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Some symbiotic probiotics have antioxidant activities and could improve the antioxidant capacity of the host. There is still no report on the screening of host-derived antioxidant probiotics for grouper farming. In this study, 369 out of 583 isolates were screened from the gut of hybrid grouper (Epinephelus fuscoguttatus ♀ × Epinephelus lanceolatus ♂) based on their non-hemolytic characteristics. Subsequent preliminary screening with 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) scavenging rate assay resulted in 36 potential antioxidant isolates. After comprehensive evaluation with nine different antioxidant assays (DPPH scavenging rate, 2,2’-azino-bis (3-ethylbezothiazoline)-6-sulfonic acid radical scavenging rate, iron ion reducing ability, reducing activity, O2-· scavenging rate,·OH scavenging rate, ferrous ion chelating rate, hydrogen peroxide tolerance, oxygen-free radical scavenging ability, et al.), 10 isolates with strong antioxidant abilities were screened from 36 potential antioxidant isolates. Then some other probiotic properties, such as simulated gastrointestinal fluid tolerance, adhesion, digestive enzyme activity, and antibacterial activity of the 10 selected isolates were evaluated. All 10 isolates were also identified using the molecular method. Finally, Vibrio rhodolitus GO 91 and Shewanella corallii GO 310, as representatives of the two genera resulting from the identification of the 10 isolates, and with the best overall probiotic properties, were selected from the 10 isolates. Isolates GO 91 and GO 310 were further tested for their safety performances. Antibiotic sensitivity tests showed that GO91 and GO310 were sensitive to many commonly used aquaculture antibiotics. The in vivo challenge test of GO 91 and GO 310 didn’t cause any disease symptoms or death in hybrid grouper. Therefore, isolates GO 91 and GO 310 showed great potential to be used as probiotics in hybrid grouper farming.
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Introduction

Oxidative stress is caused by the excessive increase in the production or inactivation of reactive oxygen species (ROS) in the cell (Ashoori and Saedisomeolia, 2014; Yang et al., 2020). Reactive oxygen species is a type of highly active oxygen free radicals which includes superoxide anion radicals, hydroxyl radicals, hydrogen peroxide, nitric oxide, et al. (Raza et al., 2017). Though a small amount of ROS is required for many different cellular activities, when in excess, ROS damage cellular membrane components, induce oxidative stress, and finally results in multiple deleterious events, such as functional loss, apoptosis, or necrosis of cells (Schieber and Chandel, 2014; Feng and Wang, 2020). Many aquaculture conditions could induce oxidative stress in farmed grouper fish: unfavorable water environmental conditions such as temperature, pH, DO, or ammonia nitrogen, for example. Aquaculture operations (catch, transportation, disinfection) also induce oxidative stress in fish, leading to histopathological changes in muscle/liver/gill/intestine, resulting in host-microflora imbalance, and even immune system impairment (Malek et al., 2004; Rueda-Jasso et al., 2004; Bojarski et al., 2020; Ciji and Akhtar, 2021; Limbu et al., 2021).

Natural antioxidant systems in fish body were involved in detoxification of ROS. Within these systems, antioxidants composed of certain enzymes (e.g., superoxide dismutase, Catalase, Thioredoxin reductase, glutathione peroxidase, glutathione S transferase, and glutathione reductase) and non-enzymatic molecules (e.g., vitamins A, C, and E, flavonoids, and glutathione) interact with free radicals produced in cells and stop the chain reaction before the free radicals cause damage to vital molecules (Ashoori and Saedisomeolia, 2014; Mishra et al., 2015). But these natural antioxidant systems are usually not sufficient to protect organisms from oxidative damage (Wang et al., 2017a). Recent studies have shown that some probiotics have significant antioxidant capacity both in vivo and in vitro (Capcarova et al., 2011; Shen et al., 2011; Ejtahed et al., 2012; Persichetti et al., 2014; Wang et al., 2017b). Probiotics such as lactic acid bacteria show a large number of antioxidant activities in the host intestinal tract, promote the production of antioxidant enzymes, and help the host intestinal tract to remove reactive oxygen species, so as to reduce oxidative damage (Feng and Wang, 2020). A number of other probiotics also exhibited significant antioxidant properties by enhancing fish’s tolerance to oxidant stress (Giri et al., 2012; Yan et al., 2016; Gobi et al., 2018; Dawood et al., 2019). In addition to antioxidant activities, probiotics also bring other benefits to the host: promoting the bacterial disease resistance of fish by producing inhibitory compounds, competing for nutrients and chemicals, competing for adhesion sites, inhibiting virulence gene expression or interfering with quorum sensing, providing micronutrients, and helping the digestion of fish intestines (Vine et al., 2006; Pandiyan et al., 2013; Sopková et al., 2017). Therefore, it may be a high-quality substance to alleviate oxidative stress in the fish body.

An ideal probiotic should be able to colonize, establish, and multiply in the host (Lazado et al., 2015). Until now, a large portion of commercial probiotics currently used in aquaculture practices derived from terrestrial animals. They are commonly reported to be ineffective or with minimal effects in aquaculture (Giri et al., 2013; Beck et al., 2015; Doan et al., 2016; Tovar-Ramirez et al., 2010; Daruosh et al., 2018). The reason may be the unfavorable growth conditions of fish or the resistance of fish to foreign probiotics obstructed the successful colonization and multiplication of these terrestrial probiotics. After all, the physiological activities of microorganisms are optimum when in their natural habitat (Kuebutornye et al., 2019). For this reason, seeking probiotics from the host species itself presents a natural advantage over commercial probiotics.

Reports on screening of antioxidant probiotics from fish are rare. In vitro screening of probiotics was economical and practical. The methods for determining the antioxidant activity of probiotics in vitro include 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) assay, 2,2’-azino-bis (3-ethylbezothiazoline)-6-sulfonic acid (ABTS+) assay, ferric ion reducing antioxidant power (FRAP) assay, hydroxyl radical scavenging activity assay, reducing activity assay, chelating ability on ferrous ions assay, hydrogen peroxide resistance assay, and oxygen-radical absorbance capacity (ORAC) assay (Liu et al., 2011; Gao et al., 2013; Li et al., 2013; Mu et al., 2018; Son et al., 2018; Ramalho et al., 2019; Sui et al., 2020). Each determination method has its own advantages and disadvantages, and each has a specific target in the well-defined matrix, therefore comprehensive evaluation by using a variety of methods is more convincing (Mishra et al., 2015).

Hybrid grouper (E. fuscoguttatus♀ × E. lanceolatus♂) is a high-priced mariculture fish species widely reared in China (Song et al., 2018; Wei et al., 2020). To our best knowledge, no research concerning screening antioxidant probiotics from grouper fish has been reported so far. To help alleviate oxidative stress and improve the health status of cultivated hybrid grouper, host-gut derived antioxidant probiotics should be explored. In this study, isolates with strong in vitro antioxidant activity were screened from the gut of hybrid grouper based on comprehensive evaluation of a variety of antioxidant activity indexes. Then these isolates were further screened based on their tolerance to gastrointestinal fluid, adhesion, digestive enzyme activities, and antibacterial activities. Finally, the obtained potential probiotics were identified molecularly and their safety was evaluated through antibiotic susceptibility test and in vivo challenge test.



Methods


Sample Collection and Gut 
Bacteria Isolation

Ten healthy hybrid grouper (E. fuscoguttatus ♀ × E. lanceolatus ♂) (average weight 650 ± 45 g) individuals were purchased from the local market of Haikou, Hainan, China.All marketable-sized (about 500-800g) hybrid groupers in Hainan market came from Hainan local hybrid grouper farms and farmed hybrid groupers were the aim host of our potential probiotics. Therefore, we used hybrid groupers directly bought from the local market as a source of potential probiotics. Fish were acclimated to laboratory conditions for a week before they were anaesthetized with tricaine methanesulfonate (Sigma, St. Louis, MO, USA) and dissected. For fish acclimation and in vivo challenge test, the fish rearing conditions were maintained as: water temperature 27.0-31.0°C, salinity 30%-32%, pH 7.9 - 8.3, dissolved oxygen 5.5 - 6.0 mg L−1, total ammonia< 0.2 mg L−1.

The fish intestines were taken and grinded with saline solution (0.85% NaCl). The continuously diluted grinding solution was plated on Luria-Bertani (LB) agar at 30°C overnight and plated on De Man, Rogosa and Shape (MRS) (Huankai Microbial, Guangzhou, China) agar containing 1% CaCO3 (MRS-CaCO3) at 37°C for 48 h.



Hemolysis Assay

The selected colonies were plated on Blood Agar Plate (Huankai Microbial, Guangzhou, China) and incubated at 30°C overnight. Non-hemolytic isolates were continuously purified to ensure that these isolates were stable single strains. The obtained isolates were then stored in 50% glycerol at − 80°C for further analysis.



Preliminary Screening of Potential Antioxidant Isolates

In order to quickly screen isolates with antioxidant activity from non-hemolytic isolates, assay of 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) free radical scavenging rate was conducted for preliminary screening, according to Sui et al. (2020) and slightly modified. Briefly, the isolates were resuspended with saline (0.85%), the bacteria solution and DPPH methanol solution (0.2mM) were mixed at 1: 1. The mixture was shaken well and incubated at 30°C for 30 min without light. The supernatant solution was harvested by centrifugation (4000 rpm, 10 min). The absorbance of supernatant solution was measured at 517 nm. The DPPH radical scavenging ability was defined as:

DPPH radical scavenging ability % = [A0− (Ax− A1)]/A0× 100

Ax: The absorbance of sample and DPPH solution

A1: The absorbance of sample and methanol

A0: The absorbance of saline solution and DPPH solution



Further Evaluation of Antioxidant Properties Using Different Assays


Preparation of Isolate Samples

Isolates selected from preliminary screening were cultured overnight at 30°C. Then the isolates were washed with saline solution (0.85%) twice and resuspended in saline solution to a concentration of 2 × 108 CFU/mL (OD600 = 0.4).



Assay of Scavenging Activity Against Superoxide Anion Radical

The assay of scavenging activity against superoxide anion radical was carried out according to Gao et al. (2013) and slightly modified. Briefly, 200 µL of sample was added to 50 µL of Tris-HCl buffer (0.1 M, pH 8.0), mixed evenly, and the absorbance was determined at 320 nm. Then 25 μL pyrogallol solution (3 mM) was added, mixed evenly, and the absorbance was measured again under 320 nm. The scavenging activity against superoxide anion radical is defined as:

Superoxide radical scavenging ability % = [A0− (Ax− A1)]/A0× 100

Ax: The absorbance of sample after reacting with pyrogallol solution

A1: The absorbance of sample without pyrogallol solution

A0: The absorbance of the blank control which reacts with saline solution instead of the sample



Assay of Hydrogen Peroxide Resistance

The assay of resistance to hydrogen peroxide was carried out according to Mu et al. (2018) and slightly modified. Briefly, the overnight cultures of the selected isolates were inoculated into LB Broth containing 0.5 mM hydrogen peroxide solution (30 wt.%) at a concentration of 2% (v/v) and incubated at 30°C for 8 h. The absorbance of bacterial solution was measured at 600 nm. The ability of resistance to hydrogen peroxide is defined as:

Resistance to hydrogen peroxide ability % = (Ax− A0)/(A1− A0)×100

Ax: The absorbance of sample after reacting with 0.5 mM hydrogen peroxide solution

A1: The absorbance of sample without 0.5 mM hydrogen peroxide solution

A0: The absorbance of 0.5 mM hydrogen peroxide solution



Assay of Scavenging Activity Against Hydroxyl Radical

The assay of scavenging activity against superoxide hydroxyl radical was carried out according to Li et al. (2013) and slightly modified. Briefly, the reaction mixture containing 300 μL of FeSO4 solution (2.25 mM), 300 μL of salicylic acid methanol solution (9 mM), 300μL of the isolate sample, and 300μL of H2O2 methanol solution (8.8 mM) was incubated at 37°C for 10 min. The supernatant solution was harvested by centrifugation (4000 rpm, 10 min). The absorbance of supernatant solution was measured at 510 nm. The scavenging activity against superoxide hydroxyl radical is defined as:

Hydroxyl radical scavenging ability % = [A0– (Ax– A1)]/A0× 100

Ax: The absorbance of isolate sample after reacting with solution

A1: The absorbance of methanol added to the isolate sample

A0: The absorbance of the blank control which reacts with saline solution instead of the isolate sample



Assay of Chelating Ability on Ferrous Ions

The assay of chelating ability on ferrous ions was carried out according to Liu et al. (2011) and slightly modified. Briefly, 800 µL of isolate sample was added to 100 µL of FeCl2 solution (0.1 M, pH 8.0), mixed well, and incubated at 37°C for 10 min. Then 25 μL ferrozine solution (5 mM) was added to the mixture and centrifuged at 4000 rpm for 10 min. The absorbance of supernatant solution was measured at 562 nm. The chelating ability on ferrous ions is defined as:

Chelating ability on ferrous ions ability % = (A0– Ax)/A0× 100

Ax: The absorbance of solate sample after reacting with solution

A0: The absorbance of blank control which reacts with saline instead of the solate sample



Assay of Ferric Ion Reducing Antioxidant Power

The assay of FRAP was carried out according to Ramalho et al. (2019) and slightly modified. Briefly, sodium acetate buffer (pH 3.6), FeCl3 solution (20 mM), and 2, 4, 6-Tris (2-pyridyl)-s-triazine hydrochloric acid solution (10 mM) were mixed evenly at the ratio of 10: 1: 1 (V/V/V) to form the FRAP working solution. Then, 40 µL of isolate sample was mixed with 1200 µL of FRAP working solution and incubated in the dark at room temperature for 10 min. The supernatant solution was harvested by centrifugation (4000 rpm, 10 min). The absorbance of supernatant solution was measured at 595 nm. The standard curve was prepared with 50, 100, 200, 400, 800, and 1600 μM FeSO4 solution. The FRAP power of samples were calculated according to the standard curve, and the results were expressed as the equivalent amount of FeSO4 solution (μM). The standard curve was: y = 0.0004x + 0.4322, r2 = 0.996 (x: The concentration of FeSO4 solution; y: The absorbance at 595 nm).



Assay of Reducing Activity

The assay of reducing activity was carried out according to Son et al. (2018) and slightly modified. Briefly, 100 µL isolate sample was mixed with 300 μL sodium phosphate buffer (0.2 mM, pH 6.6) and 300 μL potassium ferricyanide solution (1%, M/V). After incubating at 50°C for 20 min, the mixture was quickly cooled in ice water until it reached room temperature. The reaction was stopped by adding 300 μL of trichloroacetic acid solution (10%, w/v). The supernatant solution was harvested by centrifugation (4000 rpm, 10 min). Then 400 µL supernatant solution was mixed with 400 μL saline solution (0.85%) and 200 μL FeCl3 solution (0.1%, M/V). The absorbance of the mixture was measured at 700 nm. The standard curve was prepared with 0, 100, 200, 300, and 400 μM L-cysteine solution. The reducing activity of samples were calculated according to the standard curve, and the results were expressed as the equivalent amount of L-cysteine solution (μM). The standard curve was: y = 0.0003x + 0.1988, r2 = 0.999 (x: The concentration of L-cysteine solution; y: The absorbance at 700 nm).



Assay of Oxygen-Radical Absorbance Capacity

The assay of resistance to hydrogen peroxide was carried out according to Mu et al. (2018) and slightly modified. Briefly, 25 μL of isolate sample and 150 μL of fluorescein (FL) solution (adjusted to 86.1 nM using 75mM phosphate buffer) were added to 96-well black microplate assay plates and incubated at 37°C for 10 min, then 25 μL of AAPH solution (adjusted to 153 nM using 75 mM phosphate buffer) was quickly added to start the reaction. The fluorescence values of 2 h were measured at 37°C, excitation wavelength of 485nm, emission wavelength of 538 nm, and interval of 2 min. The relative fluorescence intensity is recorded as fn, and the area under the curve (AUG) of each isolate sample is defined as:

	

The Net AUG values were obtained by subtracting the AUG value of the blank from that of the sample. The standard curve was prepared with Net AUG of 12.5, 25, 50, and 100 μM Trolox solution. The ORAC of samples were calculated according to the standard curve, and the results were expressed as the equivalent amount of Trolox solution (μM). The standard curve is: y=0.3805x-2.5934, r2 = 0.998 (x: The concentration of Trolox solution; y: The values of Net AUG).



Assay of Scavenging of DPPH Free Radical

Same as preliminary screening (DPPH).



Assay of Scavenging of 2,2’-Azino-bis(3-Ethylbezothiazoline)-6-Sulfonic Acid (ABTS+) 
Free Radical

The assay of scavenging ABTS+ free radical was carried out according to Son et al. (2018) and slightly modified. Briefly, the ABTS+ preparation solution (7 mM) and the K2S2O8 preparation solution (2.45 mM) were mixed at 1: 1 and placed in the dark for 12 h. The mixture was diluted 10-20 times with ethanol until its absorbance was reduced to 0.7 ± 0.02 at 734 nm. This would be the ABTS+ working solution. Then 100 µL of isolate samples were mixed with 1000 µL of ABTS+ working solution and incubated in the dark at room temperature for 6 min. The supernatant solution was harvested by centrifugation (4000 rpm, 10 min). The absorbance of supernatant solution was measured at 734 nm. The ABTS+ free radical scavenging ability was defined as:

ABTS+ radical scavenging ability % = [A0− (Ax− A1)]/A0× 100

Ax: The absorbance of isolate sample with ABTS+ working solution added

A1: The absorbance of isolate sample with methanol added

A0: The absorbance of the blank control which reacts with saline instead of isolate sample




Comprehensive Evaluation of Antioxidant Properties

The comprehensive evaluation of the screened potential probiotics was carried out according to (Mishra et al., 2015; Schaich et al., 2015). The weighting of each antioxidant index is shown in Table 1. Scavenging hydroxyl radical and ORAC accounted for 20% respectively, DPPH free radical and hydrogen peroxide resistance scavenging are 5% respectively, and the other antioxidant indexes accounted for 10% respectively. In order to screen the strains with a strong comprehensive ability of antioxidation, the score of each index was calculated according to the formula:


Table 1 | The weighting of each antioxidant index in comprehensive evaluation.



	

i: Antioxidant index i

k: Isolate k

N: The total number of isolates, N = 36

Ai: The weighting of antioxidant index i, Ai = 5%, 10%, or 20%

nki: The ranking of isolate k in N at antioxidant index i, the ranking range is 1-36.

Rki: Score of antioxidant index i of isolate k



Tolerance to Simulated 
Gastrointestinal Juice

The assay of survival in simulated gastrointestinal tract was carried out according to (Mortezaei et al., 2020; Meidong et al., 2021) and slightly modified. Briefly, the culture was carried out in LB broth and incubated overnight at 30°C, followed by centrifugation at 4000rpm for 10 min. The obtained pellet was washed twice with saline solution (0.85%), then resuspended in saline solution (0.85%). The survival of the isolates was evaluated by survival in simulated gastric juice (3mg/mL pepsin adjusted to pH 2.5 and pH 4.0) and simulated intestinal juice (1mg/mL trypsin, 3mg/mL bile salt and adjusted to pH 6.8 and pH 8.0). The surviving isolates were enumerated by dilution plate count on LB agar after exposure to SGJ for 3 h and SIJ for 6 h. The ability of percentage survival is defined as:

Survival % = (log10Ax/log10A0) × 100

Ax: The number of isolates cultured in simulated gastric juice and intestinal juice

A0: The number of isolates cultured in saline solution (0.85%)



Adhesion Ability


Preparation of Isolate Samples

Isolates selected from further evaluation were cultured overnight at 30°C. Then the isolates were washed with saline solution (0.85%) twice and resuspended in saline solution to a concentration of 2 × 108 CFU/mL (OD600 = 0.4).



Bacterial Auto-Aggregation

The assay of bacterial auto-aggregation test was carried out according to Meidong et al. (2021) and slightly modified. Briefly, the isolate samples were placed at room temperature for 5 h, and the absorbance of upper suspension at 600 nm was measured. The auto-aggregation percentage is defined as:

Agg% =[(A0− Ax)/A0]× 100

Ax: The absorbance of sample after 5 h

A0: The absorbance of sample



Bacterial Cell Surface Hydrophobicity

The assay of bacterial cell surface hydrophobicity test was carried out according to (Kavitha et al., 2018; Govindaraj et al., 2021) and slightly modified. Briefly, three organic solvents (xylene, chloroform, and ethyl acetate) were used to detect the surface hydrophobicity of selected isolates. Then 1 mL of isolate samples was evenly mixed with 200 µL solvent and kept at room temperature for 30 min, and the absorbance of upper suspension was measured at 600 nm. The bacterial cell surface hydrophobicity is defined as:

Cell surface hydrophobicity % = [(A0− Ax)/A0]× 100

Ax: The absorbance of sample reacted with solvent after 30min

A0: The absorbance of sample




Digestive Enzyme Activities

The assay of digestive enzyme activities was carried out according to Kavitha et al. (2018) and slightly modified. Briefly, the 10 isolates were washed with saline solution (0.85%) twice and resuspended in saline solution to a concentration of 3 × 108 CFU/mL (OD600 = 0.6). The extracellular protease and amylase of the selected isolates were quantitatively determined by agar diffusion method in skimmed milk agar and starch agar. Lugo’s iodine solution was added to the soluble starch agar to detect amylase activity.



Antibacterial Activity

The assay of antibacterial activity was carried out according to Kavitha et al. (2018) and slightly modified. Vibrio harveyi KR003733.1 (Xu et al., 2017), Vibrio anguillarum (ATCC43309), Photobacterium damselae (ATCC33536), and Edwardsiella tarda PBMM02142 (Sun et al., 2019) were used as the indicator fish pathogens. Briefly, the overnight grown cells of indicator pathogens were collected by centrifugation at 4000 rpm, washed twice, and resuspended in 0.85% saline solution and adjusted to concentration of 2 × 108 CFU/mL (OD600 = 0.4). The 10 isolates were washed with saline solution (0.85%) twice and resuspended in saline solution to a concentration of 3 × 108 CFU/mL 
(OD600 = 0.6). The antibacterial activity was detected by agar well diffusion assay and the antibacterial activity was evaluated by measuring the diameter of the inhibition zone (mm) around the well.



Identification of Selected Isolates

Bacterial DNA was extracted using the MiniBEST Bacteria Genomic DNA Extraction Kit (TaKaRa, Dalian, China) following the manufacturer’s protocol. The 16S ribosomal RNA gene was amplified using universal primer of Beijing Genomics Institute (BGI) (Beijing, China). The sequences of the primer were: 27F (5´- AGAGTTTGATCCTGGCTCAG -3´), and 1942R (5´- GGTTACCTTGTTACGACTT -3´). The PCR products were sequenced at the Beijing Genomics Institute (BGI) (Beijing, China). The obtained sequences were blasted against GenBank sequences. Multiple sequence alignments were obtained using software package MEGA-X. Phylogenetic tree was constructed using neighbor-joining (NJ) method. The robustness of each topology was checked by 1000 bootstrap replications.



Safety Tests


Antibiotic Susceptibility Test

The susceptibility of selected isolates to 20 antibiotics was determined by the disc diffusion method (Kavitha et al., 2018). The susceptibility was judged according to the instructions given by the antibiotic paper disk manufacturer (HANGWEI™, Hangzhou Microbial Reagent Co., LTD. Zhejiang, China). That instruction was in accordance with the Clinical and Laboratory Standards Institute (CLSI) Guidelines (CLSI M100, Ed28th. 2018). The antibiotics used in the susceptibility test were Cefoperazone, Cephalosporin card, Cefradine, Guacillin, Alozlocillin, Compound sulfamethoxazole, Ofloxacin, Ciprofloxacin, Enoxacin, Levofloxacin, Madimycin, Chloramphenicol, Neomycin, Clindamycin, Minocycline, Spectinomycin, Doxycycline, Tobramycin, Nitrofurantoin, and Polymyxin B. The two isolates were washed with saline solution (0.85%) twice and resuspended in saline solution to a concentration of 3 × 108 CFU/mL (OD600 = 0.6). The antibiotic discs were placed on LB agar plates and incubated at 30°C for 24 h. The inhibition zone (mm) was measured and the antibiotic sensitivity was recorded according to its activity.



In vivo Challenge Test

The in vivo challenge test was carried out according to Gutiérrez Falcón et al. (2021) and slightly modified. Selected isolates were cultivated overnight in LB broth, harvested by centrifugation (4000 rpm, 10 min), washed, and re-suspended in PBS to obtain a cell concentration of 1 × 108 CFU/mL. A total of 90 healthy juvenile hybrid groupers (average weight: 82 ± 4 g) were used for in vivo challenge test. The fish were randomly divided into nine tanks with 10 fish per tank. Each challenge group (two experimental groups and one control group) contained three tanks (three parallels). For experimental groups, one of two selected bacterial suspension was injected intraperitoneally into hybrid grouper at a dose of 100 µL; while for the control group, fish was injected with the same volume of PBS. The numbers of dead fish of all groups were recorded daily for 2 weeks.

An overview of the applied methods is illustrated in the diagram of the applied methodology (Figure 1).




Figure 1 | Diagram of the applied methodology. O2-·, Assay of scavenging activity against superoxide anion radicals; H2O2, Assay of hydrogen peroxide resistance; ·OH, Assay of scavenging activity against hydroxyl radical; Fe2+, Assay of chelating ability on ferrous ions; RA, Assay of reducing activity; FRAP, Assay of ferric ion reducing antioxidant power; ORAC, assay of oxygen-radical absorbance capacity; DPPH, Assay of scavenging of DPPH free radical; ABTS+, Assay of scavenging of ABTS+ free radical.






Statistical Analysis

All experiments were performed in triplicate (n=3) and data are presented as mean ± SD. Statistical significance was determined by one-way ANOVA using SPSS 26.0. Significant differences between means were examined using the Duncan multiple range test. P-values of< 0.05 were considered significant.




Result


Hemolytic Activity

A total of 583 colonies were isolated from the intestinal gut of hybrid grouper, and only 369 isolates showed non-hemolytic activity. The 369 non-hemolytic isolates were chosen for further experiments.



Preliminary Screening of Potential Antioxidant Isolates

The results of DPPH free radical scavenging tests are shown in Table S1. Three hundred sixty-nine isolates of potential probiotics have different degrees of DPPH radical scavenging ability, ranging from 17.65% to 67.06%. The highest DPPH radical scavenging rates were observed in GO 295, GO 303, GO 292, GO 26, and GO 231, which were 67.06%, 62.75%, 62.22%, 61.58%, and 61.44%, respectively. The DPPH radical scavenging rate distribution of the 369 isolates are shown in Figure 2.




Figure 2 | DPPH radical scavenging rate distribution of 369 isolates. DPPH, 2,2-Diphenyl-1-Picrylhydrazyl.





Further Evaluation of Antioxidant Properties Using Different Assays

The results of nine different antioxidant index assays are shown in Figure 3, Table S2. The same isolate showed varying degrees of antioxidant activity in different antioxidant indexes, and the activity of different isolates also varied in the same antioxidant index.




Figure 3 | Fluorescence decay curve of different concentrations of Trolox with time. AAPH- is the fluorescence decay curve without adding AAPH solution and Trolox solution, AAPH+ is the fluorescence decay curve with the addition of AAPH solution without Trolox solution, Trolox is the fluorescence decay curve with the addition of AAPH solution and different concentrations of Trolox solution (12.5 µL, 25 µL, 50 µL, or 100 µL). Abbreviation: AAPH, 2,2’-azobis (2-methyl-propanimidamide) dihydrochloride.





Comprehensive Evaluation of 
Antioxidant Properties

The comprehensive antioxidant scores of the 36 experimental isolates are shown in Table 2. The antioxidant score value varied from 12.14 (GO 380) to 85.43 (GO 261). The 10 isolates with the highest scores (GO 261, GO 318, GO 91, GO 90, GO310) were selected for follow-up experiments.


Table 2 | Comprehensive evaluation of antioxidant properties.





Tolerance to Simulated 
Gastrointestinal Juice

The tolerance to simulated gastrointestinal juice assay results are shown in Table 3. All 10 selected isolates could survive at pH 2.5, pH 4, pH 6.8, and pH 8.0. For simulated stomach juice, at pH 2.5, the maximum survival rate was 49.80% in GO 91 followed by 42.84% in GO 90 and 35.71% in GO 295; At pH 4, the maximum survival rate was 90.81% in GO 261 followed by 89.64% in GO 264 and 85.31% in GO 90. For simulated intestinal juice, at pH 6.8, the maximum survival rate was GO 76.83% in GO 261, followed by 71.63% in GO 264 and 65.93% in GO 91; at pH=8, all 10 strains were higher than 60%.


Table 3 | Tolerance to simulated gastrointestinal juice.





Adhesion Ability

Auto-aggregation assay indicated that the auto-aggregation ability of the 10 selected isolates ranged from 18.70% to 84.81% (Figure 4). The highest auto-aggregation values (>75%) were observed in GO 284, GO 294, GO 299, GO 310, and GO 318. Cell surface hydrophobicity assay showed that all 10 selected isolates displayed relatively strong affinity with xylene, chloroform, and ethyl acetate (Figure 5).




Figure 4 | Auto-aggregation of 10 isolates (GO 90, GO91, GO261, GO264, GO284, GO294, GO295, GO299, GO310, GO318). Data are expressed as the mean ± SD (n = 3). Values not sharing a common superscript are significantly different (P< 0.05).






Figure 5 | Surface hydrophobic activity of isolates. Data are expressed as the mean ± SD (n = 3). Values not sharing a common superscript are significantly different (P< 0.05).





Digestive Enzyme Activities and Antibacterial Activities

Digestive enzyme production assay results of the 10 selected isolates are shown in Table 4. Isolate GO 91 displayed the strongest protease activity; while isolate GO 261 displayed the strongest amylase activity.


Table 4 | Digestive enzyme activities (illustrated by hydrolytic zone diameter and antibacterial activities (illustrated by inhibition zone diameter) of 10 selected isolates.



Antibacterial activity tests showed that three isolates (GO 91, GO 264, and GO 284) exhibited marked antagonistic activity against Vibrio anguillarum. No isolate displayed antagonistic activity against Vibrio harveyi, Photobacterium damsela, or Edwardsiella tarda (Table 4).



Identification of Selected Isolates

The 16s rRNA sequence analysis revealed that the 10 selected isolates belong to two bacterial genera: Vibrio rhodolitus and Shewanella corallii. Isolate GO 90 (GenBank Accession No. ON415288), GO 91 (GenBank Accession No. ON386274), GO 261 (GenBank Accession No. ON415290), GO 264 (GenBank Accession No. ON415287), and GO 295 (GenBank Accession No. ON415291) all had high sequence homology (≥99.80%) with Vibrio rhodolitus (GenBank Accession No. NZQLYZ01000042.1), while GO 284 (GenBank Accession No.ON415320), GO 294 (GenBank Accession No.ON415292), GO 299 (GenBank Accession No. ON415311), GO 310 (GenBank Accession No. ON386273), and GO 318 (GenBank Accession No. ON415289) all had high sequence homology (≥99.22%) with Shewanella corallii (GenBank Accession No. NR116537.1). The constructed phylogenetic tree is shown in Figure 6.




Figure 6 | Phylogenetic tree of 10 selected isolates based on 16S rDNA sequence. The tree was constructed with MEGA-X software package using the Neighbor-Joining method.



Based on the results of other probiotic properties tests and identification results, Vibrio rhodolitus GO 91 and Shewanella corallii GO 310 were chosen for the follow-up safety tests.



Safety Tests

Antibiotics sensitivity test results of isolate GO 91 and GO 310 are shown in Table 5. Results indicated that among the 20 tested antibiotics, GO 91 is sensitive to six antibiotics, resistant to nine antibiotics, and intermediate to five antibiotics, while GO 310 is sensitive to 12 antibiotics, resistant to five antibiotics, and intermediate to three antibiotics. Strains were sensitive to many commonly used aquacultural antibiotics approved by the Chinese government (Lulijwa et al., 2020)


Table 5 | Antibiotics sensitivity test results of isolate GO 91 and GO 310.



The in vivo challenge test of GO 91 or GO 310 didn’t cause any disease symptoms or death in hybrid grouper in 14 days.




Discussion

Previous antioxidant aquacultural probiotics studies mainly investigated the in vivo antioxidant effects of the potential isolates in aquacultural species, which inevitably involve feeding trials spanning 8 weeks or more (Giri et al., 2012; Yan et al., 2016; Gobi et al., 2018; Dawood et al., 2019). What’s more, though a large number of probiotics feeding experiments have shown that probiotics can improve the antioxidant indexes in the fish serum (such as SOD, CAT, or MDA), the action mechanism of these antioxidant probiotics (whether the bacteria have antioxidant activity themselves or somehow indirectly improve the antioxidant activity of the host) were essentially unclear. In this study, in vitro screening antioxidant methods, which are both time-saving and specific-antioxidant targeted, were employed to pre-screen probiotics with antioxidant properties for potential grouper farming application. Each of these in vitro methods targeted at one or one type of specific antioxidants. For example, DPPH assay determines the ability of antioxidants that could scavenge DPPH free radicals; ABTS assay estimates the ability of antioxidants that could quench free radical molecules ABTS•+ (Mishra et al., 2015); FRAP method measures the ability of antioxidants to reduce [Fe3+-(Tptz)2]3+ to [Fe2+-(Tptz)2]2+ (Mishra et al., 2015); The reducing assay evaluates the ability of antioxidants to directly reduce Fe3+ (CN-)6 to Fe2+ (CN-)6 (Gülçin, 2009); The ORAC method measures the ability of antioxidants to compete with fluorescein to react with peroxyl radicals (Schaich et al., 2015). A combination of these methods has been adopted for screening antioxidant probiotics in research areas such as food and beverage and waste water treatment. Das and Goyal (2015) showed that hydroxyl radical scavenging rate, superoxide anion radical scavenging rate, DPPH radical scavenging rate, and reducing activity of Lactobacillus plantarum isolated from Sikkim fermented beverage Marcha were 49%, 48%, 55%, and 149 mM (cysteine equivalent), respectively. Gaisawat et al. (2019) showed that using FRAP, DPPH assay, and iron and copper chelation to detect the redox state of normal fecal water and Clostridium difficile-infected fecal water in simulated upper digestive tract digestion caused by single-strain and multiple probiotic supplements. It was found that normal fecal water containing probiotic supplement (e.g., Lactobacillus rhamnosus R0011) showed significant iron chelation (p<0.05). In fecal water infected with C. difficile, all probiotic supplements showed a significant increase in FRAP and copper chelation (p<0.05). The scavenging rate of DPPH free radical, however, had no effect on the treatment of these two kinds of fecal water. Jang et al. (2018) showed that Lactobacillus plantarum LN1 was isolated from kimchi. With Lactobacillus plantarum KCTC3108 as a commercial probiotic as control, the antioxidant activity of live and heat-killed L. plantarum LN1 was evaluated by means of DPPH radical scavenging, ABTS+ radical scavenging, β-carotene and linoleic acid inhibition, and reducing activity. The results showed that the antioxidant activity of live L. plantarum LN1 was higher than that of the control strain. In L. plantarum LN1 heat inactivated cells, the bleaching inhibitory activity and reducing power of b-carotene were higher than those of DPPH and ABTS free radical scavenging activity. To our best knowledge, up to date only one aquacultural probiotic study adopted in vitro antioxidant methods (Giri et al., 2019). In that research, two in vitro antioxidant indexes were measured along with Pb-binding activities and other probiotic characteristics to screen Pb-resistant lactic acid bacteria. The present study, comprehensively evaluating nine antioxidant indexes in vitro, was the first aquaculture probiotic screening study focused on antioxidant abilities of the potential probiotics. in vitro In addition, considering that physiological activities of microorganisms are optimum when in their natural habitat (Liao et al., 2021), antioxidant isolates from the gut of grouper fish were screened in the present study to obtain local and host-derived probiotics for local aquaculture usage.

In the present study, a total of nine antioxidant assays (assay of scavenging activity against superoxide anion radicals, assay of hydrogen peroxide resistance, assay of scavenging activity against hydroxyl radical, assay of chelating ability on ferrous ions, assay of reducing activity, assay of ferric ion reducing antioxidant power, assay of oxygen-radical absorbance capacity, assay of scavenging of DPPH free radical, assay of scavenging of ABTS+ free radical) were used to comprehensively evaluate the antioxidant activity of the isolates. Each determination method of antioxidant activity has its advantages and disadvantages, and each determination of antioxidant activity has a specific target in a clear matrix, so it is best to use a variety of methods to determine it (Mishra et al., 2015). Compared with other methods, DPPH assay is a widely used method to evaluate antioxidant activity in a relatively short time (Elmastas et al., 2006). Therefore, DPPH assay was used to preliminary screen 36 isolates (DPPH scavenging rate > 50%) from 369 non-hemolytic isolates. Compared with ABTS•+ and DPPH assay, ORAC assay uses peroxyl radicals which are better models of antioxidant reaction with oxidizing lipids and reactive oxygen species in food and in vivo, and the continuous production of free radicals in time is more like the actual reaction (Schaich et al., 2015). Hydroxyl radicals are the main reactive oxygen species that cause lipid peroxidation and other large-scale biological damage to cells (Das and Goyal, 2015). Superoxide is a relatively weak oxidant, although its response is limited, but it will turn into more dangerous substances (e.g., singlet oxygen, hydroxyl radicals) which lead to lipid peroxidation (Gülçin, 2009). Hydrogen peroxide itself is not very active, but it produces hydroxyl radicals in the cells, which are toxic to the cells (Gülçin, 2009). Compared with HO•, O2-•, or active lipid oxygen free radicals in vivo, ABTS+• and DPPH assay use spatially blocked stable free radicals (Schaich et al., 2015). Iron exists in nature as ferrous (Fe2+) ion and iron ion (Fe3+). It will trigger the Fenton reaction in the body, and the reduced metal may form highly active hydroxyl radicals, resulting in oxidative stress. Fe2+ is the most effective oxidant in the food system, and good chelation will be beneficial. Chelating ferrous ions may be a promising method to prevent diseases caused by oxidative stress (Gülçin, 2009). The ability of scavenging 1-diphenyl-2-picrylhydrazine free radical, oxygen free radical absorption, anti-H2O2 and hydroxyl radical scavenging ability of lactic acid bacteria were determined by Mu et al. (2018). When screening lactic acid bacteria with strong antioxidant activity, it was found that the DPPH radical scavenging activity of lactic acid bacteria was not significantly correlated with the activity of other antioxidants (p > 0.05). There was a significant correlation among the antioxidant activity, 0.5mM H2O2 resistance, and hydroxyl radical scavenging ability of the strain in ORAC test (p < 0.05), and there was a significant correlation among the results of hydroxyl radical scavenging test, HT-29 cell protection against 0.5mM H2O2 damage, and cellular antioxidation test (p < 0.05). Based on previous antioxidant activity research using a variety of chemical methods and cell models, different weightings were assigned to each antioxidant index and an overall antioxidant score was calculated for each isolate, so that the antioxidant abilities of isolates could be comprehensively evaluated. The top 10 strains with the strongest antioxidant activities were screened for follow-up experiments.

The viability of probiotics under gastrointestinal conditions is also the key to the selection of probiotic strains (Meidong et al., 2021). Mortezaei et al. (2020) investigated the tolerance of 10 isolates at different pH (pH = 2.5, 3,3.5,4). The results showed that only five isolates could tolerate pH2.5 for 1.5 h. Meidong et al. (2021) used simulated gastric juice (SGJ, 3 mg/mL pepsin regulated to pH 2.5) and simulated intestinal juice (SIJ, 1 mg/mL trypsin, 3 mg/mL bile salt and adjusted to pH 8.0) to determine the survival rate of screening probiotics. The number of viable bacterial cells was counted by MRS agar dilution plate method after SGJ and SIJ were treated for 0.5, 1, 2, 3 h and 1, 2, 3, 6 h, respectively, and the potential probiotics with tolerance more than 50% were screened. In the present research, the survival rates of 10 isolates in pH = 2.5 and pH = 4.0 simulated gastric juice (3 mg/mL pepsin) for 3 h and in pH = 6.8 and pH=8.0 simulated intestinal juice (1 mg/mL trypsin, 3 mg/mL bile salt) for 6 h were determined. The results showed that only GO 90 and GO 91 could tolerate low pH 2.5. However, all isolates showed relatively high survival rates (>50%) at pH 4.0, 6.8, and 8.0. Literature (Murashita et al., 2021) and a preliminary experiment in our lab both showed that the pH of the stomach and intestine contents in carnivorous fish (tuna fish and hybrid grouper) ranged between 4.0 to 7.5. Therefore all 10 isolates tested could well tolerate the gut environment of hybrid grouper.

The auto-aggregation and hydrophobicity of probiotics cells are the indicators of bacterial cells colonizing and adhering to the surface of host intestinal mucosa (Meidong et al., 2021). Kavitha et al. (2018) used the Congo red method to determine the formation of biofilm and used toluene, chloroform, and ethyl acetate to determine the surface hydrophobicity of the isolates. Meidong et al. (2021) determined the auto-agglutination of the strain and used bacterial cells attached to hydrocarbons (xylene) to detect the hydrophobic activity of the strain. In this research, the auto-agglutination of the strain was determined, and the hydrophobic activity of the strain was determined by using toluene, chloroform, and ethyl acetate. Probiotics can also stimulate the host appetite, feed palatability, and host growth by secreting digestive enzymes, thus helping decompose indigestible ingredients in feed (Dawood et al., 2019). Therefore, amylase and protease activities of 10 isolates were determined in this study. The results showed that GO 90, GO 91, GO 261, and GO 310 produced protease, while GO 90, GO 91, GO 261, GO 264, GO 284, GO 299, and GO 310 produced amylase. In addition, probiotics regulate the growth and selectivity of intestinal microflora by inhibiting harmful bacteria and enhancing the natural defense mechanism of the host by producing inhibitors (Dawood et al., 2019). In this research, the antagonism of 10 isolates against Vibrio harveyi, V. anguillarum, Photobacterium damselae, and Edwardsiella tarda were detected. The results showed that GO 91, GO 261, GO 264, and GO2 84 could antagonize V. anguillarum. The 16s rRNA sequence analysis of 10 isolates showed that GO 90, GO 91, GO 261, GO 264, and GO 295 had high sequence homology with V. rosenbergii, while GO 284, GO 294, GO 299, GO 310, and GO 318 had high sequence homology with S. corallii. Combining antioxidant activity, gastrointestinal tolerance, adhesion, amylase, and protease in V. rosenbergii, the antagonistic selection of GO91 against pathogens was carried out in the follow-up experiment. Similarly, in S. corallii, GO310 was selected to carry on the follow-up experiment. The safety of strains is one of the evaluation criteria of probiotics. Intraperitoneal injection of isolate GO91 and GO 310 (100 µL, 1 × 108 CFU/mL) didn’t cause any disease symptoms or death to the tested hybrid grouper during the 2 weeks challenge period, indicating that the two strains were relatively safe if used to culture hybrid grouper.

Nowadays, more and more probiotic species have been found to be suitable for aquaculture. Probiotics used in aquaculture include: lactic acid bacteria, Bacillus, Aeromonas, Alteromonas, Arthrobacter, Bifidobacterium, Clostridium, Paenibacillus, Phaeobacter, Pseudoalteromonas, Pseudomonas, Rhodosporidium, Roseobacter, Streptomyces, Vibrio, Tetraselmis, Debaryomyces, Phaffia, and Saccharomyces (Gatesoupe, 1999; Merrifield et al., 2010; Yücel and Balci, 2010; Hai, 2015; Hoseinifar et al., 2018; Ringø et al., 2020). Among them, the main species of animal probiotics are lactic acid bacteria and Bacillus subtilis. Strains belonging to Vibrio are generally considered to be pathogens of aquaculture animals, but some Vibrio strains can be used as probiotics to play a probiotic role in the host. Ninawe and Selvin (2009) found that the non-pathogenic strain V. alginolyticus could significantly improve the survival rate of juvenile fish. Mujeeb Rahiman et al. (2010) researched the effects of Vibrio NE17 isolated from Macrobrachium rosenbergii larvae and egg samples on M. rosenbergii larvae (mixing, water bath, mixing and water bath). The results showed that SGR and weight gain were significantly improved in the experimental group 
(P< 0.001). The survival rate of experimental groups was improved comparing to that of the control group, and the water quality indexes such as nitrate concentration and ammonia nitrogen concentration of each experimental group were also significantly improved (P< 0.05). The immune indexes such as blood cell count, phenoloxidase activity, and respiratory burst were also significantly improved (P< 0.001). The strains (GO 91 and GO 310) showing the best overall antioxidant capacities in this experiment belong to two new probiotic species, V. rhodolitus and S. corallii. No available literature has reported their potential probiotic characteristics so far. Safety experiments in the present study showed that these two strains have no pathogenic effects on hybrid grouper. Their beneficial effects (antioxidant activities and other probiotic characteristics), however, need to be further verified through in vivo feeding experiments in future research.
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