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A 50-day feeding trial was conducted to evaluate the effects of dietary supplementation with different levels of compound lactic acid bacteria on the growth performance, antioxidant capacity, intestinal microbiota composition, and immunity of the Strongylocentrotus intermedius. In this study, S. intermedius with an initial body weight of 26.47 ± 0.27 g was used as the experimental subject. Based on dietary supplementation with compound lactic acid bacteria (containing 56.15% Lentilactobacillus and 20.59% Acetobacter) at different levels, the subjects were categorized into four experimental groups: 0% (RC), 0.5% (RL), 1% (RM), and 2% (RH). The dietary supplementation with compound lactic acid bacteria significantly improved the growth performance of S. intermedius in the RL, RM, and RH groups, including final body weight (FBW), weight gain rate (WGR), specific growth rate (SGR), and gonadosomatic index (GSI). Furthermore, antioxidant and immune indicators such as total antioxidant capacity (T-AOC), superoxide dismutase (SOD), catalase (CAT), acid phosphatase (ACP), alkaline phosphatase (AKP), and lysozyme (LZM) were significantly enhanced. Notably, compound lactic acid bacteria improved digestive enzyme activities in the intestine and reduced the feed conversion ratio (FCR). Supplementation with compound lactic acid bacteria reduced Arcobacter and Vibrio colonization in the intestinal tract and enhanced the expression of genes related to antioxidant, stress, and immune responses in the RM and RH groups. Overall, 1% compound lactic acid bacteria supplementation in the diet significantly improved growth performance, digestive capacity, non-specific immune ability, and intestinal microbial stability in S. intermedius.
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1 Introduction

Strongylocentrotus intermedius, a marine organism of significant value, belongs to the class Echinoidea within the phylum Echinodermata (Ning et al., 2022). Its gonads are known for their delicious taste and are rich in various amino acids and unsaturated fatty acids, making them highly favored by consumers, especially in certain Asian and European countries (Zuo et al., 2022). In recent years, S. intermedius has become an important economic aquaculture species in northern China, generating an economic benefit of estimated 14 million USD in 2023 (Di et al., 2023). However, with the rapid increase in consumer demand, the sea urchin farming industry has also grown swiftly. This rapid development, however, brings challenges, such as slow growth rates and frequent diseases, which severely hinder the sustainable development of the sea urchin farming industry (Zhang et al., 2025b).

The widespread use of antibiotics to control disease outbreaks and enhance crop yields has long been associated with the development of antibiotic resistance in many bacteria, along with the presence of drug residues in agricultural products, water sources, and soil (Hoseinifar et al., 2018). These residues pose adverse effects and potential threats to the environment and human health (Fečkaninová et al., 2017). Due to the restrictions on antibiotic use, some diseases and water quality deterioration in aquaculture cannot be effectively managed. This has become one of the limiting factors for the development of the aquaculture industry (Amenyogbe et al., 2024). Lactic acid bacteria offer advantages such as being environmentally friendly, safe, and non-polluting, and they do not induce antibiotic resistance (Li et al., 2024). Therefore, they can promote ecological health and sustainability. Numerous studies have demonstrated that the addition of lactic acid bacteria to feed can not only enhance the nutritional and growth performance of aquatic animals but also improve their immune activity and disease resistance (Giri et al., 2020). Therefore, regulating the immunity and disease resistance of aquaculture animals through lactic acid bacteria may represent a potential solution to these challenges.

Probiotics, an emerging field in nutritional immunology, offer significant bioregulatory functions that positively influence the host in various ways, including enhancing immune capacity, inhibiting the proliferation of harmful bacteria, maintaining intestinal microbiota stability, and promoting growth performance (Feng et al., 2020). Probiotics are widely used in aquaculture for disease prevention and treatment (Mohammadi et al., 2021). Additionally, probiotics offer a potential alternative to antibiotics due to their lack of drug residues in the environment, non-polluting characteristics, and ability to reduce antibiotic resistance. In aquaculture, the application of Lactobacillaceae probiotics is particularly extensive, with primary functions that include promoting digestion, enhancing immunity, and balancing intestine microbiota (Li et al., 2018). The intestinal microbiota micro-ecosystem serves as an indicator of the health status in aquatic animals, and the most effective strategy to maintain the balance of the intestinal microbiota is the auxiliary use of probiotics (Meng et al., 2021). Promoting the balance of intestinal microbiota through dietary supplementation of probiotics may directly stimulate the host digestive function (Chen et al., 2020), inhibit the colonization of pathogens in the gastrointestinal tract (Lee et al., 2024), and increase the relative abundance of beneficial bacteria in the intestine (Wang et al., 2022), which in turn improves the growth performance of aquatic animals. However, there is still a lack of adequate research on the changes in the intestinal microbiota of sea urchins caused by probiotics and how these changes affect growth performance, digestive capacity, and nonspecific immunity. Additionally, the changes induced by dietary supplements of different kinds of probiotics may differ.

Previous studies have shown that the addition of lactic acid bacteria can improve the growth performance, intestinal health, and upregulate the expression of immunity-related genes in crucian carp (Carassius auratus) (Zhang et al., 2022; Li et al., 2024). The addition of Bacillus in the diet of sea cucumbers (Apostichopus japonicus) has been shown to improve growth, enhance immunity, and modulate the intestine microbiota (Wang et al., 2022). Supplementing heat-killed Lactobacillus acidophilus in the diet significantly enhances the growth performance, antioxidant capacity, and intestinal barrier integrity and effectively mitigates inflammatory responses in large yellow croaker (Larimichthys crocea) (He et al., 2024). Appropriate supplementation with Bacillus subtilis in the diet has been found to improve growth performance, antioxidant capacity, and immune capacity in red seabream (Pagrus major) (Zaineldin et al., 2018). Additionally, several studies have demonstrated that the simultaneous addition of compound probiotics to the diet effectively promotes the growth performance, digestive capacity, and nonspecific immune function in various aquatic animals, such as rainbow trout (Oncorhynchus mykiss) (Pillinger et al., 2022), shrimp (Litopenaeus vannamei) (Wang et al., 2019), crucian carp (C. auratus) (Zhang et al., 2022), and sea cucumber (A. japonicus) (Liu et al., 2024).

Currently, most research has focused primarily on the application of single probiotics as dietary supplements in aquaculture, while studies on the synergistic effects of compound lactic acid bacteria on aquatic animals remain relatively scarce (Saravanan et al., 2021; Luo et al., 2023). To date, no studies have been reported on the supplementation of compound lactic acid bacteria in the diet of S. intermedius. Therefore, this study supplements varying levels of compound lactic acid bacteria into the diet of S. intermedius to evaluate their effects on growth performance, nonspecific immune function, intestine health, and the expression of related genes, with the aim of providing a scientific reference for the development and application of compound lactic acid bacteria in sea urchin aquaculture.




2 Materials and methods



2.1 Statement of ethics and legitimacy

Since sea urchins are invertebrates, the Ethics Committee of Dalian Ocean University did not require the study to undergo review or approval.




2.2 Preparation of experimental diets

The compound lactic acid bacteria (production batch number Q/DLST 001-2021) used in this study were provided by Dalian Scitech Biotechnology Co., Ltd. (Dalian, China). The total probiotic count was approximately 5 × 108 CFU/mL measured using the dilution plate count method, and the species were identified via cluster analysis of the 16S rDNA sequence prior to the feeding trial. The relative abundance of microorganisms in the compound lactic acid bacteria is as follows: Lentilactobacillus accounted for 56.15%, Acetobacter 20.59%, Staphylococcus 7.33%, Liquorilactobacillus 1.53%, Paenibacillus 1.16%, Bacillus 1.02%, unclassified Lactobacillales 1.70%, and the remaining bacteria, each accounting for less than 1%, constituted “Other”. The relative abundance proportions are presented in Figure 1.




Figure 1 | Relative abundance of microorganisms at the genus level in compound lactic acid bacteria.



In this study, four isoproteic (21%) and isolipidic (3.3%) basal feeds were formulated. Compound lactic acid bacteria were then added to the basal feeds at levels of 0%, 0.5%, 1%, and 2%, and the groups were named RC, RL, RM, and RH, respectively (0, 2.5, 5, and 10 × 108 CFU/mL). The feed formula and general nutritional components are detailed in Table 1. The feed formula was based on previous studies (Lourenço et al., 2020; Ning et al., 2022; Di et al., 2023; Zhang et al., 2025a), which found that a protein content of 20-25% and a lipid content of 2-8% were sufficient to meet the nutritional requirements of sea urchins and enhance their growth performance. All solid ingredients were ground and passed through an 80-mesh sieve. After precise weighing, each feed powder and soybean oil were mixed uniformly using a stepwise amplification method, followed by the addition of approximately 35% water for thorough mixing. Finally, a tablet press (MT-40-I, Xingtai, China) was used to prepare the pellet feed (1 × 1 × 0.1 cm), air-dried, and stored at −20°C. To maintain lactic acid bacteria activity, the feed was prepared every seven days.


Table 1 | Composition and nutrient levels of experimental diets (g/kg).






2.3 Feeding experiment

The S. intermedius was collected from Dalian Feikun Aquaculture Co., Ltd. (Dalian, China). Prior to the commencement of the study, S. intermedius were placed in a pool for 10 days of acclimation to adapt to the water quality and environment of the laboratory. Subsequently, 180 S. intermedius with an initial body weight of 26.47 ± 0.27 g were divided into three replicate groups by randomly assigning them to twelve 50 L tanks (60 × 40 × 23 cm), with each group divided into three replicate tanks and each tank containing 15 sea urchins. Each tank in the recirculating water system had an independent inlet and outlet. The used seawater was uniformly settled, disinfected, filtered, and wastewater was removed. The same amount of seawater was then replenished, chemically treated, and added back into each tank. The water flow rate was maintained at 10 L/min in a continuous circulation, and approximately one-third of the treated fresh seawater was replenished daily. The four different levels of compound lactic acid bacteria feed groups were fed daily at 10:00 AM, and uneaten feed and feces were collected using a siphon before each feeding. The collected wet feed was dried in an oven at 75°C until it reached the same dry weight as the feed provided at the time of feeding in order to measure the feed consumption. The feeding period lasted for 50 days. Air was continuously supplied to the tanks throughout the study. The water’s physicochemical properties during the study were: temperature (17 ± 1°C), pH (7.5 ± 0.5), salinity (30.0 ± 1.0‰), and dissolved oxygen (6.5 ± 0.5 mg/L).




2.4 Sample collection

After the feeding study, S. intermedius were fasted for 24 hours. All S. intermedius were then counted individually, and their wet weights were measured. Subsequently, seven S. intermedius were randomly selected from each tank, and coelomic fluid was extracted using a 1 mL syringe with a 27-gauge needle. The coelomic fluid samples from the seven S. intermedius in each tank were pooled to create a composite sample, resulting in three composite coelomic fluid samples per group. The coelomic fluid was centrifuged (1000 × g, 4°C, 10 min), and the supernatant was collected, snap-frozen in liquid nitrogen, and subsequently stored at −80°C in sterile, enzyme-free 1.5 mL cryovials. Three composite coelomic fluid samples per group were used for subsequent antioxidant capacity and enzyme activity analysis.

Following this, eight S. intermedius were randomly selected from each tank and disinfected with 70% ethanol. Using sterile instruments, the S. intermedius were dissected, and the midgut tissues along with intestinal contents from three randomly selected individuals in each tank were collected and pooled into a single sample for subsequent intestinal microbiota diversity analysis. The digestive tracts and gonads of the remaining five S. intermedius in each tank were separately weighed. The digestive tracts from these five individuals were combined into a composite sample, with three composite digestive tract samples per group. Each composite sample was then individually stored in sterile, enzyme-free 1.5 mL cryovials, snap-frozen in liquid nitrogen, and subsequently stored at -80°C. For subsequent analyses, including digestive enzyme activity assays and real-time quantitative detection of genes related to antioxidation, stress response, inflammation, and immunity, three composite digestive tract samples per group were measured. Before measuring digestive enzyme activity, the digestive tract tissue was accurately weighed. Phosphate-buffered saline (PBS, 0.1 mol/L, pH 7.4) was added at a ratio of 1:9 (weight in grams: volume in milliliters). The mixture was placed in sterile, enzyme-free tubes and mechanically homogenized in an ice-water bath. The homogenized samples were centrifuged (1000 × g, 4°C, 10 min), and the supernatant was collected and stored in sterile, enzyme-free tubes for subsequent digestive enzyme activity analysis.




2.5 Analysis of digestive enzyme activity, immune and antioxidant capacity

Using a commercial assay kit from Nanjing Jiancheng Bioengineering Institute, the digestive enzyme indicators in the digestive tracts and the immune and antioxidant enzyme indicators in the coelomic fluid of S. intermedius were measured. These enzyme activity indicators were measured using spectrophotometry. The kits, catalog numbers, and wavelengths used for each measurement were as follows: lipase (LPS), A054-1-1, 420 nm; amylase (AMS), C016-1-1, 660 nm; pepsin (PEP), A080-1-1, 660 nm; acid phosphatase (ACP), A060-2, 520 nm; alkaline phosphatase (AKP), A059-2, 520 nm; total antioxidant capacity (T-AOC), A015-2-1, 425 nm; superoxide dismutase (SOD), A001-3, 450 nm; malondialdehyde (MDA), A003-1, 532 nm; glutathione-S transferase (GSH-S), A004-1-1, 412 nm; glutathione peroxidase (GSH-PX), A005-1, 412 nm; catalase (CAT), A007-1-1, 405 nm; and lysozyme (LZM), A050-1-1, 530 nm. The measurements were conducted with a visible spectrophotometer (YA152010226, Shanghai Youke Instrument Co., Ltd., China) and a light absorption microplate reader (ReadMax 500F, Shanghai Shining Biotechnology Co., Ltd., China). All measurements adhered strictly to the manufacturer’s instructions to ensure precision and reliability of the results. All test kits were sourced from Nanjing Jiancheng Bioengineering Institute, China (http://www.njjcbio.com).




2.6 Microbial diversity analysis

Total microbial genomic DNA was extracted from S. intermedius intestines using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to manufacturer’s instructions. The quality and concentration of DNA were determined by 1.0% agarose gel electrophoresis and a NanoDrop2000 spectrophotometer (Thermo Scientific, United States) and kept at −80°C prior to further use. DNA samples were amplified by PCR using the primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) for the V3–V4 region of the 16S rRNA gene. The PCR was conducted using TransGen AP221-02 in a total volume of 20 μL with 4 μL 5 × FastPfu Buffer, 2 μL dNTPs (2.5 mM), 0.8 μL of each primer (5 μM), 0.4 μL FastPfu polymerase, 0.2 μL BSA, and 10 ng of template DNA. PCR was performed using GeneAmp® 9700 (Applied Biosystems, USA) and the PCR program was 95°C for 3 min, then 25 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, followed by a final extension at 72°C for 10 min and ended at 4°C. Purified amplicons were pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).

Total reads represent the total number of DNA sequences generated during sequencing, indicating the dataset size. Operational Taxonomic Units (OTUs) were used to group similar microbial organisms based on 97% sequence similarity. Species richness was estimated using the Chao index, which accounts for undetected rare species, and the Ace estimator, which emphasizes rare species to better estimate community diversity. The Shannon index was employed to measure species diversity, considering both richness and evenness, with higher values indicating greater diversity. The Simpson index was also used, reflecting the probability that two randomly selected individuals belong to different species, where lower values suggest higher diversity. The coverage index was applied to assess the completeness of sampling, with values close to 1 indicating that most species were captured.




2.7 RNA extraction and quantitative real-time PCR

The method for extracting RNA from the S. intermedius digestive tract was based on the work of Zuo et al. (2017). The reference gene (18s) and the other target genes were all cited from relevant literature. The sequences of the specific primers are shown in Table 2. Briefly, total RNA was extracted from the intestinal tract of S. intermedius using TianGen’s RNA Easy Fast kit (DP451) and FastKing gDNA Dispelling RT SuperMix (KR118) (TianGen, Beijing, China). The RNA integrity was confirmed via agarose gel electrophoresis using 50× TAE Buffer (B548101) and Agarose, Regular (A620014) (Sangon Biotech, Shanghai, China). cDNA synthesis was performed under the following conditions: incubation at 37°C for 15 minutes, denaturation at 85°C for 5 seconds, and storage of the cDNA at −20°C.


Table 2 | Primers for real-time PCR.



The qPCR was performed by using the FastKing One Step RT-PCR Kit (KR123) (TianGen, Beijing, China). The qPCR employed SYBR Green I chemistry in a 20 μL reaction mixture containing 10 μL 2 × TransStart® Tip Green qPCR Super Mix, 0.8 μL each of forward and reverse primers (20μM), 2 μL of cDNA, and 6.4 μL of RNase-free water. PCR cycling involved an initial denaturation at 95°C for 2 min, followed by 45 cycles of 95°C for 5 s and annealing/extension at 60°C for 10 s, with a final melt curve analysis. Biological replicates were conducted three times, and a blank control group was set up. The relative expression levels of each gene were calculated using the 2-ΔΔCT method.




2.8 Formulas for calculation

	

	

	

	

	

	

The above parameters were established based on the formulas presented by Ning et al. (2022). Ni and Nf represent the initial and final numbers of S. intermedius, respectively. Wi and Wf are the initial and final average body weight of S. intermedius, respectively (both in grams, g); FM is the mean feed consumption (in grams, g) (based on the average feed amount minus the average uneaten feed); T is the feeding trial duration (days); and Wg and Wd are the final wet weights (in grams, g) of the gonads and digestive tracts of S. intermedius, respectively. The following abbreviations are used for body indicators and growth performance: SR, survival rate; IBW, initial body weight; FBW, final body weight; WGR, weight gain rate; SGR, specific growth rate; GWW, gonad wet weight; GSI, gonadosomatic index; DTW, digestive tract weight; DTI, digestive tract index; FCR, feed conversion ratio.




2.9 Data analysis

All data were checked for normality using the Shapiro-Wilk test and for homogeneity of variance using Levene’s test before being statistically analyzed using one-way analysis of variance (ANOVA) in SPSS 29 software. P < 0.05 was deemed statistically significant. Then, Duncan’s multiple range test was used to compare differences in the means between dietary treatments. Data are expressed as mean values ± standard deviation (SD).





3 Results



3.1 Survival and growth performance

During the 50-day study, no mortality was observed in any of the S. intermedius across all experimental groups. The growth performance results of S. intermedius are presented in Table 3. The RM group showed significantly higher values in final body weight (FBW), weight gain rate (WGR), specific growth rate (SGR), gonad wet weight (GWW), and gonadosomatic index (GSI) than the RC, RL, and RH groups (P < 0.05). The RC group (control) exhibited the lowest values for these indicators (P < 0.05). The digestive tract wet weight (DTW) in the RC group was significantly lower than in the other experimental groups (RL, RM, RH) (P < 0.05). No significant differences in digestive tract index (DTI) were observed among the groups (RC, RL, RM, RH) (P > 0.05). The RM group had a significantly lower feed conversion ratio (FCR) than the RC, RL, and RH groups (P < 0.05).


Table 3 | Effect of experimental diets on the survival and growth performance of sea urchins (Strongylocentrotus intermedius) (mean ± SD, n = 3).






3.2 Digestive enzyme activity, immune indicator activity, and antioxidant capacity

In the intestines of S. intermedius from the RM group, the activities of pepsin, lipase, and amylase (except for amylase in the RH group) were significantly higher than those in the other three groups (RC, RL, and RH) (P < 0.05). No significant difference in lipase activity was observed between the RL and RH groups (P > 0.05), but both were significantly higher than in the RC group (P < 0.05). The specific parameters for each biochemical index of S. intermedius are shown in Table 4.


Table 4 | Effect of experimental diets on the intestinal digestive enzyme activities of sea urchins (Strongylocentrotus intermedius) (mean ± SD, n = 3).



With the increased supplementation levels of compound lactic acid bacteria in the S. intermedius diet, the levels of T-AOC, SOD, CAT, GSH-PX, ACP, AKP, and LZM in the coelomic fluid of S. intermedius gradually increased, peaking in the RM group and then decreasing in the RH group. There was no significant difference in GSH-S levels between the RL and RH groups (P > 0.05), but both were significantly higher than those in the RC group (P < 0.05). The MDA level in the RM group was significantly lower than in the RC, RL, and RH groups (P < 0.05). Specific biochemical parameters for each indicator in S. intermedius are presented in Table 5.


Table 5 | Effect of experimental diets on the immune and antioxidant capacity in the coelomic fluid of sea urchins (Strongylocentrotus intermedius) (mean ± SD, n = 3).






3.3 Intestinal microbiota diversity and composition

As shown in Table 6, the coverage rate of intestinal samples in all S. intermedius experimental groups reached 0.999 or higher. The OTU count, Chao index, and Ace index exhibited a trend of initially decreasing and then increasing, with the lowest values observed in the RL group, followed by a gradual increase, reaching the highest values in the RH group. The Shannon index was highest in the RH group, followed by the RL, RC, and RM groups. The Simpson index was highest in the RC group, followed by the RM, RL, and RH groups. According to the Venn diagram in Figure 2, feeding S. intermedius different experimental diets had a varied impact on the number of OTUs in their intestines. The four groups shared 51 OTUs in common, with the RH group showing the highest abundance of unique OTUs (515 OTUs), followed by the RC group (86 OTUs), the RM group (76 OTUs), and the RL group (35 OTUs).


Table 6 | Effect of experimental diets on overall sequences, operational taxonomic units (OTU), alpha diversity indices and richness of intestinal microbiota of sea urchins (Strongylocentrotus intermedius) (n = 1).






Figure 2 | Venn diagram analysis of the intestine microbiota of sea urchin (Strongylocentrotus intermedius) intestines with experimental diets. In Image, different colors represent distinct groups. The numbers in overlapping sections indicate the number of species shared by multiple groups, and the numbers in non-overlapping sections denote the number of species unique to each respective group.



Figure 3A shows the relative abundance of intestinal microbiota at the phylum level for each experimental group. The results indicate that the S. intermedius intestinal microbiota was primarily composed of Proteobacteria, Epsilonbacteraeota, Tenericutes, and Firmicutes. Proteobacteria, as the dominant phylum in the intestine, had relative abundances of 51.64%, 91.40%, 59.21%, and 54.47% in the RC, RL, RM, and RH groups, respectively. Epsilonbacteraeota had the second highest relative abundance in the FC group, at 38.51%. Tenericutes had the second highest relative abundance in the RM group, at 23.34%. Firmicutes had the second highest relative abundance in the RH group, at 19.99%.




Figure 3 | Effects of experimental diets on the relative abundance of intestinal microbiota at the phylum (A), family (B), and genus (C) levels in sea urchins (Strongylocentrotus intermedius).



Figure 3B shows the relative abundance of intestinal microbiota at the family level for each experimental group. The results indicate that the top five families in the intestinal microbiota of S. intermedius are Rhodobacteraceae, unclassified Proteobacteria, Moraxellaceae, Arcobacteraceae, and Vibrionaceae. With the increasing levels of compound lactic acid bacteria added to the diet, the relative abundance of Rhodobacteraceae in the RM and RH groups was significantly higher than that in the RC and RL groups. The relative abundances of Rhodobacteraceae in the RC, RL, RM, and RH groups were 10.63%, 2.23%, 27.82%, and 25.99%, respectively. The highest relative abundance of Moraxellaceae was found in the RL group at 22.06%. The relative abundances of Arcobacteraceae in the RC, RL, RM, and RH groups were 31.88%, 3.93%, 6.88%, and 0.81%, respectively. The relative abundances of Vibrionaceae in the RC, RL, RM, and RH groups were 15.02%, 12.83%, 2.02%, and 0.42%, respectively. With the increasing levels of compound lactic acid bacteria added to the diet, the relative abundances of Arcobacteraceae and Vibrionaceae in the intestinal microbiota of the RM and RH groups significantly decreased.

Figure 3C shows the relative abundance of intestinal microbiota at the genus level for each experimental group. The results indicate that the top five taxa in the intestinal microbiota of S. intermedius are unclassified Rhodobacteraceae, unclassified Proteobacteria, Arcobacter, Vibrio, and Acinetobacter. With the increasing levels of compound lactic acid bacteria added to the diet, the relative abundance of unclassified Rhodobacteraceae in the RM and RH groups was significantly higher than that in the RC and RL groups. The relative abundances of unclassified Rhodobacteraceae in the RC, RL, RM, and RH groups were 5.46%, 1.90%, 22.03%, and 24.45%, respectively. The relative abundances of unclassified Proteobacteria in the RC, RL, RM, and RH groups were 0.02%, 24.88%, 20.72%, and 0.01%, respectively. The relative abundances of Arcobacter in the RC, RL, RM, and RH groups were 31.88%, 3.93%, 6.88%, and 0.81%, respectively. The relative abundances of Vibrio in the RC, RL, RM, and RH groups were 15.02%, 12.83%, 2.02%, and 0.42%, respectively. The relative abundances of Acinetobacter in the RC, RL, RM, and RH groups were 5.40%, 13.17%, 0.90%, and 8.74%, respectively.




3.4 Expression of antioxidant and stress-related genes

As shown in Figure 4, the GPX gene expression in the digestive tract of S. intermedius increased with higher levels of compound lactic acid bacteria, peaking in the RM group before declining in the RH group. The expression of the GST gene in the digestive tract of S. intermedius showed an upward trend, reaching its peak in the RH group. Notably, there was no significant difference in the expression levels of the GPX and GST genes between the RM and RH groups (P > 0.05), but both were significantly higher than those in the RC and RL groups (P < 0.05).




Figure 4 | Effects of experimental diets on the relative expression of antioxidant-related genes in the intestines of sea urchins (Strongylocentrotus intermedius) (normalized to 18S rRNA) (mean ± SD, n = 3). Bars sharing letters are not significantly different (P < 0.05). GPX, glutathione peroxidase; GST, glutathione S-transferase.



As shown in Figure 5, with the increased supplementation levels of compound lactic acid bacteria in the diet, the expression level of HSP70 in the intestines of S. intermedius showed an upward trend, reaching a peak in the RH group. Notably, there was no significant difference between the RM and RH groups (P > 0.05), but both were significantly higher than the RC and RL groups (P < 0.05). The expression level of the HSP1 gene in the intestines of S. intermedius initially increased, peaked in the RM group, and then decreased in the RH group (P < 0.05).




Figure 5 | Effects of experimental diets on the relative expression of oxidative stress-related genes in the intestines of sea urchins (Strongylocentrotus intermedius) (normalized to 18S rRNA) (mean ± SD, n = 3). Bars sharing letters are not significantly different (P < 0.05). HSP70, heat shock protein; HSP1, heat shock protein.






3.5 Expression of immune-related genes

As shown in Figure 6, increasing dietary compound lactic acid bacteria supplementation led to an initial increase in the gene expression levels of LYZ, NLR-6, and 185/331-1 in the intestines of S. intermedius, which peaked in the RM group and declined in the RH group. Specifically, the expression levels of LYZ and 185/331-1 showed no significant difference between the RM and RH groups (P > 0.05), but both were significantly higher than those in the RC and RL groups (P < 0.05). The gene expression level of TLR in the intestines of S. intermedius showed an upward trend, reaching a peak in the RH group. Notably, there was no significant difference in TLR gene expression between the RM and RH groups (P > 0.05), but both were significantly higher than in the RC and RL groups (P < 0.05).




Figure 6 | Effects of experimental diets on the relative expression of immune-related genes in the intestine of sea urchin (Strongylocentrotus intermedius) (standardized to 18S rRNA) (mean ± SD, n = 3). Bars sharing letters are not significantly different (P < 0.05). TLR, toll-like receptor; LYZ, lysozyme. NLR-6, nucleotide-binding domain leucine-rich repeat 6. 185/333-1: 185/333 family member.






3.6 Expression of inflammation-related genes

As shown in Figure 7, the expression level of the COX-2 gene in the intestines of S. intermedius exhibited a downward trend, reaching its lowest point in the RH group. Specifically, COX-2 gene expression in the RH group was significantly lower than in the RC and RL groups (P < 0.05). The expression level of the TNF-α gene showed a trend of initially decreasing and then increasing, reaching its lowest level in the RM group and rising in the RH group. Notably, there was no significant difference in TNF-α gene expression between the RM and RH groups (P > 0.05), but both were significantly lower than in the RC and RL groups (P < 0.05).




Figure 7 | Effects of experimental diets on the relative expression of inflammation-related genes in the intestine of sea urchin (Strongylocentrotus intermedius) (standardized to 18S rRNA) (mean ± SD, n = 3). Bars sharing letters are not significantly different (P < 0.05). COX-2, cyclooxygenase-2; TNF-α, tumor necrosis factor.







4 Discussion

The deterioration of water quality and bacterial diseases in aquaculture have led to substantial economic losses, significantly hindering the industry’s development (Kuebutornye et al., 2019; Ringø et al., 2020). Probiotics, as eco-friendly, non-polluting nutritional additives, represent a potential alternative to antibiotics for controlling bacterial diseases and mitigating water quality issues (e.g., increased ammonia levels, spread of antibiotic-resistant bacteria) (Incharoen et al., 2019; El-Saadony et al., 2021). Previous studies have shown that supplementing the diet with different levels of composite lactic acid bacteria (including Acetobacter spp., Lactobacillus spp., and Pseudomonas spp.) for 60 days can significantly improve the growth performance metrics (FBW, SGR, BWG) of turbot (Scophthalmus maximus) and reduce the FCR (Li et al., 2019). Wang et al. (2022) pointed out in their study that supplementing the diet of sea cucumber (A. japonicus) with 107 CFU/g of probiotics (Bacillus subtilis D1-2) for 56 days significantly improved its growth performance (FBW, WGR) and promoted the colonization of beneficial bacteria (Lactobacillus) in the intestine. The results of this study suggest that supplementing the experimental diet with compound lactic acid bacteria had no effect on the survival rate of S. intermedius but significantly improved their growth performance. Specifically, compared to the control group (RC), the other three experimental groups (RL, RM, RH) showed significant increases in FBM, WGR, SGR, GWW, and GSI, with the RM group demonstrating the most pronounced improvement. This is closely linked to the abundant proteins, polysaccharides, vitamins, and other active substances found in compound lactic acid bacteria (Zhang et al., 2024). These micronutrients and active substances can improve the growth performance of aquatic animals, promote digestion and absorption, and enhance immune function (Chumpol et al., 2017). Additionally, we found that supplementing the diet with composite lactic acid bacteria can further improve growth performance (e.g., WGR, SGR, GWW, GSI). These findings suggest that appropriately supplementing the diet with compound probiotics can offer more abundant nutrients to S. intermedius. Therefore, appropriately supplementing composite probiotics in the diet can be considered one of the potential solutions to enhance the growth performance of S. intermedius.

Intestinal digestive enzymes play a crucial role in enhancing digestion and absorption in the intestine, which can further influence the growth and development of aquatic animals (Li et al., 2019). Previous studies have pointed out that supplementing the feed of sea cucumbers (A. japonicus) with 5 × 108 CFU/mL of compound lactic acid bacteria can significantly improve the activity of amylase, lipase, and pepsin in the intestine. Lee et al. (2024) pointed out that supplementing three different probiotics, all at 108 CFU/mL (Rummeliibacillus stabekisii PM227, Microbacterium oxydans NB29, and Microbacterium foliorum BZ24), in the diet of olive flounder (Paralichthys olivaceus) can significantly enhance growth performance and digestive enzyme activity (amylase, lipase, and protease). Ren et al. (2022) also reported that supplementing the diet of shrimp (L. vannamei) with heat-killed Lactobacillus plantarum (2 × 10¹¹ CFU/mL) and compound probiotics (107 CFU/mL) from Lachnospiraceae, Porphyromonadaceae, and Lactobacillus for 28 days significantly enhanced growth performance and digestive enzyme activity (e.g., lipase and amylase), while also reducing the FCR. Additionally, previous studies have shown that probiotics can enhance the digestive and absorptive capacity of the intestine by stimulating the host’s intestine to secrete digestive enzymes (Chumpol et al., 2017; Torres-Maravilla et al., 2024). In this study, the digestive enzyme activities (pepsin, lipase, and amylase) in the probiotic-treated groups (RL, RM, and RH) were significantly higher than those in the control group (RC). Furthermore, we found that this trend was consistent with the growth performance of S. intermedius, which also exhibited a trend of initially increasing and then decreasing. This indicates that digestive enzymes play a role in enhancing the host’s digestive and absorptive abilities, thereby indirectly improving the host’s growth performance (Wu et al., 2023). Different digestive enzymes have distinct functions. Specifically, pepsin (PEP) can break down proteins into peptides, amylase (AMS) can hydrolyze starch into glucose, and lipase (LPS) can break down fats into glycerol and fatty acids (Peng et al., 2022). The increased activity of these digestive enzymes (PEP, AMS, LPS) accelerates the digestion and absorption of nutrients (such as amino acids, fatty acids, and monosaccharides) in the host’s intestine, thereby improving its growth performance (Zhang et al., 2025b). Additionally, probiotics can digest and ferment non-digestible fibers and polysaccharides, leading to the production of various beneficial short-chain fatty acids (SCFAs). SCFAs play a crucial role in regulating lipid metabolism and maintaining intestinal health in animals (Ma et al., 2009; Dawood, 2021). Through the aforementioned mechanisms and the effects of probiotics, it is evident that an appropriate amount of compound lactic acid bacteria not only enhanced intestinal digestion but also reduced FCR, thereby lowering the economic costs of aquaculture.

Sea urchins primarily rely on their innate immune system (such as cells and coelomic fluid) to resist pathogenic microorganisms (Li et al., 2021). Their immunity is enforced through phagocytosis and the activity of nonspecific immune enzymes (e.g., SOD, CAT, MDA, LZM, AKP, ACP) (Torres-Maravilla et al., 2024). Antioxidants and oxidative free radicals exist in a delicate equilibrium, and any disruption to this balance can have significant impacts on overall health (Zhang et al., 2022). T-AOC reflects the overall antioxidant capacity of all antioxidant systems in the body. SOD can reduce oxidative damage to cells by eliminating superoxide free radicals (O2-) (He et al., 2024). CAT helps reduce the accumulation of hydrogen peroxide, preventing oxidative damage to cells (Wang et al., 2022). GSH-S and GSH-PX play crucial roles in clearing peroxides within cells, protecting them from oxidative damage, and maintaining normal cellular function and health (Wang et al., 2024). AKP, ACP, and LZM are essential in the immune system; increased levels of these indicators enhance immune capacity and defense against pathogens (Yi et al., 2018). AKP, ACP, and LZM contribute to breaking down pathogens, damaging bacterial cell walls, and phagocytizing and eliminating harmful foreign substances, thereby boosting immune strength and defense capacity (Wu et al., 2023). MDA is a primary product of mitochondrial peroxidation and generally reflects the state of oxidative stress and health in animals (Feng et al., 2020). The elevation of MDA results in alterations in the biochemical properties of biomolecules and accumulation in aging and disease, thus rendering it as the most dependable substance for assessing oxidative stress (Gao et al., 2022). The overall antioxidant capacity and antioxidant enzymes help protect cells and organisms from oxidative stress by scavenging reactive oxygen species (ROS) (Qi et al., 2024). Previous studies have demonstrated that adding probiotics to the diet can enhance host antioxidant indicators while reducing MDA levels, thereby decreasing oxidative stress and protecting the organism from damage (Zaineldin et al., 2018; Abdel-Latif et al., 2023). Wang et al. (2021) reported that supplementing common carp diets with 5×108 CFU/mL of Lactococcus lactis Z-2 significantly increased serum LZM and AKP activity, enhanced hepatopancreatic antioxidant indices (T-AOC, SOD, CAT, GSH-S, GSH-PX), and reduced MDA levels. Wu et al. (2023) found that supplementing the diet of koi fish (Cyprinus carpio haematopterus) with different levels of compound probiotics, including Lactobacillus plantarum, Lactobacillus acidophilus, and Pseudomonas aeruginosa, significantly increased the activity of AKP, ACP, CAT, and SOD. Similar results were observed in this study, where supplementing the diet with compound lactic acid bacteria enhanced antioxidant and immune indicators while reducing MDA levels. Improved antioxidant and immune capacities strengthen the organism’s defense mechanisms and resistance to pathogens, thereby decreasing disease incidence (Gobi et al., 2016). Enhanced antioxidant capacity not only helps aquatic animals resist external oxidative stress and prevent tissue damage from excessive responses, but also maintains a stable internal environment for the immune system (Tao et al., 2022). This allows aquatic animals to better adapt to environmental pressures and disease challenges (Cao et al., 2019). This synergistic effect is particularly beneficial in aquaculture, as it can reduce disease-related losses, improve survival rates and growth performance, and ultimately increase the yield of aquatic species (Vijayaram et al., 2024).

The intestinal microbiota is an essential barrier for intestinal health and plays a significant role in the host’s growth, metabolism, and digestion and absorption processes (El-Saadony et al., 2021). Factors influencing the composition of intestinal microbiota include age, diet, and environmental changes (Chen et al., 2024). Studies have reported that compound lactic acid bacteria not only promote digestion but also regulate intestinal microbial communities by colonizing the intestine or producing antimicrobial agents (Qi et al., 2024). In the intestinal microbiota of sea urchins, Proteobacteria often dominate (Li et al., 2022b). Proteobacteria encompass a wide variety of species, including harmful bacteria such as Arcobacter and Vibrio, which can cause digestive system inflammation, and beneficial bacteria such as unclassified Rhodobacteraceae, which enhance digestion and metabolism by producing bioactive substances (Luo et al., 2023). In the results of this study, at the genus level, the relative abundance of unclassified Rhodobacteraceae in the intestine was higher in the RM and RH groups compared to the RC (control) group. Previous research has indicated that Rhodobacteraceae, as beneficial bacteria, play a role in enhancing the stability of the intestinal microbiota community in sea urchins (Li et al., 2021). Additionally, during intestinal metabolism, compound lactic acid bacteria produce bioactive substances such as antimicrobial peptides, fatty acids, and small molecules with antibacterial properties (Zhang et al., 2025b). These compounds not only directly inhibit or kill pathogens but also promote the secretion of digestive enzymes in the intestinal lining (Tao et al., 2024). Compound lactic acid bacteria promote growth, aid digestion and nutrient absorption, improve intestinal microbiota, reduce the relative abundance of Arcobacter and Vibrio in the intestine, and enhance immune function. Ren et al. (2022) showed that compound lactic acid bacteria supplementation in the diet of shrimp (L. vannamei) increased microbial diversity in the intestine and indicated that compound lactic acid bacteria can promote the growth of beneficial bacteria, enhancing the organism’s capacity to adapt to bacterial diversity. Similar results were observed in this study, where supplementation with compound lactic acid bacteria in the experimental groups (RM, RH) increased the diversity of intestinal microbiota (e.g., OTUs, Chao, and Ace indices) and reduced the relative abundance of Arcobacter and Vibrio at the genus level. Previous studies have reported that beneficial bacteria, such as lactic acid bacteria and Rhodobacteraceae, can inhibit pathogens by producing short-chain fatty acids, diacetyl, hydrogen peroxide, and bactericidal proteins (Verschuere et al., 2000; Hai, 2015). Moreover, Rhodobacteraceae compete with pathogens for adhesion sites in the intestine, effectively preventing pathogen colonization and enhancing the host’s disease resistance. This competitive mechanism helps maintain intestinal microbial balance and reduces the invasion of harmful microorganisms (Chizhayeva et al., 2022). Results from this study indicate that as the proportion of compound lactic acid bacteria increased, the abundance of Arcobacter and Vibrio at the genus level in the RM and RH groups decreased noticeably compared to the control group (RC). We also found that the reduction in the abundance of Arcobacter and Vibrio corresponded with an increase in growth performance indicators (e.g., FBM, WGR, SGR) in the RM and RH groups. This finding further demonstrates that adding compound lactic acid bacteria can not only reduce the colonization of harmful bacteria (Arcobacter and Vibrio) in the host’s intestine but also enhance the host’s growth performance (Zan et al., 2023). Based on the findings of this study, it can be inferred that compound probiotics can alleviate the stress caused by harmful substances in the environment by reducing the colonization of Arcobacter and Vibrio in the intestine and increasing microbial diversity in the intestinal tract (e.g., OTU, Chao, and Ace indices). Additionally, probiotics can minimize the damage these harmful substances cause to the intestine (Hassaan et al., 2021; Saba et al., 2024).

Probiotics play a role in regulating the immune system by modulating the gene expression associated with oxidative stress, immunity, and inflammation, thereby enhancing both immune and antioxidant indicators (Yang et al., 2015; Zhang et al., 2025a). HSP70 and HSP1 are involved in recognizing and eliminating pathogens, and they protect cells from damage caused by oxidation or stress by regulating their expression levels (Ren et al., 2013). The GPX and GST genes can eliminate organic peroxides to protect the body from ROS damage and can help the body adapt to adverse conditions by enhancing antioxidant capacity (He et al., 2024). The TLR, LYZ, NLR-6, and 185/333-1 genes play important roles in the immune defense of sea urchins (Li et al., 2022a). TLR can recognize pathogen-associated molecules, activating inflammatory responses and the production of antimicrobial peptides (Nguyen et al., 2022). LYZ can lyse bacterial cell walls, directly killing bacteria (Feng et al., 2020). NLR-6 emits stress signals after recognizing pathogens, which can activate immune responses (Liu et al., 2023). The 185/333-1 gene encodes diversified proteins that enhance the recognition and defense capabilities against pathogens (Zhang et al., 2025b). TNF-α and COX-2 jointly regulate immune and inflammatory responses in sea urchins (Li et al., 2022a). TNF-α enhances the sea urchin’s resistance to pathogens by promoting inflammation and apoptosis (El-Kady et al., 2022). COX-2 is increased under inflammatory stimulation and catalyzes the production of prostaglandin E2 (PGE2), promoting vasodilation, leukocyte aggregation, and the release of inflammatory mediators, thereby enhancing local inflammatory responses and improving the organism’s defense (Li et al., 2022a). Together, these two factors enhance the immune defense capability of sea urchins, protecting them from pathogen invasion. In a previous study, Giri et al. (2020) found that supplementing the diet of carp (Cyprinus carpio) with heat-killed Pseudomonas aeruginosa strain VSG2 significantly increased the expression of antioxidant genes (SOD, GPX, CAT). In another study, Büyükdeveci et al. (2023) found that supplementing the diet of Nile tilapia (Oreochromis niloticus) with 1×108 CFU/g of probiotics (Bacillus mojavensis B191 and Bacillus subtilis MRS11) for 60 days significantly enhanced the expression of the HSP70 gene, while simultaneously downregulating the expression of the TNF-α gene. Tao et al. (2022) found that supplementing the diet of largemouth bass with compound probiotics (Bacillus subtilis, Lactobacillus plantarum, and Saccharomyces cerevisiae) for 8 weeks significantly increased the gene expression levels of GPX, GST, and SOD, while downregulating the expression of the TNF-α gene. This study found that supplementing the diet with compound lactic acid bacteria increased the upregulation of oxidative stress and immune gene expression in sea urchins. Specifically, the expression levels of HSP70, HSP1, GPX, GST, TLR, LYZ, NLR-6, and 185/333-1 genes in the RM and RH groups were significantly higher than those in the RC (control) and RL groups. We speculate that this may be due to the activation of the expression of these genes by compound lactic acid bacteria, thereby enhancing the activity of the immune system and improving the organism’s immunity and antioxidant stress resistance. This enables aquatic animals to better cope with external environmental pressures and protects them from pathogen invasion (Saba et al., 2024). Additionally, we observed in this study that the expression levels of COX-2 and TNF-α genes in the intestines of the RM and RH groups were significantly lower than those in the control group (RC group). We speculate that this may be due to the supplementation of compound lactic acid bacteria in the diet, which increases the relative abundance of beneficial microbes (such as Rhodobacteraceae) in the host’s intestine and reduces the colonization of harmful bacteria (such as Vibrio and Arcobacter). This, in turn, leads to a decrease in the expression levels of inflammation-related genes. This further demonstrates that the expression of related genes and the intestinal microbiota are interconnected. Therefore, appropriately supplementing the diet with compound lactic acid bacteria can improve the relative expression of genes related to oxidative stress, immunity, and inflammation in aquatic animals, thereby enhancing the immune capacity and health status of the intermediate sea urchin.




5 Conclusion

This study demonstrates that supplementing the diet of S. intermedius with 1% compound lactic acid bacteria optimally enhances its growth performance, antioxidant capacity, and immune function. At this level, intestinal microbiota richness and stability improved significantly, alongside upregulated expression of genes related to antioxidants, stress response, and immunity. The supplementation also lowered inflammation-related gene expression and reduced FCR, decreasing aquaculture costs. Thus, incorporating 1% compound lactic acid bacteria in S. intermedius diets strengthens immune defenses, boosts overall health, and enhances resistance to environmental pathogens, ultimately benefiting sea urchin aquaculture productivity.
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OEBPS/Images/table4.jpg
Experimental diet

Parameter

RL RM
Pepsin (U/mg prot) 5.90 +0.02" 650 + 0.02° 7.30 + 0.04¢ 6.79 + 0.02°
Lipase (U/mg prot) 435 +0.20° 573 +0.22° 692 + 039 6.15 + 0.19°
Amylase (U/mg prot) 538 + 0.36" 643 + 034" 7.82 + 0.44° 730 + 0.44°

Mean values with the different superscript letters within the same row are significantly different at P < 0.05.
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Experimental diet

Indices
RL RM

SR (%) 100 + 0.00° | 100 = 0.00° | 100 + 0.00° 100 = 0.00*

IBW (g)° 2645 + 032" | 2647 + 031° | 2648 + 0.32° 265+ 031°
FBW (g)° 3483 + 033" | 3627 +0.16° | 37.82+0.12¢ 3672 +0.1°
WGR (%)* 31.68 £ 229" | 37.06 + 1.07°  42.84 + 1.55° 3859 +1.28"
SGR (%/d)® 055+ 004" | 063 +002° | 071 +002° 0.5+ 0.02°
GWW (g)° 7.7 + 0.16° 876+ 0.17° | 9.84+0.15% | 921 +0.19°
GSI (%)” 22.1 049" | 2414+ 053" | 26.03 + 048  25.07 +0.44°
DTW (g)® 115+ 003" | 123+002°  127+003" 124 +0.02"
DTI (%)° 3.3+ 0.12° 34+005 | 336+009°  3.37+006
FCR (%)"° 138 £0.02¢ | 128+001° | 1.13+0.01° 1.2 +0.02°

Mean values with the different superscript letters within the same row are significantly
different at P < 0.05. 'SR, survival rate. “IBW, initial body weight. >FBW, final body weight.
“WGR, weight gain rate. "SGR, specific growth rate. ‘GWW, gonad wet weight. "GSI,
gonadosomatic index. ®DTW, digestive tract weight. °DTI, digestive tract index. '’FCR,
feed conversion ratio.





OEBPS/Images/fmars-12-1525330-g002.jpg





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Marine Science





OEBPS/Images/M1.jpg
Survival rate(SR, % ) = Nf /Ni x 100,





OEBPS/Images/fmars-12-1525330-g001.jpg
100

80

(o)}
o

Relative Abundance (%)
N
o

20

Lentilactobacillus
Acetobacter
Staphylococcus
Liquorilactobacillus
Paenibacillus

Bacillus
unclassified_Lactobacillales
Other





OEBPS/Images/M5.jpg
Digestive tract index(DTT, %






OEBPS/Images/M4.jpg
Gonadosomatic index(GS1, % ) = Wg/Wf x 100,





OEBPS/Images/fmars-12-1525330-g005.jpg
¢ g\ v —)

0/ dSE JO UOISSaIdXd dANIR[Y

RC RL RM RH

@\ o e

[ dSH JO U0ISSaIdxd ATIR[Y

RC RL RM RH





OEBPS/Images/fmars-12-1525330-g006.jpg
1L JO uoIsSaIdxd oAnR[Y

RC RL RM RH

7X’T JO U01SSaIdXd dANR[Y

RC RL RM RH

9-3TN JO UOISSa1dXd JATIR[Y

RC RL RM RH

[-€€£/CQT JO UOISSAIAXd dATIR[Y

RC RL RM RH





OEBPS/Images/table6.jpg
Experimental diet

Parameter
RL RM

Total reads 54816 40366 50399 68306

OTU 239 187 265 675

Chao . 242.111 ' 188.364 283.000 698.850

Ace ' 240.859 189.200 289.976 696.273
7 Shannon l 3.018 3.129 2.948 4.110

Simpson 0.132 0.103 0.115 0.052

Coverage 1.000 1.000 0.999 0.999

Each value represents the mixed sample of nine sea urchins per group treatment.
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Annealing Amplicon Amplification

temperature (°C) size (bp) efficiency (%) RS

Primer sequence (5'-3')

F: GTTCGAAGGCGATCAGATAC
18s 56 145 96 D14365.1
R: CTGTCAATCCTCACTGTGTC

F: ACACTCATCTCGGAGGAG
HSP70 58 143 101 KF860046.1
R: CTTTCTTATGCTTTCGCTTGA

F: GGTCTGGAGGATGCGGGAGTAG
HSP1 60 147 103 591088
R: TTGGTGGGTGAATCGCTTGTGAG

F: GCTCTTGCTATCTCGGCTCAC
185/333-1 58 146 102 Li et al. (2022a)
R: AAGCGACCTTGTCCTCTCTCTCT

F: CGAGTTTGAGAAGCGTGGTG
GPX 58 148 97 Li et al. (2022a)
R: GGATCAGCTATGATTGGGTATGG

F: CTCGGAGATTCGCTCACCA
GST 58 142 9 Li et al. (2022a)
R: GCTGGCTGGAGAAATGAACAA

F: TCAAATGGAGCCCGTATGTAGAG
TLR 59 144 104 Li et al. (2022a)
R: CTAATGTCCCCTGCTCTGCCA

F: GAGACGGTACAGGGCTACA
LYZ 56 140 98 Li et al. (2022a)
R: CGGGCAAAATCCTCACAAG

F: GTTCAGGGAGAGGCAGG
NLR-6 56 142 97 Li et al. (2022a)
R: CATGGGCGAGTGGTCAC

F: GAGGTGGATAACCGATTGA
COX-2 60 143 102 MH516324
R: AGCATTGCCCATAGAACAG

F: GCTGTAACGGCGTTCGTCTCC
TNF-o 615 145 104 MH516331
R: TGGTGTACTTGTGCTGGTTGTTGG

HSP70, heat shock protein 70; HSPI, heat shock protein 1; 185/333-1, 185/333 family member; GPX, glutathione peroxidase; GST, glutathione; TLR, toll-like receptor; LYZ, lysozyme; NLR-6,
nucleotide-binding domain leucine-rich repeat 6. COX-2, cyclooxygenase-2; TNF-e;, tumor necrosis factor.
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OEBPS/Images/table1.jpg
Experimental diet

Ingredient

RL RM
Fish meal' 40 40 40 40
Soybean meal® 130 130 130 130
kelp meal® | 405 | 405 405 405
Wheat meal* 300 300 300 300
Wheat gluten’ 50 | 50 50 50
Compound probiotics® 0 | 5 10 20
Soybean oil 20 20 20 20
Vitamin mixture’ 10 10 10 10
Mineral mixture® 10 | 10 10 10
Monocalcium phosphate 10 10 10 10
Calcium propionate 1.8 | 1.8 1.8 1.8
Choline chloride 1.2 1.2 1.2 1.2
Microcrystalline cellulose 22 17 | 12 2
Total 1000 1000 1000 1000
Analyzed nutrients (% on a dry basis)
Moisture 8.16 8.17 8.15 8.19
Crude lipid | 3.26 | 3.27 3.28 3.29
Crude protein 20.85 | 20.86 20.88 20.89

! Fish meal protein content of 60% provided by Technologic De Alimentos S.A. *Soybean meal
protein 40%. *Kelp meal protein 10.31%. “Wheat meal protein content of 13% provided by
COFCO Limited. *Wheat gluten protein 85%, crude lipid 2.8%. *Compound probiotics were
supplied by Dalian Scitech Biotechnology Co., Ltd. ’Vitamin mixture guaranteed value of
effective component analysis: (vitamin B1, 10000 mg/kg vitamin B2, 10000 mg/kg vitamin B6,
10000 mg/kg moisture < 10% carrier anhydrous glucose), provided by Guangzhou Nanfang
Biotechnology Co., Ltd. ®*Mineral mixture guaranteed value of effective component analysis
(Cu, 6000-10000 mg/kg Fe, 30000-50000 mg/kg Zn, 6000-10000 mg/kg Mn, 15000-25000 mg/
kg mg, 8000-13000 mg/kg.), provided by Anhui Zhuoke Biotechnology Co., Ltd.
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Experimental diet

Parameter
RL RM

T-AOC (U/mL)" 325 +0.19° 4,09 +022° 584 +0.26% 4.60 + 0.26°
SOD (U/mL)* 61.10 + 0.33° 64.37 + 033 7647 +0.33¢ 73.52 £ 0.33°
CAT (U/mL)’ 217 £0.14° 351 +0.16° 459 +0.07¢ 4.11 £ 0.09¢
MDA (nmol/mL)* 0.64 = 0.04¢ 053 +0.03° 028 +0.03* 037 +0.01°
GSH-$ (U/mL) 7.58 +0.61" 939 + 052" 1L11 + 0.46° 939 +0.52°
GSH-PX (U/mL)* 1061 + 035" 13.88 + 071° 1735 +0.35¢ 1571 £ 0.35°
ACP (U/100mL)” 1.93 +0.04* 237 008" 318 £ 0.12¢ 285 +0.12°
AKP (KU/100mL)* 1.65 + 0.08 202 = 008" 2.76 + 0.08° 239 +0.06°
LZM (U/mL)° 335+ 0.19° 421+ 024" 6.05 +0.36° 537 +0.34°

Mean values with the different superscript letters within the same row are significantly different at P < 0.05. "T-AOC, total antioxidant capacity. 2SOD, superoxide dismutase. *CAT, catalase.
*MDA, malondialdehyde. *GSH-S, glutathione S-transferase. °GSH-PX, glutathione peroxidase. "ACP, acid phosphatase. *AKP, alkaline phosphatase. LZM, lysozyme.





