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Introduction

Bacillus species are probiotics commonly utilized in aquaculture to enhance aquatic animal growth, inhibit pathogens, and strengthen immunity. However, research comparing the effects of probiotic bacterial cells and cultures is limited. This study aimed to evaluate the probiotic potential of Bacillus licheniformis strain HN318 and compare its impact on growth, immunity, and disease resistance in hybrid grouper when administered as bacterial cells or cultures.





Methods

The study involved assessing the auto-aggregation capability, gastrointestinal stress resistance, and safety of HN318. Enzymatic activities and antibacterial properties of HN318 cultures and bacterial cells were also compared. Hybrid grouper were fed with HN318 cultures and bacterial cells for 8 weeks, and their growth, feed utilization, immune responses, and survival rates upon challenge with Vibrio harveyi were evaluated. Additionally, the expression of immune-related genes was analyzed.





Results

HN318 exhibited high auto-aggregation and gastrointestinal stress resistance, and was found to be safe for use in aquaculture. Cultures of HN318 displayed higher protease, amylase, and antibacterial activities compared to bacterial cells. Both forms significantly improved growth and feed utilization in hybrid grouper. Notably, HN318 cultures induced higher levels of immune enzymes and activities, and provided better protection against V. harveyi challenge, with a higher relative percent survival compared to bacterial cells. Furthermore, HN318 cultures upregulated the expression of immune-related genes more than bacterial cells.





Discussion

This study highlights the potential of both HN318 cultures and bacterial cells as immune enhancers for hybrid grouper. However, HN318 cultures demonstrated superior probiotic properties, including higher enzymatic activities, antibacterial properties, and immunomodulatory effects. These findings provide new insights and references for the diverse application forms of probiotics in aquaculture, suggesting that cultures may be more effective than bacterial cells in enhancing the health and performance of aquatic animals.
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1 Introduction

The hybrid grouper is a first-generation hybrid between Epinephelus polyphekadion (♂) and E. fuscoguttatus (♀), which has emerged as one of the significant varieties in Hainan’s grouper aquaculture in recent years (Huang et al., 2018). However, the shift towards large-scale and intensive farming practices has increasingly exposed the aquaculture industry to various diseases (Torrecillas et al., 2007). Bacterial infections are a significant concern in grouper aquaculture, resulting in substantial economic losses and environmental impacts (Xu et al., 2018). While antibiotics have been commonly used to control these diseases, their overuse has resulted in antibiotic-resistant bacteria, posing risks to both human health and the environment (Baquero et al., 2008; Magnadottir, 2010; Resende et al., 2012; Mathialagan et al., 2018). To address these concerns, probiotics are emerging as a promising alternative (Qi et al., 2009; Dawood and Koshio, 2016). Probiotics, or beneficial microorganisms, enhance the health of aquatic animals by competing with pathogens, producing antimicrobial substances, and boosting the immune system (Gómez and Shen, 2008; Kesarcodi-Watson et al., 2008). This approach not only reduces the need for antibiotics but also supports sustainable aquaculture by maintaining ecosystem balance and ensuring the production of safe, high-quality seafood.

Probiotics, when applied in their live bacterial form to aquaculture, offer several advantages. It has been reported that the addition of Bacillus licheniformis Dahb1 bacterial cells can enhance the growth performance and antibacterial resistance of the Pangasius hypophthalmus (Gobi et al., 2016). Huang et al. (2023) revealed the beneficial effects of B. licheniformis VLPPro® SB538 supplementation on the culture water quality, growth performance, and intestinal health of hybrid grouper. In Labeo rohita, B. licheniformis supplementation or combination supplementation of B. licheniformis and B. methylotrophicus could improved the growth response, immune, hematological parameters, and post-challenge survival rate (Mukherjee et al., 2019). Consequently, dietary supplementation of B. licheniformis was noticed to enhance growth, immunity and disease resistance in fish. Moreover, the presence of live probiotic cells in the water can contribute to a stable and healthy aquatic environment by modulating the microbial community.

In addition to the use of live probiotic cells, probiotic cultures and their bacteria-free supernatants also have potential benefits, especially in terms of improving host disease resistance (Chen et al., 2009; Xiong et al., 2015; Midhun et al., 2017; Lin et al., 2021; Zhang et al., 2022). For example, studies had shown that probiotic cultures are superior to probiotic cells in improving fish growth performance and disease resistance (Pichard et al., 1995; Lin et al., 2021). The cultures of B. amyloliquefaciens has superior antibacterial properties compared to the bacterial cells, which is attributed to the production of secondary metabolites with antibacterial activity (Chen et al., 2009). Paenibacillus polymyxa, heat-inactivated P. polymyxa, and sterile fermentation supernatant all exhibited bactericidal activity against the tested pathogens, with the supernatant showing the strongest inhibitory effect (Midhun et al., 2017). The dietary levan produced by B. licheniformis FRI MY-55 could be an effective method for enhancing the growth performance and disease resistance in orange-spotted grouper (Huang et al., 2014). The primary reason for the enhanced disease resistance in fish provided by probiotics may be due to the production of bacteriocins, siderophores, antibiotics, lysozymes, and other bioactive substances (Gram and Melchiorsen, 1996). Nevertheless, the application of probiotic cultures in aquaculture has been less explored compared to the use of probiotics bacterial cells. In particular, the probiotic effects of B. licheniformis cultures are unclear and there is no comparative study on the application effect of B. licheniformis cultures and its bacterial cells. Further research is needed to fully understand the impact of these fermentation products on the health and well-being of aquatic animals, as they may provide an alternative or complementary approach to traditional probiotic applications.

This study assessed the probiotic characteristics of B. licheniformis HN318 by evaluating its hemolytic activity, adhesiveness, tolerance to simulated gastric and intestinal fluids, and safety. In addition, the extracellular enzyme activity and antibacterial activity of both the B. licheniformis bacterial cells and its cultures were compared. Based on this, we further explored and compared the effects of dietary supplementation with B. licheniformis HN318 bacterial cells and cultures on the growth, non-specific immunity, and disease resistance of hybrid grouper, providing a theoretical basis for its application in the growth and disease prevention of groupers.




2 Materials and methods



2.1 Preparation of probiotic bacterial cells and cultures

Bacillus licheniformis strain HN318 used in the present study was isolated from the intestine of healthy grouper, identified by 16S rDNA sequencing, and preserved by our laboratory. The well-preserved HN318 strain was activated, inoculated into Zobell Marine Broth 2216 (2216E, Qingdao Hope Bio-Technology Co. Ltd, China), and cultured at 37°C until the OD600 reached 1.0, which was obtained as the HN318 cultures. To prepare the HN318 bacterial cells, the HN318 cultures were obtained and then added to a 50 mL centrifuge tube, centrifuged at 4°C and 4000 rpm for 12 min. The supernatant was discarded, and the pellets were washed twice with phosphate buffered saline (PBS). The bacterial concentration was then adjusted to match the original culture concentration using PBS.




2.2 Probiotic tolerance test



2.2.1 Cell surface hydrophobic activity

Cell surface hydrophobic activity was determined according to our previously described method (Sun et al., 2018). Briefly, 1.5 mL of HN318 bacterial cells was taken out and mixed with chloroform, xylene or ethyl acetate in 1:1 ratio, respectively, and shaken with a vortex shaker for 2 min. Then let the mixture stand at room temperature for 8 h. 100 μL of the aqueous phases (the aqueous phases of xylene and ethyl acetate in the lower layer, and the chloroform one in the upper layer) were pipetted at 0, 1, 2, 4, 6, and 8 h, respectively, and the absorbance values at 600 nm were measured in a microplate reader (Thermo Fisher Scientific, BioTek, USA). The hydrophobicity was determined using the following expression: Hydrophobicity (%) = (A0-At)/A0 × 100, A0 is the absorbance without mixing with carbohydrates and At is the absorbance value of the aqueous phase after mixing with organic solvents and resting. The experiment was repeated three times.




2.2.2 Auto-aggregation activity

The auto-aggregation activity was detected following our previously outlined methodology (Sun et al., 2018). 4 mL of HN318 bacterial cells was taken and vortexed for 10 s, left at room temperature, and the change in absorbance of the supernatant at 600 nm was measured at 1, 2, 4, 6, and 8 h. The percentage of auto-aggregation was determined by the following formula: auto-aggregation (%) = [1-(At/A0)] × 100%, where At denotes the absorbance at different times, and A0 denotes the absorbance at 0 h. The experiment was repeated three times.




2.2.3 Tolerance to simulated gastrointestinal stresses

Simulated gastrointestinal stress tolerance was analyzed according to the method described in a previous study (Manhar et al., 2015). Briefly, simulated gastric fluid (SGF) was formulated in PBS through the addition of pepsin at a concentration of 0.3 mg/mL and NaCl at 0.5% (w/v), with the pH adjusted to either 3.0 or 4.0. This mixture was subsequently filtered utilizing a 0.22 μm filter membrane. Differently, simulate intestinal fluid (SIF) was formulated by incorporating pancreatin (Sigma, Germany) at a concentration of 0.1 mg/mL and 0.3% (w/v) of Oxgall (Solarbio, Beijing, China) into PBS. The pH of this mixture was adjusted to either 6.8 or 8, and subsequently, the solution was filtered through a 0.22 μm filter membrane. Then, 100 μL of HN318 bacterial cells was withdrawn and added separately to SGF and SIF. Subsequently, both mixtures were incubated at 37°C in a constant temperature incubator. After 0, 1, 2 and 4 h of incubation, the 10-fold gradient dilution mixture was coated and then counted, and the survival rate of HN318 was calculated using the formula: survival rate (%) = (Nt/N0) × 100, where Nt is the number of surviving cells at 1, 2 or 4 h, and N0 is the number of cells at 0 h. The experiment was repeated three times.





2.3 Security assessment



2.3.1 In vitro hemolysis assay

Under sterile conditions, the HN318 bacterial cells was streaked onto the blood agar plate (HuanKai Biology, Guangdong, China) and cultured in a 37°C incubator for 24 h to observe whether hemolysis occurred on the plate. In addition, Staphylococcus aureus was streaked onto the blood agar plate as a positive control. The experiment was repeated three times.




2.3.2 Drug sensitivity tests

100 μL of HN318 bacterial cells was taken and spread evenly with a sterile applicator stick on the 2216E solid medium. Thirty-five kinds of drug sensitivity disks were attached to the plates coated with HN318 with sterile tweezers. Each drug sensitivity disk was set up in 3 parallels and incubated overnight in an incubator at 37°C. The diameter of each inhibition circle was measured to determine the sensitivity of HN318 to various antibiotics, using the standard of interpretation for the range of inhibition provided by the drug sensitivity disks. The experiment was repeated three times.




2.3.3 In vivo safety

HN318 bacterial cells was prepared by following the method outlined in 2.1. Healthy hybrid grouper (average weight: 15.18 ± 1.25 g, average length: 8.57 ± 1.32 cm) were purchased from Changjiang Chengzhe Biological Limited Liability Company. Before experiments, fish were transiently reared in a recirculating water system for seven days. A total of 60 fish were divided into two groups. Within each group, 30 fish were then randomly assigned to three sub-groups, with each sub-group consisting of 10 fish. The experimental group was intraperitoneally injected with 100 μL of HN318 bacterial cells, whereas the control group received an equivalent volume of PBS via the same route. The health status of hybrid grouper was observed within 14 days after injection, and the mortality rate was recorded daily to evaluate the safety of HN318.





2.4 Enzyme-producing activity of HN318 cultures and its bacterial cells

The HN318 cultures and its bacterial cells were prepared and their activities of amylase production and protease production were compared. Briefly, two 7 mm holes were drilled on 2216E solid medium containing 1% soluble starch, and 80 μL of HN318 cultures and HN318 bacterial cells were added to the holes, respectively, and cultured in a constant temperature incubator at 37°C for 12 h. Then, the plate is covered with a 10-fold dilution of Luckett’s iodine solution, and left it to stand until a transparent ring appears. The activity of amylase production was judged according to the diameter of the transparent ring (mm). Similarly, 2216E solid medium containing 1% skimmed milk powder were prepared and two 7 mm holes containing 80 μL of HN318 cultures or HN318 bacterial cells were created in the medium respectively. After incubation at 37°C for 12 h, the protease production activity was determined according to the hydrolysis circle size (mm) including the 7 mm hole size. The experiment was repeated three times.




2.5 Antimicrobial activity assay

The antimicrobial activities of the HN318 cultures and HN318 bacterial cells were evaluated against various pathogenic bacteria (Vibrio harveyi, V. alginolyticus, Edwardsiella tarda and Staphylococcus aureus) using the agar disc diffusion method. HN318 cultures and its bacterial cells were prepared according to the method described above. Then, four pathogenic bacteria were activated and expanded for culture, and their concentration was adjusted to 1× 107 CFU/mL. 1 mL of pathogenic bacteria was then added into 20 mL LB semi-solid medium, mixed evenly, and poured into a plate. After solidification, 8 mm sterile filter paper discs were attached to the surface of the plate, and 50 μL of HN318 cultures or its bacterial cells were absorbed and added to the filter paper. Finally, the plate was placed in the incubator for culture, and the diameter of antibacterial zone including the 8 mm sterile filter paper disc was measured after 24 h. The experiment was repeated three times.




2.6 Preparation of diets supplemented with HN318 cultures and its bacterial cells

Commercial diet (SANTON CENTRAL FEEDS CO., LTD., CHINA) was used as a basal ingredient of diets,
and its nutrition composition was shown in Supplementary Table S1. The bacterial concentrations of both the HN318 cultures and HN318 bacterial cells were adjusted to 1 × 108 CFU/g diet, and then evenly sprayed on the commercial diet respectively, whereas the control diet received the same volume of sterile PBS in an identical manner. Following spraying, three diets were air-dried under controlled conditions, stored at 4°C, and prepared on a weekly basis to ensure freshness.




2.7 Fish management and experimental design

Healthy hybrid grouper (average weight 31.21 ± 3.23 g) were purchased from Changjiang Chengzhe Biological Co. Before the experiment started, the fish were temporarily reared for a week and fed with a commercial Haitong feed twice a day (9 a.m. and 5 p.m.). Subsequently, 360 fish were randomly divided into three groups, with three parallels in each group and 40 fish in each parallel. Fish in each group were bulk weighed as the initial weight. Three diets, namely the control diet, HN318 cultures diet, and HN318 bacterial cells diet, were individually fed to one group of fish. The feeding experiment was conducted for 8 weeks (W) and fish were fed three experimental diets twice a day (9 a.m. and 5 p.m.). After feeding for 1 h, uneaten diets were collected, dried to constant weight at 70°C, and re-weighed to calculate subsequent feed intake. The water in each tank was replaced daily by two-thirds of its volume. The experimental conditions were rigorously controlled, maintaining water temperature within the range of 28-30°C, dissolved oxygen levels at 7 mg/L, and ensuring that total ammonia nitrogen remained consistently below 0.03 mg/L.



2.7.1 Growth performance measurement

At the end of the feeding experiment, fish were first starved for 24 h, and then fish in each group were anesthetized with tricaine mesylate (Sigma-Aldrich, St. Louis, MO, USA) and weighed for the final weight. Percentage weight gain (PWG) and feed utilization rate (FUR) were calculated to evaluate the growth of hybrid grouper. The calculation formula is: PWG (%) = [(final weight (g) - initial weight (g))/initial weight (g)] × 100, FUR (%) = [(final weight (g) - initial weight (g)]/total feed intake (g).




2.7.2 Samples collection and non-specific immune parameters analysis

To analyze non-specific immune parameters, the head kidneys and blood of 9 fish in each group (3 fish per parallel) were respectively collected at 1 W, 4 W, and 8 W of feeding, with one day of food withdrawal before sampling. Prior to sampling, fish were anesthetized using tricaine mesylate. Blood was collected from the tail vein of fish with a 1 mL sterile syringe, gently pressed into a sterile 1.5 mL centrifuge tube, and left at 4°C overnight. The serum was obtained by centrifugation at 3000 rpm for 10 min at 4°C and stored at -80°C for further use. The serum level of superoxide dismutase (SOD), acid phosphatase (ACP), and serum lysozyme (LZM) activities were determined by commercial kits (Nanjing Jianjian Bioengineering Research Institute, Nanjing, Jiangsu, China) according to the manufacturer’s instructions (Yang et al., 2015). The head kidney was extracted under sterile conditions and macrophages from the head kidney were collected as previously described (Liu et al., 2017). Cell viability was calculated using the Taipan blue exclusion test. The concentration of harvested cells was adjusted to 2×106 cells/mL. Then, the respiratory burst (RB) activity of head kidney macrophages (HKMs) was determined by the nitroblue tetrazolium (NBT, Sigma Aldrich) assay as described in previous studies (Sun et al., 2010). The assay wavelength was 630 nm and KOH/DMSO was used as a blank. The samples were analyzed in triplicate.




2.7.3 Serum bactericidal activity detection

V. harveyi strain QT520 stored in our laboratory was used in this study, which was isolated from diseased Trachinotus ovatus and showed strong pathogenicity to T. ovatus (Tu et al., 2017). V. harveyi was cultured overnight and the concentration was adjusted to 1×105 CFU/mL. Then, 150 μL of serum described in the previous paragraph were incubated with 150 μL of V. harveyi in a 96-well plate for 1 h at 30°C, with five parallel wells set up for each sample. Subsequently, 100 μL of culture was absorbed and spread on LB agar plate, and the number of surviving V. harveyi was counted after 24 h of incubation at 30°C.




2.7.4 Protective effect evaluation

To evaluate the protective effect of the experimental diets on disease resistance of fish, a challenge test was carried out after 8 weeks of feeding trial. V. harveyi was cultured overnight and the concentration was adjusted to 1×104 CFU/mL. Eighty four fish were randomly selected from the remaining fish in each group (28 fish per parallel) and intraperitoneally injected with 100 μL of V. harveyi. At 12 h after injection, the spleens of 9 fish from each group (3 fish per parallel) were taken for subsequent quantitative real time PCR (qRT-PCR) analysis. 75 fish from each group (25 fish per parallel) were used to calculate mortality. Mortality was monitored for 7 d following the injection. Relative percent of survival (RPS) was calculated according to the following formula: RPS = [1 - (% mortality of treated fish/% mortality of control fish)] × 100.




2.7.5 qRT-PCR analysis

RNA extraction from spleens and cDNA synthesis were performed as reported previously (Sun et al., 2018). qRT-PCR was performed using the Eastep qPCR Master Mix Kit (Promega, Madison, USA) on a QuantStudio™ 6 FLEX Real-Time PCR System (ABI, USA). The expressions levels of immune genes, including interferon-gamma (IFNγ), interleukin-1 beta (IL1β), interleukin-8 (IL8), transforming growth factor beta-1 (TGFβ1), tumor necrosis factor alpha (TNFα), and interleukin-10 (IL10), were quantified. Specific primer sequences for these genes are listed in Table 1. The housekeeping gene β-2-microglobulin (B2M) was used for normalization. The 2-ΔΔCt method was used for calculating the gene expression levels. The samples were analyzed in triplicate.


Table 1 | Primers used in this study.







2.8 Statistical analysis

All statistical analysis were executed using SPSS 17.0 software (SPSS. Inc., Chicago, IL, USA) and GraphPad Prism 9.0 (GraphPad, CA, USA). Data was presented as mean ± standard deviation (SD). Results were analyzed using one-way analysis of variance (ANOVA), and were considered statistically significant when the probability (p) value was less than 0.05.





3 Results



3.1 The adhesion capacity of B. licheniformis HN318

Cell surface hydrophobic activity and auto-aggregation capacity are related to bacterial adhesion to epithelial cells. The cell surface hydrophobic activities of B. licheniformis HN318 in chloroform, xylene and ethyl acetate were as high as 69.5%, 85.8% and 64.7% (Figure 1A). Meanwhile, the auto-aggregation activity of HN318 increased with incubation time, reaching 84% at 8 h (Figure 1B).




Figure 1 | Cell surface hydrophobic activity (A) and auto-aggregation capacity (B) of B. licheniformis HN318.






3.2 The tolerance to simulated gastrointestinal stresses of B. licheniformis HN318

Under the simulated gastric fluid condition, HN318 was well tolerated. Compared to 0 h, at pH = 3, the bacterial counts of HN318 gently decreased in simulated gastric fluid after 1 h, 2 h, and 4 h, with survival rates of 42%, 37%, and 34%, respectively (Table 2). At pH = 4, the survival rate of HN318 at 1 h-4 h firstly increased and then decreased, with the survival rate reaching 52.3% at 2 h and 31.5% at 4 h. The stress capacity of HN318 in simulated intestinal fluid was also shown in Table 2. When pH = 6.8, the number of surviving cells of HN318 remained basically unchanged from 1 h to 4 h, with cell counts of (0.18 ± 0.02) × 108 CFU/mL, (0.15 ± 0.00) × 108 CFU/mL, (0.15 ± 0.01) × 108 CFU/mL, indicating a slow decrease compared to the initial cell count at 0 h, which was (2.16 ± 0.04) × 108 CFU/mL. At pH = 8.0, the number of surviving cells of HN318 at 1 h was (0.41 ± 0.08) × 108 CFU/mL, and the number of HN318 at 2 h and 4 h was almost unchanged.


Table 2 | Tolerance of HN318 to simulated gastric fluid and simulated intestinal fluid.






3.3 Drug resistance of B. licheniformis HN318

The results of the drug resistance test of HN318 are shown in Table 3. The results showed that strain HN318 was resistant to 10 antibiotics, including azlocillin, mezlocillin, piperacillin, penicillin, oxacillin, and carbenicillin from β-lactams; ceftazidime from cephalosporins; erythromycin from macrolides; and polymyxin B and clindamycin from quinolones. In addition, HN318 was sensitive to 20 antibiotics, including 3 cephalosporins; 6 aminoglycoside; 7 quinolones; and other 4 antibiotics. Furthermore, the HN318 exhibited moderately sensitive to 5 antibiotics, including ampicillin, amoxicillin, cefoperazone, streptomycin and chloromycetin.


Table 3 | Antibiotic susceptibility test of B. licheniformis HN318.






3.4 The in vitro hemolytic activity and in vivo pathogenicity of B. licheniformis HN318

By observing the growth of HN318 on the surface of the blood plate, it can be seen that HN318 didn’t produce a transparent hemolytic ring, indicating that HN318 does not hemolysis (Figure 2). In contrast, S. aureus produced a transparent hemolysis circle around the colony, showing α-hemolysis (Figure 2). HN318 was then intraperitoneally injected into the hybrid grouper to evaluated its pathogenicity. The results showed that no pathological symptoms, disease or death occurred in HN318 group and control group within 14 days after injection, indicating that HN318 is safe and harmless to hybrid grouper.




Figure 2 | Hemolytic activity of B. licheniformis HN318 and S. aureus (positive control).






3.5 Enzyme-producing activity of B. licheniformis HN318 bacterial cells and cultures

As can be seen from Table 4, both HN318 cultures and bacterial cells had certain amylase and protease activities. In contrast, the extracellular amylase and protease activities of HN318 cultures were significantly higher than those of HN318 bacterial cells (p < 0.05).


Table 4 | Enzyme-producing activity of B. licheniformis HN318 bacterial cells and cultures.






3.6 Antibacterial activity of B. licheniformis HN318 bacterial cells and cultures

Both HN318 cultures and bacterial cells showed inhibitory effect on all four indicator pathogens (Table 5). Notably, the antagonistic effects of HN318 cultures on V. harveyi and S. aureus were significantly higher than that of the HN318 bacterial cells (p < 0.05). However, there was no significant difference in the antagonistic effects of HN318 culture and HN318 bacterial cells against E. tarda and V. alginolyticus (p > 0.05), although the diameter of the HN318 culture against both pathogens was higher than that of the HN318 bacterial cells.


Table 5 | Antibacterial activity of B. licheniformis HN318 bacterial cells and cultures.






3.7 The growth performance of hybrid grouper

The growth performance was measured after 8 W of feeding and the results are shown in Table 6. The final weight and PWG in both of HN318 culture group and HN318 bacterial cells group were significantly higher than those in control group (p < 0.05), but there was no significant difference in these two indexes between HN318 culture group and HN318 bacterial cell group (p > 0.05). Similarly, the difference of feed utilization rate among three groups also showed the same trend.


Table 6 | Effects of B. licheniformis HN318 bacterial cells and cultures on growth performance of hybrid grouper.






3.8 Immune-related enzyme activities

At 1 W, ACP activity of both HN318 cultures and HN318 bacterial cells groups was significantly higher than the control group (p < 0.05). At 4 W, HN318 cultures group showed the highest ACP activity, significantly higher than both the control and HN318 bacterial cells groups (p < 0.05) (Figure 3A). The SOD activity of the HN318 cultures and bacterial cells groups were not significantly different from the control at 1 W and 4 W, but significantly higher than the control group at 8 W (Figure 3B). At 1 W, 4 W, and 8 W, HN318 cultures exhibited significantly higher LZM activity than that of HN318 bacterial cells and control groups (p < 0.05), whereas no significant difference was found in bacterial cells group and control group (p > 0.05) (Figure 3C). Moreover, the RB activity in HN318 cultures group was significantly higher than that of the bacterial cells group and control group at both 1 W and 4 W (p < 0.05), whereas the RB activity in the bacterial cells group showed no significant difference from the control group throughout the feeding period (p > 0.05) (Figure 3D).




Figure 3 | The immune-related enzyme activities of hybrid grouper after feeding B. licheniformis HN318 cultures and bacterial cells diets. Serum acid phosphatase (ACP) activity (A), serum superoxide dismutase (SOD) activity (B), serum lysozyme (LZM) activity (C), and macrophages respiratory burst (RB) activity (D) were detected. Different letters indicate significant differences (p < 0.05) in data collected at the same sampling time across treatments.






3.9 Serum bactericidal activity

After 4 W and 8 W of feeding, the serum bactericidal activities against V. harveyi in HN318 cultures and HN318 bacterial cells groups were significantly higher than that of the control group (p < 0.05). Amongst all, fish fed the HN318 cultures diet showed significantly higher bactericidal activity than the bacterial cells group at 4 W (p < 0.01) (Figure 4).




Figure 4 | Serum bactericidal activity of hybrid grouper after feeding after feeding B. licheniformis HN318 cultures and bacterial cells diets. Different letters indicate significant differences (p < 0.05) in data collected at the same sampling time across treatments.






3.10 Protective effect of B. licheniformis HN318 bacterial cells and cultures

Fish were injected with V. harveyi and monitored for mortality after 8 W of feeding diets containing HN318 cultures, HN318 bacterial cells, or control. The highest survival rate (72%) was observed in HN318 culture group, which was significantly higher than that of the HN318 bacterial cells groups (36%) and control group (20%) (p < 0.05) (Figure 5). Meanwhile, the HN318 bacterial cells group also showed a significantly higher survival rate than the control group (p < 0.05). By calculation, the RPS of the HN318 cultures group and bacterial cells group were 65.10% and 20.13%, respectively.




Figure 5 | Survival percentages of different administrating fish. Different letters indicate significant differences (p < 0.05) in data collected at the same sampling time across treatments.






3.11 Expression of immune-related genes

To examine the effect on immune-related genes expression induced by HN318 bacterial cells or cultures, including IFNγ, IL1β, IL8, TGFβ1, TNFα and IL10 were selected for qRT-PCR analysis. The results showed that compared with the control group, the expression levels of all the examined genes in the HN318 culture group were significantly up-regulated (p < 0.05) (Figure 6). Meanwhile, IL1β, IL8, TNFα and IL10 were significantly overexpressed in the HN318 bacterial cells group compared to the control group (p < 0.05).




Figure 6 | Effect of B. licheniformis HN318 bacterial cells and cultures on immune gene expression. The fold change of gene expression was normalized to β-2-microglobulin (B2M) and relative to the control group samples. The statistical significance is analyzed. Different letters indicate significant differences (p < 0.05) in data collected at the same sampling time across treatments.







4 Discussion

In recent years, the use of probiotics in aquatic animal feeds has received increasing attention due to the need for environmentally friendly health management in aquaculture (Harikrishnan et al., 2010; Kim et al., 2013; Nguyen et al., 2017). A large number of studies have shown that probiotics added to feed in the form of bacterial cells or cultures can improve the health performance of various aquatic animals, but few studies have compared the differences in the effects of the two uses on growth, immunity, and disease resistance in aquatic animals. In this study, it has been demonstrated that B. licheniformis HN318 exhibits pronounced probiotic properties. Furthermore, the diet containing HN318 cultures achieved a better health benefit on the growth, immunity, and disease resistance in the hybrid grouper than using the bacterial cells.

The health benefits of probiotics are widely recognized. However, this beneficial effect is strain specific. Therefore, probiotics must undergo strict screening before being developed and applied, and only bacteria with significant in vitro probiotic properties and biosafety can become probiotic candidate strains. Bacterial adhesion ability is an important index to evaluate whether potential probiotics can accumulate and colonize in the intestine to exert multiple effects, such as maintaining body metabolism, promoting intestinal development, and inhibiting the adhesion and spread of pathogenic bacteria (Boonaert and Rouxhet, 2000; Polak-Berecka et al., 2014). Studies have shown that auto-aggregation capacity and cell surface hydrophobic activity are positively correlated with the adhesion ability of strains (Liu et al., 2017; Sun et al., 2018). In our study, HN318 exhibited high hydrophobic activity in solvents. Additionally, its auto-aggregation activity increased progressively over time, indicating that HN318 possesses a strong capability to adhere to the intestinal tract. In addition, the factors that limit the survival and colonization of probiotics in the gastrointestinal tract of animals also include the destructive effect of gastric and intestinal fluids on probiotics (De Boever et al., 2001; Ringø et al., 2003). Many studies have used in vitro tests to screen probiotics that can resist simulated gastrointestinal fluid, such as Bacillus and lactic acid bacteria, and fed aquatic animals to prove that they can improve the growth performance and immunity (Chen et al., 2010; Zhou et al., 2019). In this study, HN318 was able to survive in simulated gastric fluid with pH 3.0 and simulated intestinal fluid with pH 8.0, with a survival rate of 34% and 18% after 4 h, respectively, demonstrating its potential as a probiotic.

The safety evaluation of probiotics is the key link in the research and application process, including hemolysis detection, animal pathogenicity test, drug resistance test, etc (Sahu et al., 2008; Wang et al., 2017; Yang et al., 2017). If probiotics are to be used in organisms, it should be the first prerequisite that they are harmless to the host. Although Bacillus is widely recognized as a good probiotic, some strains of Bacillus cereus and Bacillus subtilis have been shown to be pathogenic to fish (Luo et al., 2009; Nie et al., 2015; Velmurugan et al., 2015; Yang et al., 2017). Hemolysis is thought to be the cause of the disease caused by B. cereus in Ictalurus punctatus and Carassius auratus (Zhang et al., 2019; Chen et al., 2019). Fortunately, our study found that HN318 exhibited no hemolysis, and the hybrid grouper remained healthy and grew well after HN318 was injected into grouper, indicating that HN318 could be used as a candidate probiotic in hybrid grouper culture. Additionally, probiotics, as common strains in the environment, may serve as significant reservoirs of antibiotic resistance genes, which can spread through the food chain and pose a threat to human health (Wang et al., 2017; Jiao et al., 2017). Determining the antibiotic resistance of probiotics can help quickly identify and eliminate strains with potential safety hazards. Some strains of Lactobacillus and Bifidobacterium have shown resistance to antibiotics such as tetracycline, erythromycin, and chloramphenicol, and may promote horizontal gene transfer between bacteria in the gut, increasing the risk of human pathogens acquiring resistance (Sánchez et al., 2017). This study investigated the antibiotic resistance of HN318 and found that HN318 was sensitive to 25 common antibiotics, including tetracycline, gentamicin, oxytetracycline, vancomycin, norfloxacin, tobramycin, etc., demonstrating that the potential safety risk of HN318 is low. Combining the results of the probiotic properties and safety risk assessment, HN318 is an excellent candidate probiotic strain with potential for development and application.

The positive effects of using probiotics as feed additives in fish farming, in terms of nutrition, growth, immune modulation, and disease resistance, are unquestionable. In previous studies, the addition of probiotics in the form of live bacterial cells to feed has been shown to improve the health of some aquatic economic animals (de Souza et al., 2012; Darafsh et al., 2020). However, few studies on the effects of addition in the form of bacterial cultures on aquatic animals, even though bacterial cultures are actually more convenient to obtain compared to collecting bacterial bodies. Probiotic cultures contain complex probiotic fermentation products, including living cells, cell wall components, metabolites, and culture media for probiotic bacterial cells (Nilnaj et al., 2011; Ayiku et al., 2020). Moreover, the cultures contain non-antibiotic antibacterial substances and bioactive compounds that stimulate the immune and antioxidant systems and improve the health of the fish (Midhun et al., 2017, 2018). Therefore, we speculate that there is a potential effect of B. licheniformis HN318 culture on improving the health status of grouper. Following an 8 weeks of feeding period, our study’s findings supported the above hypothesis, with a marked enhancement in the final weight, PWG, and feed utilization rate of hybrid grouper observed upon supplementing the HN318 cultures and bacterial cells into the feed. Considering that this study also found that both HN318 cultures and bacterial cells showed excellent amylase and protease production activities, the growth promoting effect may be due to the increased activity of digestive enzymes produced by HN318, which enhances the fish’s appetite and promotes metabolism. Similarly, the addition of B. amyloliquefaciens, B. subtilis, and B. cereus to the diets significantly increased the activities of protease, lipase, and amylase in Lates calcarifer and Clarias gariepinus, thus promoting the growth performance (Reda et al., 2018; Adorian et al., 2019). Inconsistently, Tao (2023) reported that dietary administration of Clostridium butyricum cultures did not significantly affect the growth performance and feed utilization rate of Micropterus salmoides, but significantly reduced the hepatosomatic index and viscerosomatic index. This difference may be due to the addition dose, probiotic species, fermentation medium and fish species.

When pathogens invade, fish primarily deploy their defense through the non-specific immune system (Zhou et al., 2015). Macrophages, as one of the most effective cells in non-specific immune defense, possess a strong capability for non-specific phagocytosis and elimination of various pathogens. The intensity of the RB activity directly reflects the capacity of macrophages to kill pathogens (Abreu et al., 2009; Rieger and Barreda, 2011). Furthermore, serum indicators (such as ACP, LZM, etc.) are usually used to reflect the physiological and pathological changes of aquatic animals to determine the health status (Pedro et al., 2005). Previous research showed that administering probiotics stimulated the immune system of O. niloticus, enhance the RB activity of macrophages, and increase the number of white blood cells and lymphocytes, thereby enhancing the organism’s immunity to pathogens (Tachibana et al., 2020). Feng et al. (2020) indicated that feeding Bacillus can significantly enhance the ACP activity in the Apostichopus japonicus. Gobi et al. (2018) also observed that feeding B. licheniformis led to a significant increase in the AKP, LZM, SOD activities of O. niloticus. Consistent with these studies, in our study, the addition of HN318 cultures to the feed significantly enhanced the RB activity of macrophages, SOD, LZM, and ACP activities in serum. By contrast, HN318 bacterial cells only positively affected the serum ACP and SOD activities, but did not significantly increase LZM and RB activities. In line with these results, the administration of HN318 cultures significantly enhanced the in vitro bactericidal activity of the serum against V. harveyi, compared to the bacterial cells and control groups. Similar findings were shown in Nile tilapia (Aly et al., 2008; Selim and Reda, 2015) and hybrid Hulong grouper (Zhou et al., 2019), which demonstrated that the addition of Bacillus spp. can enhance the in vitro bactericidal ability of the host serum. Not only that, compared with HN318 bacterial cells, HN318 cultures showed significantly higher in vitro antimicrobial effect against V. harveyi and S. aureus, and better against E. tarda and V. alginolyticus. Bacillus can exert inhibitory effects on pathogenic bacteria by secreting substances such as lysozyme, proteases, siderophores, and bacteriocins (Doan et al., 2021; Zhang et al., 2022). Multiple studies have compared the in vitro antibacterial effects of Bacillus cultures and bacterial cells. The results showed that the cultures exhibited stronger antibacterial activity than the bacterial cells, which may be attributed to the fact that the cultures contain a variety of antibacterial proteins and peptides antibacterial substances (Xiong et al., 2015; Lin et al., 2021; Zhang et al., 2022). Therefore, the results from the study indicated that HN318 cultures might induce a stronger innate immunity in fish compared to HN318 bacterial cells. This is most likely due to two reasons: first, HN318 cultures itself possess stronger direct antagonistic properties against pathogens, and the antibacterial components in the cultures still need to be further studied; second, HN318 cultures enhanced the RB activity of macrophages and stimulated macrophages to produce more cytokines into the blood circulation, thereby improving the innate immunity of hybrid grouper.

Once the innate immune system is activated, it will maintain homeostasis under the regulation of the organism (Varin and Gordon, 2009; Kim et al., 2013). Probiotics can activate the fish’s innate immune system, enhancing the host’s immunity and thereby increasing its disease resistance (Wang et al., 2013; Dash et al., 2015). Li et al. (2019) demonstrated that feeding a diet containing B. velezensis to the pearl grouper enhanced its resistance to V. harveyi. Similar protective effects were observed in Ctenopharyngodon idella against A. hydrophila (Qin et al., 2019), in O. niloticus against Streptococcus iniae (Kuebutornye et al., 2020), and in other aquaculture species (Nguyen et al., 2017; Sun et al., 2018). Supporting earlier findings, our study revealed that the addition of HN318 cultures and bacterial cells to the diets displayed significantly greater resistance to V. harveyi than those in the control group, with the corresponding RPS of 65.10% and 20.13%, respectively. Additionally, the survival rate in the cultures group was significantly higher than in the bacterial cells group. Research on Litopenaeus vannamei had shown that Lactobacillus pentosus cells and its supernatant significantly improved its resistance to V. parahaemolyticus. Moreover, the lower mortality in the supernatant group suggested that antimicrobial substances in the supernatant may have enhanced immunity (Sha et al., 2016). The cultures group in this study was composed of both the bacterium and the supernatant, so this may be also due to the fact that the supernatant contains certain secondary metabolites that stimulate the immune system of the fish, thus increasing its resistance to disease. To better understand the reasons for the immune-protective effect of HN318 cultures and bacterial cells, their immunomodulatory activities at the transcriptional level were explored. Midhun et al. (2019) confirmed that the anti-inflammatory cytokine IL10 in O. niloticus was significantly upregulated after B. licheniformis HGA8B supplementation. According to a study by Selim and Reda (2015), increased expression of TNFα and IL1β genes, leading to enhanced disease resistance, has been reported in tilapia (Selim and Reda, 2015). Moreover, Bacillus as the feed additive can upregulate the expression of immune genes such as IFNγ, TLR2, TGFβ1, IL10, IL1β, IFN1, and TNFα in various fish species (Chen et al., 2015; Midhun et al., 2019). Correspondingly, qRT-PCR results from the current study showed that the addition of HN318 cultures to the feed significantly up-regulated the expression of immune genes IFNγ, IL1β, IL8, TGFβ1, TNFα and IL10. In contrast, only IL1β, IL8, TNFα and IL10 were up-regulated in the HN318 bacterial cells group. This confirms the superior immunomodulatory effect of HN318 cultures, which also explains the good protective effect of HN318 on hybrid grouper.




5 Conclusion

In conclusion, B. licheniformis HN318 is a candidate probiotic with good probiotic properties, including excellent potential for gut colonization, extracellular enzyme production, and in vitro antibacterial function, as well as being harmless to the host. When added to feed in the form of cultures or bacterial cells, it can improve the growth performance, nonspecific immunity, and disease resistance of hybrid grouper, with the advantages of the cultures being more pronounced. Overall, this study provides a reference and new perspectives for the selection and diversified application forms of probiotics in aquaculture.
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Azlocillin 75 <17 - 218 14.20 + 1.06 R
Mezlocillin 75 <17 18-20 221 14.60 + 0.08 R
Piperacillin 100 <17 18-20 221 13.40 £ 0.90 R
P-lactams T T
Penicillin 10 <14 = =15 13.65 + 0.61 R
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R is resistant, S is sensitive, and [ is intermediate. Susceptibility criteria are those published in NCCLS (2001) tables.
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Primer name Primer sequence (5 Tm (°C)
RT-IENy-F CCACCAAGATGGAGGCTAAG 62.6
RT-IFN$R CTGCCACCTCACCATTGCT 58.1
RT-ILIB-F TCTGGGCATCAAGGGCACACA 59.0
RT-ILIB-R CCATGTCGCTGTTCGGATCGA 58.8
RT-IL&-F AGTCATTGTCATCTCCATTGCG 56.5
RT-IL8-R AAACTTCTTGGCCTGTCCTTTT 58.8
RT-TGFpI-F GGCCAGCCTGTCTTTCAGTCCA 57.7

RT-TGFBI-R CAGCAGTCTGCCAGCCGATGTT 58.4
RT-TNFo-F CAGCCAGGCGTCGTTCAGA 59.3
RT-TNFo-R TGCCCTCATCGGTGTCCAG 57.1
RT-IL10-F AGTCAGTCTCCACCCCCATCTT 58.2
RT-ILIO-R GCCCACTGGAGTTCAGATGCT 56.4

B2M-F TCCACCCAAGGTTCA 58.1

B2M-R GGGATTTCCATTCCGTTCTTCATG 59.0

The efficiency was estimated as follows: E(%) = (10™/4°P°-1) x 100. The E value was acceptable ranging from 90 to 110%.
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Different letters indicated significant difference (p < 0.05) among treatments.





