

analysis and visualization service.
3 Results

3.1 Growth performance and feed
utilization

Throughout the 56-day feeding trial, survival rates did not differ

significantly among the dietary treatments, ranging from 92.22 ±

1.92% to 97.78 ± 1.92% (P > 0.05; Table 2). In contrast, final body

weight, weight gain, and SGR demonstrated progressive

improvements with increasing levels of polypeptin and bioture

supplementation. The P4B4 group exhibited the highest values for

final body weight (140.98 ± 6.19 g), weight gain (463.93 ± 24.75%),

and SGR (3.09 ± 0.08% day-¹), all of which were significantly greater

than those observed in the control group (P0B0: 123.99 ± 1.53 g,

395.96 ± 6.11%, and 2.86 ± 0.02% day-¹, respectively; P<0.05).

Intermediate performance metrics were observed in groups

receiving moderate supplementation, such as P4B0, P2B2, and

P0B4. FCR decreased correspondingly with supplementation level,

reaching the lowest value in the P4B4 group (0.67 ± 0.04), which

was significantly lower than that of the control group (0.78 ± 0.02;

P<0.05). No significant differences were observed in VSI or CF

across treatments (P > 0.05). However, HSI declined significantly

with increasing supplementation, with the lowest value recorded in

the P4B4 group (2.59 ± 0.08%), compared with 3.09 ± 1.21% in the

control (P<0.05). Two-way ANOVA revealed significant main

effects of polypeptin on final body weight, weight gain, SGR, FCR,

and HSI (P<0.05 to P<0.001), and of bioture on final body weight,

weight gain, SGR, FCR, and HSI (P <0.01 to P <0.001).

Furthermore, significant interaction effects between polypeptin

and bioture were observed for FCR and HSI (P<0.05 to P<0.01),

suggesting a synergistic influence of the combined supplementation

on feed efficiency and liver condition.
3.2 Digestive enzyme activities

Activities of key digestive enzymes in the intestine, including

pepsin, trypsin, amylase, and lipase, were significantly improved by

dietary polypeptin and bioture supplementation (Figure 1). Pepsin

activity increased markedly from 8.79 ± 1.13 U mg-¹ prot-¹ in the

control group (P0B0) to a peak value of 20.43 ± 0.62 U mg-¹ prot-¹ in

the P4B4 group (P<0.05). Trypsin activity exhibited a similar upward

trend, with the highest level observed in P4B4 (242.82 ± 15.37 U mg-¹

prot-¹), significantly higher than in P0B0 (170.90 ± 12.32 Umg-¹ prot-¹;

P<0.05). Amylase and lipase activities also increased in response to
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supplementation, reaching maximum values in groups receiving both

additives. Amylase activity rose from 0.61 ± 0.07 U/mg protein in P0B0

to 0.87 ± 0.05 U mg-¹ prot-¹ in P4B4, while lipase activity increased

from 18.17 ± 1.99 U g-¹ prot-¹ to 19.81 ± 1.82 U g-¹ prot-¹ (P <0.05 for

both). Two-way ANOVA revealed significant main effects of both

polypeptin and bioture on the activities of all measured enzymes

(P<0.001), except for the effect of polypeptin on lipase activity.

Significant interaction effects were also detected for pepsin, trypsin,

and amylase (P<0.01 to P<0.001), indicating a synergistic enhancement

of enzymatic activity through combined supplementation.
3.3 Serum physio-biochemical indices

Serum concentrations of AST, ALT, LDH, TG, T-CHO, and

cortisol exhibited a significant decline with increasing levels of

polypeptin and bioture supplementation (Table 3). AST activity was

highest in the control group (P0B0: 32.10 ± 1.90 U L-¹) and lowest

in the P4B4 group (21.32 ± 1.06 U L-¹; P<0.05). A similar trend was

observed for ALT, decreasing from 328.62 ± 17.23 U L-¹ in P0B0 to

276.27 ± 14.06 U L-¹ in P4B4 (P<0.05). LDH levels also declined

significantly in the higher supplementation groups, with the lowest

value recorded in P2B4 (14.54 ± 2.00 U L-¹), which was significantly

lower than in P0B2 (18.02 ± 0.79 U L-¹; P<0.05). TG and T-CHO

contents decreased progressively across treatment groups, with the

lowest levels observed in P4B4 (TG: 0.72 ± 0.07 mmol L-¹; T-CHO:

1.84 ± 0.10 mmol L-¹; P<0.05 vs. control). Cortisol levels showed a

marked reduction from 17.42 ± 0.83 ng mL-¹ in P0B0 to 10.92 ±
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0.94 ng mL-¹ in P2B4 (P<0.05). Two-way ANOVA revealed

significant main effects of polypeptin on AST, ALT, TG, T-CHO,

and cortisol (P <0.01 to P<0.001), and of bioture on all measured

indices (P<0.01 to P<0.001). Furthermore, significant interaction

effects between polypeptin and bioture were observed for AST, ALT,

TG, T-CHO, and cortisol (P<0.05 to P<0.01), indicating that the

combined supplementation exerted a synergistic influence on these

biochemical parameters.
3.4 Antioxidant capacity

Dietary supplementation with polypeptin and bioture significantly

enhanced antioxidant capacity in both the liver and intestine (Figure 2).

Liver T-AOC increased from 0.89 ± 0.19 mmol g-¹ prot-¹ in the control

group (P0B0) to 1.52 ± 0.05mmol g-¹ prot-¹ in P4B4, with a comparable

rise observed in the intestine (0.19 ± 0.05 to 0.45 ± 0.09mmol g-¹ prot-¹;

both P<0.05). SOD and CAT activities were consistently elevated across

treatments, with maximum activities detected in P4B4 (liver SOD:

33.95 ± 1.71 vs. 27.70 ± 1.72 U mg-¹ prot-¹ in P0B0; liver CAT: 23.71 ±

1.10 vs. 18.94 ± 1.63 U mg-¹ prot-¹; intestinal SOD: 30.51 ± 2.09 vs.

25.79 ± 2.31 Umg-¹ prot-¹; intestinal CAT: 22.10 ± 1.94 vs. 20.36 ± 0.82

U mg-¹ prot-¹; all P <0.05). In contrast, MDA concentrations declined

significantly, with the lowest levels observed in the P4B4 group (liver:

6.97 ± 0.72 vs. 8.33 ± 0.82 nmol mg-¹ prot-¹ in P0B0; intestine: 5.22 ±

1.46 vs. 6.19 ± 0.90 nmol mg-¹ prot-¹; P <0.05).

Two-way ANOVA indicated significant main effects of both

polypeptin and bioture on all antioxidant indices (P <0.001), except
TABLE 2 Growth performance and feed utilization of juvenile hybrid grouper under different dietary treatments.1.

Dietary
treatments

Survival (%) Final weight (g) Weight gain (%) SGR (% day-1) FCR VSI (%) HSI (%) CF (g cm-3)

P0B0 93.00 ± 3.33 123.99 ± 1.53a 395.96 ± 6.11a 2.86 ± 0.02a 0.78 ± 0.02a 10.92 ± 0.68 3.09 ± 1.21a 3.00 ± 0.19

P2B0 92.22 ± 1.92 123.70 ± 4.55a 394.81 ± 18.19a 2.85 ± 0.07a 0.79 ± 0.04a 10.98 ± 0.40 3.07 ± 0.22a 2.87 ± 0.29

P4B0 95.55 ± 3.85 132.86 ± 2.78bc 431.43 ± 21.17bc 2.98 ± 0.04bc
0.72 ±
0.02bc

11.01 ± 0.55
2.85 ±
0.23ab

2.91 ± 0.19

P0B2 93.22 ± 1.92 126.43 ± 3.37ab 405.71 ± 13.48ab 2.90 ± 0.05ab
0.76 ±
0.02ab

11.16 ± 0.56
2.92 ±
0.16ab

3.02 ± 0.12

P2B2 94.44 ± 1.93 132.81 ± 5.73bc 431.23 ± 22.90bc 2.98 ± 0.08bc
0.72 ±
0.04bc

10.91 ± 0.32
2.77 ±
0.10ab

2.96 ± 0.23

P4B2 96.67 ± 3.34 134.54 ± 4.43bc 438.16 ± 17.72bc 3.01 ± 0.06bc
0.71 ±
0.03bc

10.42 ± 0.26 2.66 ± 0.15b 2.84 ± 0.14

P0B4 97.78 ± 1.92 132.47 ± 3.94b 429.88 ± 15.74b 2.98 ± 0.06bc
0.72 ±
0.03bc

10.77 ± 0.36
2.85 ±
0.27ab

3.05 ± 0.38

P2B4 96.67 ± 3.34 134.14 ± 5.24bc 436.57 ± 20.97bc 3.00 ± 0.07bc
0.71 ±
0.04bc

10.68 ± 0.75 2.65 ± 0.16b 2.99 ± 0.14

P4B4 97.78 ± 1.92 140.98 ± 6.19c 463.93 ± 24.75c 3.09 ± 0.08c 0.67 ± 0.04c 10.32 ± 0.24 2.59 ± 0.08b 2.86 ± 0.16

Two-way ANOVA2

Polypeptin ns ** ** ** *** ns * ns

Bioture ns ** ** ** *** ns ** ns

Interaction ns ns ns ns ** ns * ns
1Data are present as mean ± SD. The superscripted lowercase letters indicate significant differences between the dietary treatments (P<0.05).
2*P<0.05, **P<0.01, ***P<0.001, ns, non-significant.
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for the effect of bioture on liver CAT activity and MDA content.

Significant interaction effects were also detected in both liver and

intestine (P<0.05 to P<0.001), highlighting synergistic improvements

in antioxidant status under combined supplementation.
3.5 Non-specific immune responses

Prior to the V. harveyi challenge, serum nonspecific immune

parameters—including LZM, ACP, AKP, and IgM—were

significantly elevated in groups receiving polypeptin and bioture

supplementation compared with the control, with the highest values

generally observed in the co-supplemented groups, particularly P4B4

(Figure 3; P<0.05). Following the bacterial challenge, all groups

exhibited time-dependent increases in these parameters at 12 and 24

h; however, the increases were more pronounced in supplemented

groups, with peak responses recorded in high-dose co-supplementation

treatments (P<0.05). Independent-samples t tests confirmed significant

post-challenge increases within each treatment group (P <0.05 to

P<0.001). Two-way ANOVA further demonstrated significant main

effects of polypeptin and bioture, as well as their interaction, on all

immune parameters across time points (P<0.01 to P<0.001), with the

exception of bioture on ACP activity at 24 h.
3.6 Disease resistance

During the 144 h pathogen challenge, cumulative survival rates

were significantly enhanced by dietary supplementation with
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polypeptin and bioture (Figure 4). The control group (P0B0)

exhibited the lowest survival, whereas the P4B4 group achieved

the highest, with intermediate survival rates observed in singly or

moderately supplemented groups (P <0.05). Mortality onset was

delayed, and overall mortality was reduced in supplemented groups,

most notably between 48 and 96 h post-challenge. Two-way

ANOVA confirmed significant main effects of both polypeptin

and bioture on survival rates (P<0.01 to P<0.001), as well as a

significant interaction effect (P<0.05), indicating synergistic

protection conferred by combined supplementation.
4 Discussion

The present study demonstrates that dietary supplementation

with a peptide-rich hydrolysate (polypeptin) and a yeast-derived

complex (bioture) exerts both individual and synergistic benefits

on growth, physiological health, and pathogen resistance in

juvenile hybrid grouper. The factorial design enabled the

separation of main and interaction effects, revealing that co-

supplementation improved multiple physiological parameters—

including digestive enzyme activity, antioxidant defense, humoral

immunity, and survival—beyond the additive contributions of the

single additives. These findings complement and extend earlier

research on hydrolyzed proteins and immunonutrients in marine

finfish (Hlordzi et al., 2022; Xin et al., 2022; Zhu et al., 2023),

providing mechanistic insights into how metabolic and

immune pathways converge to enhance resilience in intensive

aquaculture systems.
FIGURE 1

Digestive enzyme activities of juvenile hybrid grouper under different dietary treatments. The superscripted lowercase letters indicate significant
differences between the dietary treatments (P<0.05). Two-way ANOVA: *P<0.05, **P<0.01, ***P<0.001, ns: non-significant.
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Polypeptin supplementation markedly enhanced intestinal

pepsin and trypsin activities, particularly when co-administered

with bioture, suggesting increased proteolytic capacity and more

efficient protein assimilation. These outcomes are consistent with

the established roles of peptide hydrolysates: small peptides and free

amino acids are rapidly absorbed, stimulate digestive secretions,

and modulate enterocyte differentiation and transporter expression

(Ospina-Salazar et al., 2016). In hybrid grouper, hydrolyzed protein

sources have previously been shown to promote intestinal

development and enzyme activity under low-fishmeal diets

(Hlordzi et al., 2022), and similar effects have been reported in

barramundi and turbot (Ospina-Salazar et al., 2016; Wu

et al., 2020).

The observed reductions in HSI and serum lipid levels in

supplemented groups suggest a shift in nutrient allocation from

hepatic storage toward somatic growth. This pattern, previously

linked to improved nutrient utilization from hydrolysates and other

gut-active additives (Hlordzi et al., 2022), reflects both enhanced

digestion and metabolic reprogramming at the whole-organism

level. From an applied perspective, lower HSI values may indicate

alleviation of hepatic lipid accumulation, a common issue in

aquaculture species fed high-energy or plant-based diets. By

improving proteolytic efficiency and redirecting nutrients toward

growth, polypeptin contributes to more sustainable feed utilization

and growth optimization.

In parallel, bioture supplementation provided immunological

benefits that complemented the digestive enhancements of

polypeptin. b-Glucans, as canonical immunomodulators, engage

C-type lectin-like receptors on macrophages and neutrophils,

priming innate immune responses and enhancing downstream

humoral effector production (Petit et al., 2019a; Hadjiamam et al.,
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2022; Zhang et al., 2022). MOS prevent pathogen adhesion,

modulate intestinal microbiota, and strengthen epithelial tight

junctions (Torrecillas et al., 2015; Ding et al., 2022; Lu et al.,

2022). Nucleotides further support leukocyte proliferation,

antibody synthesis, and mucosal repair (Burrells et al., 2001a, b;

Pelusio et al., 2023).

The factorial analysis revealed significant main and interaction

effects for immune indices such as lysozyme, ACP, AKP, and IgM,

both under baseline conditions and post-challenge. These results

suggest that polypeptin provides metabolic substrates to fuel energy-

intensive immune processes, whereas bioture primes sentinel

immune functions. Together, they establish a state of immune

readiness, allowing faster and more effective responses to bacterial

invasion. This dual-pathway mechanism—integrating metabolic

support with immune priming—represents a key innovation of our

approach, contrasting with previous studies that evaluated single

agents in isolation (Xin et al., 2022; Zhu et al., 2023). Similar

synergistic strategies have shown stable improvements in immune

and growth performance when combining b-glucans with

phytogenics or probiotics (Zhu et al., 2023). Our results extend this

concept by quantitatively demonstrating synergistic interactions

between hydrolyzed peptides and yeast-derived complexes.

Another important outcome was the marked enhancement of

systemic antioxidant capacity. Fish receiving co-supplementation

exhibited elevated T-AOC, SOD, and CAT activities, together with

lower MDA concentrations, indicating stronger protection against

reactive oxygen species (ROS) and lipid peroxidation. These results

agree with previous findings that dietary additives such as oregano

oil, prebiotics, and organic acids enhance antioxidant defense and

mucosal integrity (Sun et al., 2021; Zhang et al., 2024). Although

gene expression was not evaluated here, the antioxidant patterns
TABLE 3 Serum physio-biochemical indices of juvenile hybrid grouper under different dietary treatments.1.

Dietary treatments AST (U L-1) ALT (U L-1) LDH (U L-1) TG (mmol L-1) T-CHO (mmol L-1) Cortisol (ng mL-1)

P0B0 32.10 ± 1.90a 328.62 ± 17.23a 17.26 ± 1.44ab 1.21 ± 0.13a 2.58 ± 0.21a 17.42 ± 0.83a

P2B0 31.37 ± 2.56a 310.83 ± 6.81ab 17.43 ± 1.37ab 1.00 ± 0.07b 2.39 ± 0.10ab 15.61 ± 0.52b

P4B0 28.12 ± 1.83b 294.48 ± 7.77bc 16.17 ± 0.78abc 0.93 ± 0.04b 2.24 ± 0.06bc 12.71 ± 0.73cd

P0B2 29.47 ± 0.80ab 328.20 ± 14.91a 18.02 ± 0.79a 1.25 ± 0.13a 2.51 ± 0.11a 15.70 ± 0.71b

P2B2 26.58 ± 1.28b
292.20 ±
21.91bc

16.33 ± 0.83abc 0.91 ± 0.07b 2.11 ± 0.09cd 13.22 ± 1.13c

P4B2 21.74 ± 1.60c 277.52 ± 15.59c 16.29 ± 1.14abc 0.87 ± 0.08bc 2.01 ± 0.07de 11.50 ± 0.54de

P0B4 27.66 ± 1.53b
286.96 ±
14.42bc

15.91 ± 0.94abc 1.03 ± 0.11b 2.44 ± 0.10a 14.57 ± 0.92b

P2B4 22.57 ± 1.08c 276.39 ± 14.78c 14.54 ± 2.00c 0.88 ± 0.10c 2.19 ± 0.05cd 10.92 ± 0.94e

P4B4 21.32 ± 1.06c 276.27 ± 14.06c 15.18 ± 0.59bc 0.72 ± 0.07c 1.84 ± 0.10e 11.12 ± 1.08e

Two-way ANOVA2

Polypeptin *** ** ns ** *** ***

Bioture *** *** ** *** *** **

Interaction ** * ns * ** *
1Data are present as mean ± SD. Superscripted lowercase letters indicate significant differences among dietary treatments (P<0.05).
2*P<0.05, **P<0.01, ***P<0.001, ns: non-significant.
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observed are consistent with activation of the KEAP1–NRF2

pathway, which orchestrates oxidative stress responses in fish

(Li et al., 2023; Wu et al., 2022; Xu et al., 2022). Bioactive

peptides from hydrolysates may directly scavenge radicals and

chelate metals, while b-glucans and MOS likely act indirectly by

strengthening epithelial barriers and reducing inflammation
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(Hadiuzzaman et al., 2022; Lu et al., 2022). Therefore, co-

supplementation not only supports digestion and immunity but

also provides systemic protection against oxidative damage.

The protective efficacy of these dietary treatments was most

evident during the Vibrio harveyi challenge. Co-supplemented fish

achieved the highest survival rates and exhibited delayed onset of
FIGURE 2

Effects of dietary polypeptin and bioture on the antioxidant status of juvenile hybrid grouper. The superscripted lowercase letters indicate significant
differences among dietary treatments (P<0.05). Two-way ANOVA: *P<0.05, **P<0.01, ***P<0.001, ns: non-significant.
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mortality, especially during the critical 48–96 h postinfection

window dominated by innate immune responses. These findings

align with recent evidence that certain feed components can induce

“trained immunity” in teleosts, whereby innate cells undergo

functional reprogramming to mount stronger responses upon

re-exposure (Petit et al., 2019b; You et al., 2024; Wang et al.,
Frontiers in Marine Science 10
2024). The elevated baseline levels of humoral factors (LZM,

ACP, AKP, and IgM) observed before infection, combined with

rapid postchallenge increases, suggest that bioture components act

as training stimuli, while polypeptin provides metabolic

reinforcement. In groupers, vibriosis caused by V. harveyi

remains a major production constraint (Deng et al., 2020; Zhang
FIGURE 3

Non-specific immune responses in juvenile hybrid grouper before and after a 24 h challenge test. The superscripted lowercase letters indicate
significant differences among dietary treatments (P<0.05). Paired t test and two-way ANOVA: *P<0.05, **P<0.01, ***P<0.001, ns, non-significant.
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et al . , 2024) , and previous studies have shown that

immunostimulants can mitigate mortality (Zeng et al., 2024). Our

results advance this field by demonstrating that a defined peptide–

yeast combination provides stronger and more consistent

protection than single agents, likely through metabolic–

immune crosstalk.
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Unlike most previous work that tested hydrolysates, b-glucans,
or MOS in isolation (Sun et al., 2021; Hlordzi et al., 2022; Zhu et al.,

2023), our factorial design revealed genuine synergistic interactions

across digestive, antioxidant, and immune domains. This provides

robust evidence for a mechanism-informed, combinatorial

approach to aquafeed design. Practically, the identified
FIGURE 4

Survival rates of juvenile hybrid grouper under different treatments during a 144 h challenge test. The superscripted lowercase letters indicate
significant differences among dietary treatments (P<0.05). Two-way ANOVA: *P<0.05, **P<0.01, ***P<0.001, ns: non-significant.
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biomarkers could serve as useful endpoints for optimizing feed

formulations and monitoring fish health in farm environments.

Such integrative nutritional strategies are particularly timely as

the aquaculture industry seeks to reduce antibiotic use.

Nutritional interventions that enhance host resilience represent

sustainable alternatives (Hossain et al., 2020). Furthermore, the

ubiquity of Vibrio species in marine ecosystems underscores the

importance of prophylactic approaches that prime rapid innate

defenses, thereby minimizing dependence on therapeutic

treatments and reducing economic losses (Mohd Yazid et al.,

2021; Zeng et al., 2024).

Despite these promising findings, several limitations should be

acknowledged. First, while the three inclusion levels (0, 0.2%, and

0.4%) demonstrated clear synergy, broader dose–response studies

are needed to refine optimal inclusion rates under varying dietary

and environmental conditions. Second, this study focused on

juveniles; extending experiments to other life stages, including

broodstock and grow-out fish, would improve generalizability.

Third, the intraperitoneal challenge model bypasses mucosal

immunity, whereas cohabitation or bath challenges with mixed

pathogens would better simulate field conditions (Deng et al., 2020;

Zhang et al., 2021). Fourth, mechanistic resolution remains

incomplete, and future research should include histological

analyses, microbiome profiling (16S rRNA and metagenomics),

and molecular assays targeting PRR signaling, cytokine

networks, and KEAP1–NRF2 pathway activation (Li et al., 2023;

Wu et al., 2022). Finally, given the ongoing shift toward fishmeal-

free formulations, our results are particularly relevant. Plant-based

proteins often exhibit poor digestibility and limited immunological

functionality; however, the peptide hydrolysates and yeast-derived

compounds examined here may offset these deficiencies. Their

synergistic effects on growth, digestion, and immunity suggest

that they could become key ingredients in next-generation,

sustainable aquafeeds that balance performance with resilience.
5 Conclusion

Our study demonstrates that dietary supplementation with

polypeptin and bioture exerts synergistic effects on juvenile

hybrid grouper, significantly enhancing growth performance, feed

utilization, digestive enzyme activities, antioxidant capacity,

humoral immune responses, and resistance to V. harveyi

infection. A factorial experimental design revealed significant

interaction effects between the two additives, highlighting the

complementary roles of polypeptin in promoting nutrient

assimilation and bioture in modulating immune function. Co-

supplementation yielded superior outcomes compared with

individual administration, supporting the efficacy of an integrated

precision-nutrition strategy that combines digestive optimization

with immunological enhancement. These findings provide robust

evidence for the inclusion of polypeptin and bioture in grouper diets

to foster sustainable aquaculture practices. Further research is

warranted to determine optimal dosing strategies and to elucidate

underlying microbiome dynamics and molecular mechanisms.
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