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Large-scale fish farming faces many environmental stresses, which affect their immune systems, growth performance, and physiological homeostasis, resulting in increase in their susceptibility to infections. Some of the most common bacterial infections of cobia fish (Rachycentron canadum) include streptococcosis, vibriosis, furunculosis and mycobacteriosis, and pastelleurosis. Probiotics could be helpful in reducing or limiting the incidence of severe disease infections or outbreaks. Therefore, the present study aimed to isolate the indigenous bacterial species from healthy cobia fish and then selected 3 strains, including Bacillus sp. RCS1 (MW560712), Pantoea agglomerans RCS2 (MW560713), and Bacillus cereus RCS3 (MW560714) from the gut of juvenile’s cobia having advantageous assets or positive characteristics. Their analysis indicated the presence of similar biochemical profiles and all could effectively utilize carbon sources. The biosafety assessment did not show any pathological symptoms after 10 days of injecting the fish with isolated bacteria. The results showed that all the isolated bacteria in the present study had low auto-aggregation capacity within the first 3 h of incubation. The isolated bacteria showed strong tolerance when exposed to a range of pH. Although asymmetrically, a slow rise in the growth of isolated bacteria was observed within the pH range of 1–8 for RC1, 1–7 for RC2, and 1–6 for RC3. The antagonistic effects of isolated bacterial strains on the development of pathogens, including Vibrio alginolyticus, Vibrio harveyi, Streptococcus iniae, and Streptococcus agalactiae, were investigated using Luria-Bertani (LB) agar plates. All the isolated bacteria exhibited inhibitory effects against the pathogens, including V. alginolyticus, V. harveyi, S. iniae, and S. agalactiae. These isolated bacteria were characterized with a wide range of antagonistic activities, non-hemolytic activities, high survivability after heat-treatments and safety confidence, and antibiotic susceptibility. Generally, the characteristics displayed by these strains indicated that they could be used as potential probiotics in the aquaculture industry.
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INTRODUCTION

Aquaculture is a reliable production source for sustenance and nourishment of the global population’s increasing demand for animal and fish proteins. Ensuring a suitable environment, healthy fish seeds and juveniles, and quality feed are necessary for successful aquaculture. Cobia (Rachycentron canadum) is appreciated for its characteristic features, which make it an important culture fish. It has a fast growth rate and inadequate availability in the wild, along with high market values due to its excellent flesh quality. These characteristics have inspired its production in aquaculture all over Asia, especially in China and other parts of the globe as well (Holt et al., 2007; Benetti et al., 2008, 2010; Zhang et al., 2013; Chen et al., 2016; Huang et al., 2020; Xie et al., 2021). Its production reached to approximately 40,000 tons worldwide in 2015 and 59538 tons in 2018 [Food and Agriculture Organization (FAO), 2015, 2020; Wang et al., 2021]. The cobia aquaculture faces challenges due the frequent incidences of disease infections in fish farming, high risk of disease infection and inadequate knowledge of its gut microbiota. Large-scale fish farming face many environmental stresses, which affect their immune systems, growth performance, and physiological homeostasis, resulting in their susceptibility to infections. Antibiotics have been used previously, and have effectively decreased the incidence of disease infection but the excessive use of many antibiotics has resulted in bacterial resistance (Montes et al., 2006; Dlamini et al., 2019). Some of the most common bacterial infections that affect cobia include streptococcosis, vibriosis, furunculosis, and mycobacteriosis. The opportunistic species from Photobacterium genus causes a disease pastelleurosis that has been identified as a significant emerging problem for the aquaculture of cobia throughout its production cycle (Lopez et al., 2002; Liu et al., 2003; Rajan et al., 2003; Liao et al., 2004; Chen and Hsu, 2005).

The indigenous gut microbiota of fish plays a significant role in the growth, development, and health of host (Vine et al., 2004) by safeguarding and protecting against pathogens in gut and assisting in host’s digestive function by producing exogenous digestive enzymes and vitamins (Ray et al., 2012; Bhatnagar and Dhillon, 2019).

The utilization of valuable microbes and probiotics as a substitute approach to antimicrobial compounds for the control and prevention of diseases in aquaculture is increasing, which has become a hot-spot topic for research. Therefore, the probiotics can be utilized in aquatic farming, especially in fish farming, for the establishment of disease-free aquaculture (Bhatnagar and Dhillon, 2019). In order to fight diseases and promote growth, weight gain, and size, a range of valuable diet supplements and probiotics, which are advantageous to aquatic organisms, especially for fish, are being used in fish farming (Irianto and Austin, 2002; Amenyogbe et al., 2020), and encourage the host’s immune response. Probiotics can improve host’s health. Therefore, the Food and Agriculture Organization (FAO) has defined probiotics as foods or supplements, containing live microorganisms, which are intended to maintain or improve host’s health [Food and Agriculture Organization (FAO), 2001]. Probiotics are useful in reducing or limiting the incidence of severe disease infections or outbreaks and enhance digestive function and non-specific immunity in aquaculture species (Carnevali et al., 2006; Knackstedt and Gatherwright, 2019; Ringo, 2019).

Many indigenous microbial species from fish gut, such as Agarivorans spp. (Liu et al., 2017), Pseudomonas spp. (Nayak and Mukherjee, 2011), Lactobacillus spp. (Balcázar et al., 2007), and Bacillus spp. (Bandyopadhyay and Patra, 2004; Bhatnagar et al., 2012; Bhatnagar and Raparia, 2014; Bhatnagar and Lamba, 2015, 2017; Yang et al., 2015; Kuebutornye et al., 2019; Li et al., 2019; Wang et al., 2019) and Aeromonas spp. (Hao et al., 2014) have been isolated and utilized as feed additives in order to study their effects on immunity, growth performance and development, and nutritional superiority. Among the probiotics utilized in feed additives and disease control, the species in Bacillus genus, including B. subtilis, B. licheniformis, and B. cereus, are the dominant species (Aleti et al., 2015; Wang et al., 2015; Chen et al., 2019; Park et al., 2020). Many of these indigenous species have been proven to be beneficial for fish species by improving immunity, performance of growth and development, and nutritional superiority.

Pantoea, a Gram-negative bacterial genus that belongs to Enterobacteriaceae family, currently includes 21 identified species (Walterson and Stavrinides, 2015; Nawrath et al., 2020). The strains of this genus, including P. agglomerans BSL 2, are commercially utilized as biological control agents (Smits et al., 2010; Nawrath et al., 2020). Many studies have discussed and reviewed the harmful and beneficial effects of Pantoea species (Dutkiewicz et al., 2015, 2016b,c). Nevertheless, Pantoea is a diverse and versatile bacterium genus that displays some mutual traits associated with extraordinary biochemical actions and adaptation to a wild range of hosts and ecological conditions (Völksch et al., 2009; Nadarasah and Stavrinides, 2014; Walterson and Stavrinides, 2015; Dutkiewicz et al., 2016a). This makes an exclusive opportunity to utilize P. agglomerans as an effective candidate for the control of bio-remediation, and as drug, and bio-control agent. Interestingly, some of their potential traits include their capability of controlling several functions of animal-pathogen interactions, subject to their density of population, which is acknowledged as quorum sensing (Chalupowicz et al., 2008; Dutkiewicz et al., 2015, 2016b,c). These potential traits can be competently utilized for the treatment of human infections (Kohchi et al., 2006) and advancement of plant/animal growth (Jiang et al., 2015).

The most efficient approach to have probiotics is to isolate them from host’s gut (O’Sullivan, 2001; Bhatnagar and Dhillon, 2019). Generally, the selection of probiotics depends on their growth and colonization in gastric mucus, adhesion, or in vitro antagonism (Vine et al., 2004). Therefore, the present study isolated indigenous bacteria (Bacillus sp. RCS1, Pantoea agglomerans RCS2, and Bacillus cereus strain RCS3) having advantageous assets or positive characteristics from the gut of juvenile’s cobia. The antagonistic effects of these isolated indigenous bacteria on the growth of pathogenic Vibrio alginolyticus, Vibrio harveyi, Streptococcus iniae, and Streptococcus agalactiae were characterized and preliminary scrutinized.



MATERIALS AND METHODS


Collection of Samples

Eight (8) cobia, carnivorous marine fish (mix gender), from the wild with an average body weight of 202 ± 04 g (Mean ± SD) and average standard length of 28 ± 9 cm, having no symptoms of infection were obtained from Donghai Island. The live fish were transported in polythene bags containing oxygenated water with the DO level in the water (>6 mg/L), water temperature (26.3 ± 2.5°C) to Fish Seed Engineering and Healthy Farming laboratory, Fisheries College of Guangdong Ocean University, China, for immediate use.



Isolation of Gut Microbiota

The fish were anesthetized using ethyl 3-aminobenzoate methanesulfonate, tricaine methanesulfonate (Sigma-Aldrich, 150 mg L-1MS-222), in order to minimize pain, which were then killed through a blow to their head. The fish were cleaned externally with cotton dipped into 75% ethanol to eliminate any external microbes on their bodies. Fish intestines were removed and cautiously stripped to eradicate all digestive content after the fish were dissected with sterile scissors. The intestine sections were washed with sterile phosphate buffer saline (PBS) three times. The intestinal sections were weighed and equal amounts of PBS by volume were added to them. The intestinal samples were homogenized using 15 mL borosilicate glass tissue homogenizer (Shanghai Lenggu Instrument Company, Shanghai, China) under sterile ice conditions. After homogenization, to a volume of 0.5 mL homogenized mixture, 4.5 mL of PBS solution was added to dilute the mixture. A volume of 0.1 mL of the diluted mixture was spread on Luria-Bertani (LB) agar plates. The LB plates were incubated for 24 h at 30°C. After 24 h of incubation, individual colonies were selected randomly and cultured into Luria-Bertani media to grow on a large scale under similar incubation conditions. Streaking of the isolated mixture was done repeatedly in order to obtain pure bacterial colonies. Based on their morphology, the potential probiotic strains were selected and identified using 16S rRNA gene sequencing. For this, polymerase chain reaction (PCR) (Weisburg et al., 1991) was carried out using universal bacterial primers 1492R (5′-GGTTACCTTGTTACGACTT-3′) and 27F (5′-AGAGTTTGATCCTGGCTCAG-3′). The PCR reaction mixture included 2.5 μL of each isolate, 2.5 μL of each primer at 0.2 μ M concentration (27F and 1492R), 25 μL of rTaq buffers, and 17.5 μL of double-distilled water. Streptococcus agalactiae, acquired from Provincial Key Laboratory of Pathogenic Biology and Epidemiology for Aquatic Animals, College of Fisheries, Guangdong Ocean University, Huguang Yan East, Zhanjiang 524088, Guangdong, China, was used as positive control. Double distilled water was used as negative control (Kuebutornye et al., 2018). The PCR conditions were as follows: initial denaturation at 95°C for 5 min; followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 45 s, and extension at 72°C for 1 min 30 s; and final extension at 72°C for 10 min (Kuebutornye et al., 2019). The PCR products were analyzed using agarose (1% w/v) gel electrophoresis and later sent to Sangon Biotech Co., Ltd. (Guangzhou, China) for sequencing. The basic local alignment search tool (BLAST) from National Center for Biotechnology Information (NCBI) was used for comparing the sequences with available 16S rRNA gene sequences in database and the isolated strains were identified. Mega 7 software was employed to construct a phylogenetic tree with other sequences obtained from NCBI for establishing evolutionary relationships among different isolates. The confidence of the resultant phylogenetic tree branch topology was set to bootstrap value of 10,000. The 16S rRNA gene sequences of the isolated microorganisms were submitted to NCBI for accession numbers.



Biochemical Characterization

For biochemical characterization (Table 1) and confirmation, the commercial kits from Huankai Microbial, Guangzhou, China, and Bacillus cereus (HBIG07-1) identification bar from Qingdao Hope Bio-Technology Co., Ltd., Qingdao, China were used, following the manufacturer’s protocol.


TABLE 1. Biochemical characterization of isolated bacterial strains.
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Bacterial Growth in Luria-Bertani Broth

From the LB agar plates, a distinct colony of the isolated probiotic bacteria was carefully chosen and incubated at 37°C overnight in 5.0 mL of LB broth. A 500-mL Erlenmeyer flask containing 100 mL sterile LB broth and 1 mL of the culture was incubated at 37°C with constant shaking at 150 rpm. Their growth was monitored by measuring the absorbance at 600 nm for 24 h at 2 h intervals (Xie et al., 2014).



Biosafety Assay

In order to analyze the pathogenic effects of isolated microorganisms in cobia, 0.1 mL (108 CFU/mL) of each sample was injected intra-peritoneally into two groups, each containing 6 cobia fish with an average body weight of 150 g. The same volume of sterile PBS (pH 7.2) was injected into sixth fish as a control group. The conditions for fish culture were monitored as described previously (Abarike et al., 2018; Wang et al., 2021). Briefly, the fiberglass was a flowing water aquaculture system with continuous aeration for 24 h, and plastic tanks of 500 L capacity of filling with water. A dissolved oxygen meter (Hengxin, Taiwan, AZ8403) was used to monitor changes in dissolved oxygen. The experimental fish was fed with compound feed (Guangdong Yuequn Marine Biology Research and Development Co., Ltd., Jieyang, China) twice a day. The feed composed of about 430 g.kg–1 crude protein and 80 g.kg–1 crude lipid using the fish meal and soybean as protein sources, and fish oil and soybean oil as lipid sources (Geng et al., 2011). The feed was calculated as 10% of their body weights. Their feces were cleaned regularly by siphoning off with water. The fish were observed daily for clinical signs and mortality rate for 2 weeks (14 days).



Antibiotic Susceptibility

The isolated bacteria were assessed for their antibiotic susceptibility against some antibiotics (Table 3), using the commercially available antibiotics discs obtained from Hangzhou Microbial Reagent Co., Ltd., Hangzhou, China. Using the disk diffusion susceptibility method (Murray et al., 2007; Clinical and Laboratory Standards Institute, 2009), the isolated bacteria (100 μL) were spread on LB agar plates with the commercial antibiotics discs carefully placed on them and incubated for 24 h at 37°C. Their antibiotic susceptibility was calculated by measuring (mm) their inhibition zone as previously described (Patel et al., 2009; Kuebutornye et al., 2019).



Bile Salts Resistance

The resistance of isolated bacteria to bile salts was analyzed using the modified methods, as described by Argyri et al. (2013); Kuebutornye et al. (2019). In brief, the bacteria were cultured in LB broth overnight, harvested the following morning (9,000 g, 5 min, 4°C), washed with PBS buffer (pH 7.2) twice and then kept in PBS solution (pH 7.4), containing 0.5% (w/v) bile salts (BBI Life Sciences, Shanghai, China). Their resistance to bile salts was assessed by counting the colonies at 1 h interval during the incubation at 37°C for 4 h (counting viable colonies at 1, 2, 3, and 4 h of incubation).



High-Temperature Resistance

The resistance of isolated microorganisms to different temperatures was evaluated using the previously described procedures with slight modifications (Guo et al., 2016; Kuebutornye et al., 2019). Since the fish feed processing at times demands high temperatures. After culturing the isolated bacteria in LB broth overnight at 37°C and 150 rpm, the isolates were harvested by centrifuging at 9,000g for 5 min, followed by washing with PBS (pH 7.4) twice. The isolates were then exposed to 80, 90, and 100°C temperature for 2, 5, and 10 min, respectively. After exposure, sterile LB broth of equal volume was added to the temperature-exposed isolated bacteria in order to evaluate their growth capacity after heat treatments. The bacterial growth was observed by measuring the absorbance at 600 nm after 12 h of incubation at 37°C with constant shaking at the speed of 150 rpm.



Compatibility Test

According to literature, the mono-probiotics species are used in food products. Hence, the compatibility test was carried out for the utilization of multispecies probiotics (Saarela et al., 2000; Rajyalakshmi et al., 2016; Kuebutornye et al., 2019). The compatibility test was performed as described previously by Rajyalakshmi et al. (2016); Kuebutornye et al. (2019). Briefly, the isolated bacteria were streaked vertically and perpendicularly on LB agar plates at a distance of 5 and 10 mm from each other. After 24 h of incubation at 37°C, their compatibility was determined by observing and measuring the inhibition zone of isolated bacteria.



Antimicrobial Activity

The pathogenic bacterial strains, including V. alginolyticus, V. harveyi, S. iniae, and S. agalactiae, were obtained from Provincial Key Laboratory of Pathogenic Biology and Epidemiology for Aquatic Animals, College of Fisheries, Guangdong Ocean University, Huguang Yan East, Zhanjiang 524088, Guangdong, China, for laboratory use. These pathogenic bacterial strains were tested against the isolated bacteria using the agar well diffusion method and cross-streak methods (Lertcanawanichakul and Sawangnop, 2008).



Auto-Aggregation

The auto-aggregation of the isolated bacteria was evaluated using the previously described method by Lee et al. (2017); Kuebutornye et al. (2019) with slight modifications. After centrifugation at 9,400 g for 5 min, the cells of isolated bacteria were harvested. The harvested cells were washed twice with PBS, kept back into the supernatant, and then mixed using vortex for 30 s. The absorbance was measured at 600 nm using a spectrophotometer (Shanghai Inesa Analytical Instrument Company, shanghai, China), at 0, 1, 2, 3, and 24 h of harvesting. The auto-aggregation was measured using Eq. (1).

[image: image]

where A0 = Absorbance at 0 h at 600 nm and At = Absorbance at 1, 2, 3, and 24 h at 600 nm.



Cell Hydrophobicity

The cell hydrophobicity is the most generally used method to determine the microbial cell surface adhesion. Since the assay is based on adhesion, its efficacy to determine the cell surface hydrophobicity is questionable. The cell hydrophobicity of isolated bacteria was analyzed using the previously described methods by Lee et al. (2017) with slight modifications. In brief, the isolates were cultured for 24 h and then centrifuged at 9,000 g for 5 min to harvest the bacterial cells. The harvested cells were washed with 2 mL of PBS (PBS, pH 7.4) twice. The absorbance was measured at 600 nm wavelength using a spectrophotometer in order to evaluate the percentage hydrophobicity and recorded as A0. Then, the harvested cells were mixed with ethyl acetate (a basic solvent), xylene (a non-polar solvent) and chloroform (an acidic solvent) using vortex for 5 min. The solution was kept for 30 min to allow it to separate into two phases. The absorbance was measured and recorded as A1. Hydrophobicity (%) could be calculated as given in Eq. (2).

[image: image]

where A0 = absorbance before mixing with solvent at 600 nm and A1 = absorbance after mixing with solvent at 600 nm.



Hemolytic Activity

The isolated bacteria were exposed to a hemolytic assay by streaking onto agar plates supplemented with 7% sheep blood. The agar plates were incubated at 37°C for 48 h followed by the observation and measurement of hemolytic zones. Subsequently, the isolated microbes were classified as β, α, or γ-hemolysis. The isolated bacteria with clear zone were denoted as β-hemolysis, those with green zone were denoted as α-hemolysis, and those without any zone were denoted as without hemolysis (Engel et al., 1972; Lee et al., 2017; Kuebutornye et al., 2019).



Optimal Growth and pH Determination

The determination of optimal growth and pH was carried out following the method described by Kavitha et al. (2018) with slight modifications. Briefly, the isolates were cultured for 24 h at 37°C in LB broth with adjustable pH (1–10). HCl and NaOH were used to adjust pH. The growth was measured by measuring the OD (optical density) using spectrophotometer (Shanghai Inesa Analytical Instrument Company, shanghai, China) at 600 nm. The LB broth without any bacteria was used as control.



Biofilm Formation and Detection (Congo Red Agar Method)

In order to measure the production of biofilm, the methods described by Kavitha et al. (2018) were followed with slight modifications. Briefly, the isolates were cultured at 37°C for 24 h. The cultured bacteria were streaked and incubated at 37°C for 48 h on Mueller Hinton agar medium, containing 0.8 g/l of Congo red dye. The red colonies were identified as non-biofilm-producing strains, while the black colonies with consistent dry crystalline structures were identified as biofilm-producing strains.



Statistical Analysis

In this study, the data were analyzed with one-way analysis of variance (ANOVA) using SPSS (IBM SPSS STATISTICS, 16.0 package, IBM Corporation, New York, United States) for Windows version 7.0 (SPSS, Chicago, United States). The data were previously tested for normal distribution and equal variances between treatments and homogeneity before ANOVA analysis and expressed in percentages. Data expressed as percentage were angularly transformed before being statistically assessed. The data were expressed as mean ± standard error (SE). The differences in mean values were identified using Tukey’s HSD tests (P < 0.05). Different letters were used to indicate the statistical significant differences.




RESULTS


Identification of Gut Bacteria

Following biochemical and morphological characterization, three prospective probiotic bacteria were isolated and identified, namely, Bacillus sp. RCS1, Pantoea agglomerans RCS2, and Bacillus cereus RCS3, which were selected as microorganisms to be investigated in this study (Table 1). The gene sequencing analysis of 16S rRNA gene indicated that the isolated bacteria were Bacillus sp., Bacillus cereus strain, and Pantoea agglomerans strain. The Bacillus sp. RCS1, and Bacillus cereus strain RCS3 exhibited neighboring sequence homology (99. 52%) with Bacillus cereus strains while Pantoea agglomerans RCS2 exhibited neighboring sequence homology (98. 39%) with the Pantoea agglomerans strains. The analysis of the constructed phylogenetic tree (Figure 1) indicated that the isolates Bacillus sp. RCS1, and Bacillus cereus RCS3 had the highest similarity to Bacillus cereus strain NBRC 15305 (NR_112630.1) while the Pantoea agglomerans RCS2 had the highest similarity to Pantoea agglomerans strain CZ-BHG003, Pantoea agglomerans strain TPD7001 and Pantoea agglomerans strain NSH. The 16S rRNA gene sequences of the isolated strains were submitted to the NCBI for GenBank accession numbers as follows; Bacillus sp. RCS1 (MW560712), Bacillus cereus RCS3 (MW560714), and Pantoea agglomerans RCS2 (MW560713), respectively.
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FIGURE 1. A neighbor joining method was used to construct phylogenetic tree using the sequences of isolated bacterial strains and others from NCBI database in order to identify genetic relatedness.


The biochemical characteristics of the isolated bacteria are listed in Table 1. Their analysis showed that they had comparable biochemical characteristics and hence can all virtually utilize carbon sources. The three isolated microbes were tested negative for gelatin liquefaction, inositol, urea, lysozyme broth, and hippuric acid, while tested positive for mannitol; hence they were halophiles. Nonetheless, they had different morphological features.

Generally, microbes reproduce via binary fission, which include the establishment two equal-sized progeny cells and hence amplifying their number with each division. A process of cell division of this kind, is known as exponential phase. The unit of bacterial growth is “generation time.” In order to identify the exponential growth phase of isolates in the present study, the growth of potential probiotics were determined. The exponential growth phase for all the three isolated bacteria started at roughly 2 h subsequently incubation at 37°C with uninterrupted shaking (150 rpm) (Figure 2).


[image: image]

FIGURE 2. Growth curves of isolated microorganisms. The growth curves were observed to determine the growth of these bacteria. The curves of the microbial growth were measured at 600 nm.


The biosafety assessment showed that after 10 days of injecting the fish with isolated bacteria, they showed no pathological symptoms (such as mucus, lesions, edema, loss of scale and hemorrhage) as witnessed in both the control and experimental groups. There were no mortalities recorded during the biosafety assay, which actually confirmed that these isolated bacteria were not pathogenic.

The outcomes of the antibiotic susceptibility tests for isolated bacteria are listed in Table 2. Out of the 22 antibiotics tested, the isolates Bacillus sp. RCS1, Pantoea agglomerans RCS2, and Bacillus cereus RCS3 were susceptible to 15, 16, and 11 of the antibiotics, respectively. They showed intermediate susceptibility to 3, 3, and 5 antibiotics, respectively and resistance to 4, 3, and 6 antibiotics, respectively.


TABLE 2. Antibiotics susceptibility of isolated bacterial strains.

[image: Table 2]
In order to analyze the bile resistance, the isolated microbes were subjected to 0.5% bile salt stress and resistance assay. The resistance was observed by counting the unit colonies formed subsequently after 4 h of exposure and calculated as a percentage. After 3 h of exposure, the result indicated that 76.16% of the Pantoea agglomerans RCS3 survived, while 54.06 and 65.38% of Bacillus sp. RCS1 and Bacillus cereus RCS2 survived, respectively. Nonetheless, the percentage of survivability of all the isolated bacteria dropped subsequently after 4 h of exposure to bile salt but still remained above 50% (Figure 3).


[image: image]

FIGURE 3. Bile endurance of bacteria after 4 h at 37°C. Values are presented as mean ± SE. Different letters show significant differences (P < 0.05).


The isolated bacteria showed promising results after exposing them to different temperatures of 100, 90, and 80°C for different duration of 10, 5, and 2 min, respectively. Though the multiplying capacity of the strains declined differentially with accumulative temperature, they could still proliferate at 80, 90, and 100°C, demonstrating that these strains could tolerate temperature up to 100°C. In comparison with controls, an increase in the growth (OD) of all the three microbes was observed at all the three temperature exposures (Figure 4). The compatibility tests showed that there was no convincing sign of dominance of one isolated bacterium over another, suggesting their compatible nature.


[image: image]

FIGURE 4. Bacterial endurance to high temperatures. Values are presented as mean ± SE. Different letters show significant differences (P < 0.05). CT indicates control.


Both isolated bacteria were assessed for their antimicrobial activities against four fish pathogens namely; Vibrio alginolyticus, Vibrio haeveyi, Streptococcus iniae, and Streptococcus agalactiae in this study. The isolates were observed to inhibit all the pathogenic bacteria tested in this study (Table 3) and in the agar well diffusion method (Supplementary Figure 1).


TABLE 3. Antagonistic activity of isolated bacterial strains against selected fish pathogens.

[image: Table 3]
The results showed that all the isolated bacteria in the present study had low auto-aggregation capacity within the first 3 h of incubation. Nonetheless, their auto-aggregation capacity increased after 24 h–79 ± 0.44, 80.1 ± 0.25, and 80.6 ± 0.13%, respectively (Figure 5).


[image: image]

FIGURE 5. Auto-aggregation of bacteria after 24 h. Values are presented as mean ± SE. Different letters show significant differences (P < 0.05).


The adhesion of bacterial isolates to the ethyl acetate (a basic solvent), chloroform (an acidic solvent), and xylene (a non-polar solvent) was assessed, and the percentages of their cell surface hydrophobicity competence were consequently calculated. All the three isolated bacterial strains showed excellent adherence to ethyl acetate, chloroform, and xylene. The adhesion of the isolated bacteria to xylene, chloroform and ethyl acetate were investigated in the present study to determine their adhesion competence to cell surfaces. The results indicated that all the three isolated bacteria showed good cell surface hydrophobicity to the three solvents tested as mentioned above, thereby qualifying the adhesion effectiveness (Figure 6).
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FIGURE 6. Cell surface hydrophobicity of bacterial strains to various solvents (such as Ethyl acetate, Chloroform and Xylene). Values are presented as mean ± SE. Different letters (a, b, and c) indicate significant differences (P < 0.05).


The results of hemolytic activities showed that Pantoea agglomerans RCS2 and Bacillus cereus RCS3 displayed α-hemolysis, while Bacillus sp. RCS1 demonstrated γ-hemolysis (Table 1).

The isolated bacteria showed strong tolerance when exposed to a range of pH. Although asymmetrically, a slow rise in the growth of isolated microbes was observed within the pH range of 1–8 for RC1, 1–7 for RC2, and 1–6 for RC3. The bacterial growth was observed to be declined at pH of 10.0. This indicated that the isolated microbes could endure both the alkaline as well as highly acidic conditions. At some points in different pH conditions, the three isolated bacteria exhibited significant differences (P < 0.05) (Figure 7).
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FIGURE 7. Bacteria growths at different pH (1.0–10.0) levels. Values are shown as mean ± SE. Different letters (a, b, c, d, e, f, g, h, i, and j) indicate significant differences (P < 0.05).


After 24 h of incubation at 37°C, the morphology of bacterial colonies changed to different colors, which indicated the absence or presence of biofilm production. The screening and analysis of the biofilm-producing capability of the isolated bacteria were investigated using Congo red agar method. The results showed that none of the isolated microorganisms formed black colonies, suggesting that they all were non-biofilm producing strains.




DISCUSSION

In an endeavor to curtail the incidence of fish infections in aquaculture, the isolation of probiotics from host’s tract and then utilization as probiotics is a promising alternative to antibiotics, which have extensively utilized but have adversarial effects as well (Magnadottir, 2010; Resende et al., 2012). The isolation of probiotics from host’s tract is also use for promoting the condition and health of the host as well. In the present study, the indigenous Bacillus sp. RCS1, Pantoea agglomerans RCS2, and Bacillus cereus strain RCS3 were isolated from the intestines of cobia fish through culture and in vitro approaches, and their probiotic potentials were evaluated. These isolated indigenous potential probiotics bacteria were assessed using different biochemical and morphological tests and identified using 16S rRNA gene sequencing. For the identification of different microbial species, their specific reactions or biochemical responses are very important. The biochemical tests depend on some enzymes, such as gelatinase, urease and catalase, which are produced by these microbes. Different kinds of bacteria produce different spectra of enzymes. For instance, certain enzymes are essential for the metabolism of individual bacteria, while others expedite the bacterium’s capacity to compete with other microorganisms or launch an infection. Traditionally, the living organisms have been classified, according to similarities and differences in their phenotypic characteristics. However, the objective of taxonomic classification by these methods can be difficult because of variations in their phenotypic characteristics. Nowadays, the 16S rRNA gene sequencing has been widely used for the bacterial identification (Woese et al., 1990).

Several strains from Bacillus genus have been previously reported to effectively protect cultured aquaculture species from pathogens (Mishra, 2011; Silva et al., 2012; Laranja et al., 2017; Mukherjee et al., 2019; Hu et al., 2021). Besides, other studies have demonstrated that the dietary species of Bacillus species, including B. cereus, B. subtilis, and B. subtilis T13 (Wu et al., 2014), have improved the sea cucumber’s growth and quality of water against pathogens (Galagarza et al., 2018). Bacillus sp. JL47 (Silva et al., 2012), B. subtilis AQAHBS001 (Zhang et al., 2010), and B. cereus BC-1 (Yang et al., 2015) have been reported to fight against pathogens and regulate microbiota to improve the growth performance of cultured species. Nevertheless, the inhibitory effects of B. cereus are still not wholly studied in many species, including cobia.

In the present study, the growth of V. alginolyticus, V. haeveyi, S. iniae, and S. agalactiae was inhibited by Bacillus sp. RCS1, Pantoea agglomerans RCS2, and Bacillus cereus strain RCS3. The potential probiotics bacteria display antagonism against pathogenic microorganisms by producing antibiotics, which affect the colon microbiota. The production of “antibacterial compounds” is a key property of probiotics, which distinguish them from the other bacteria. The ability to produce “antibacterial compounds” is an actual or fundamental property for the competitive inhibition of bacterial pathogens and is a vital characteristic of potential probiotic bacterial strains.

The antagonistic activities of Bacillus sp. RCS1 and Bacillus cereus strain RCS3 have inhibition zones within the region of 2.0 cm. The antagonistic elements could impede the reproduction and growth of pathogens of cultured species in aquaculture and efficiently inhibited and regulated the incidence of infections in culture fish species (Marianeto et al., 2012; Sumi et al., 2015). The isolated bacteria Bacillus sp. RCS1 and Bacillus cereus strain RCS3 in the present study exploited a wide range of carbon sources, including starch, adonitol, sorbitol, rhamnose, glucose, mannitol, citrate, and inositol, as well as amino acid arginine, which indicated that these isolates might be useful in the assimilation of carbohydrates and hydrolysis of amino acids (arginine) (Ramesh et al., 2015; Lee et al., 2017; Kavitha et al., 2018). Bacillus species are characterized with heat tolerance (Nicholson et al., 2000; Guo et al., 2016) and resistance to low pH and a high proportion of bile concentration (Spinosa et al., 2000; Barbosa et al., 2005). They are also capable of evolving and enduring in the intestines of fish (Hoa et al., 2000; Barbosa et al., 2005; Hong et al., 2009). The probiotics need to tolerate the intestinal (high bile concentration) and gastric (low pH) environments to colonize there and endure intestine and yield valuable traits for host (Guglielmotti et al., 2007; Cartman et al., 2008). A probiotic bacterial strain should be capable of surviving gastric acidic environment, which makes the acid tolerance as an essential selection standard for a bacterial strain to be probiotic. In order to reach colon, the probiotic microbes are more resilient to stomach acidity than other microbes. They are generally exposed to intestinal acids with pH ranges from 2.5 to 3.5. Similarly, the heat-treatment is an indispensable procedure in the course of feed preparation to kill pathogens and increase palatability (Guo et al., 2016). The isolated potential probiotics in the present study demonstrated that they were capable of enduring low pH, higher temperatures (100, 90, and 80°C) and 0.5% bile concentration. Therefore, it can be suggested that the high temperatures triggered the microbe’s strains, which resulted in increase in their growth. The greater capability of the isolated strains to withstand heat treatments strongly indicated that the isolates can be utilized as feed supplements.

Pantoea agglomerans have revealed exceptional metabolic competences (Smith et al., 2013). They can be utilized against human, plant, and animal pathogens (Dutkiewicz et al., 2016a). In the present study, Pantoea agglomerans RCS2 was isolated from the intestines of cobia fish through culture and in vitro approaches, their probiotic potentials were evaluated. This isolated indigenous probiotic microbe was assessed using different biochemical and morphological tests and identified using 16S rRNA gene sequencing. It also exploited a wide range of carbon sources, including starch, adonitol, sorbitol, rhamnose, glucose, mannitol, citrate, and inositol, as well as amino acid arginine, which indicated that the isolate might be useful in the assimilation of carbohydrates and hydrolysis of amino acids (Ramesh et al., 2015; Lee et al., 2017; Kavitha et al., 2018). The growth of V. alginolyticus, V. haeveyi, S. iniae, and S. agalactiae was inhibited by Pantoea agglomerans RCS2, having the inhibition zones within the region of 2.0 cm.

Researchers in Japan have demonstrated an exceptionally wide spectrum of curative properties of P. agglomerans LPS (IP-PA1), mostly owing to its macrophage-triggering ability, which plays a significant role in the maintenance of homeostasis in all multi-cellular animals and averts several categories of stresses, such as chronic psychological stress (Kohchi et al., 2006; Dutkiewicz et al., 2016a). Skalli et al. (2013) also reported that the LPS derived from the cell walls of Gram-negative bacteria Pantoea agglomerans stimulated the growth and immune status of rainbow trout (Oncorhynchus mykiss) juveniles. An additional valuable asset of IP-PA1 is its efficacy in the treatment of wide range of diseases (Inagawa et al., 1992a, b, 2011; Nishizawa et al., 1992; Hebishima et al., 2010a, b). Hebishima et al. (2010b) showed that IP-PA1 is an effective edible immuno-modulator that can be utilized to treat and prevent a wide range of infections, either triggered or aggravated by stress-induced immunosuppression in humans and several other animals. According to Nakata et al. (2011), a major reason of the development of infection is the destruction of macrophage’s function that plays a crucial role in the maintenance of homeostasis and innate immunity. Although the above-mentioned functions of P. agglomerans LPS (IP-PA1) were observed in human, we presumed that the same functions could be performed in fish. The Pantoea agglomerans RCS2 showed promising characteristics, which were comparable to the one mentioned above.

The physiological concentration of bile salts ranges between 0.3 and 0.5% in intestinal tract (Begley et al., 2005). The ability of probiotics bacteria to withstand the bile salts is related to the action of bile salt hydrolases, which alleviate the inhibitory effect of bile by hydrolyzing the conjugated bile salts (Oh et al., 2000; Mourad and Nour-Eddine, 2006). After 3 h of exposure, the results indicated that these potential probiotics bacteria could endure bile salts up to 0.5%.

Hydrophobicity could be beneficial for the strains that compete with other microorganisms in digestive system (Todorova et al., 2007; Yerlikaya, 2018). The adhesion to and colonization of mucosal surfaces and epithelial cells (Conventional enterocytes “colonocytes in colon,” of prominence are goblet cells) are the essential features of potential probiotics, as it ensure their ability to resist the vacillation of gastric contents, as well as besides inhibits the adhesion of pathogenic microbes and inflammatory reactions (Kos et al., 2003; Guo et al., 2010; Sim et al., 2015). The adhesion capability of probiotics can be indirectly evaluated by finding their hydrophobicity and auto-aggregation (Collado et al., 2008; Meidong et al., 2017; Kuebutornye et al., 2019). Per Wasko et al. (2014) reported bacterial hydrophobicity as vital for adhesion, while others found no connection between the microorganisms’ adhesive properties and hydrophobicity (Iturralde et al., 1993). Microorganisms “favor a substrate for adhesion resembling their surface charge” (An and Friedman, 1998). In the present study, all the isolates (Bacillus sp. RCS1, Pantoea agglomerans RCS2, and Bacillus cereus RCS3), exhibited considerable high hydrophobicity: 97.2, 97.3, and 97.1%, respectively, in ethyl acetate; 99.1, 83.8, and 99.1%, respectively, in chloroform; and 89.4, 89.5, and 92.5%, respectively, in xylene. This demonstrated their adhesion potential to hydrocarbons. There is no standard requirement for hydrophobicity value in bacteria but high hydrophobicity is favored for probiotic properties (Yerlikaya, 2018).

The results of hydrophobicity in the present study were similar to those reported by Kuebutornye et al. (2019) with respect to Bacillus species, but were comparatively higher as reported by Lee et al. (2017); Manhar et al. (2015). This indicated higher affinity for electron acceptance (ethyl acetate) and electron donation (chloroform) of the current isolates, thereby suggesting their higher epithelial cells adhesion potential and qualifying their adhesion effectiveness. The in vitro assessment of auto-aggregation could be utilized for the initial selection and screening of the most refined probiotic strains. There is also a solid connection between the adhesion and auto-aggregation of probiotics to the gastrointestinal tract, as a precondition for potential probiotics (Kuebutornye et al., 2019). All the isolates (Bacillus sp. RCS1, and Pantoea agglomerans RCS2, Bacillus cereus RCS3) showed high auto-aggregation (80.2, 79, and 80.4%, respectively) after 24 h of incubation. The in vitro assessment of auto-aggregation could be utilized for the initial selection and screening of the finest probiotics strain. The results of the in vitro assessment of auto-aggregation showed the competence of isolated potential probiotics to self-aggregate efficiently.

The important preconditions for the selection of probiotic strains are their lack of antibiotic resistance and hemolytic activity (Argyri et al., 2013). The hemolysis is well-known virulent factor, which triggers infections by entering into trivial lesions in skin and mucous membranes of host (Ramesh et al., 2015; Nandi et al., 2017). The safe hemolysis includes α-hemolysis, γ-hemolysis, and no hemolysis, whilst the β-hemolysis is thought to be dangerous (Prescott, 2005; Shin et al., 2012; Pelczar, 2017)1. Pantoea agglomerans RCS2 and Bacillus cereus RCS3 exhibited α-hemolysis while Bacillus sp. RCS1 exhibited γ- hemolysis in the present study. Comparable observations were reported by Lee et al. (2017) and Kavitha et al. (2018) for Bacillus strains. In this study, 22 antibiotics were tested, among which, Bacillus sp. RCS1 was susceptible to 15, intermediate susceptible to 3 and resistant to 4 (Table 3), Pantoea agglomerans RCS2 was susceptible to 16, intermediate susceptible to 3 and resistant to 3, while Bacillus cereus RCS3 was susceptible to 11, intermediate susceptible to 5 and resistant to 6. These results indicated that these isolates are susceptible to a sufficient number of antibiotics tested (Table 2), which were similar to the results reported for Bacillus species by Kuebutornye et al. (2019).

Biofilm producing microbes cause nosocomial and recurring infections. The formation of biofilm starts with the adhesion of microorganisms to abiotic surfaces, such as a host cell. After attachment, the aggregation of microbes is initiated by cell-cell adhesion. Congo red agar method is a qualitative assay for the detection of biofilm producing microbes, indicated by the differences in the colors of colonies on Congo red agar medium (Kırmusaoğlu, 2019). A study has shown that the infections could be accompanied by the formation of microbial biofilm (Schönborn and Krömker, 2016). Donlan (2002) described biofilm as the grouping of microbes permanently enclosed in a matrix and attached to a surface. A number of studies relate biofilms with the failure of antibiotic therapy and persistent infections. The biofilm can escape hosts’ immune system (An and Friedman, 1998) and decrease the influence of valuable antibiotics (Anderl et al., 2000; Zahller and Stewart, 2002). Biofilms possess a great importance for public wellbeing. For instance, the biofilm-producing microbes show reduced susceptibility to antagonistic agents (Donlan, 2001), despite the benefits related to biofilm formation (O’Toole et al., 2000; Morikawa, 2006). Meanwhile, the antibiotics-resistant species are thought to be dangerous for being used as probiotics. Frola et al. (2012) reported that the formation of biofilm can be beneficial due to the colonization of the internal surfaces of udder, thereby building a fence against pathogenic microbes, an imperative factor of the potential probiotics strains. All the three isolated microorganisms in this study tested negative for biofilm formation, as reported by Kavitha et al. (2018).

Some of the well-known fish diseases, reported in aquaculture, are caused by Vibrio (Bluford et al., 2017), Aeromonas (Amal et al., 2018), and Streptococcus (Shoemaker et al., 2001) species. Particularly, in cobia fish, streptococcosis, vibriosis, furunculosis, and mycobacteriosis, and pasteurellosis, are considered as emerging fish diseases in aquaculture (Lopez et al., 2002; Liu et al., 2003; Rajan et al., 2003; Liao et al., 2004; Chen and Hsu, 2005). Several studies have reported that a number of Bacillus species exhibit antagonistic effects against a number of Gram-negative and Gram-positive pathogenic bacteria. All the isolated microbes in this study, including Bacillus sp. RCS1, Pantoea agglomerans RCS2, and Bacillus cereus RCS3 were all effective against V. alginolyticus, V. harveyi, S. iniae, and S. agalactiae. These results indicated that these isolated bacterial strains are potential probiotics and can be utilized to combat fish diseases in aquaculture.



CONCLUSION

In conclusion, the bacterial strains, including Bacillus sp. RCS1, Pantoea agglomerans RCS2, and Bacillus cereus RCS3 were isolated from the intestine of a healthy juvenile cobia fish (Rachycentron canadum). All the isolated microorganisms exhibited inhibitory effects against the pathogens, including V. alginolyticus, V. harveyi, S. iniae, and S. agalactiae. These microbes are characterized with a wide range of antagonistic activities, non-hemolytic activities, high survivability after heat-treatments and safety confidence as well antibiotic susceptibility. Generally, the characteristics displayed by these microorganisms indicated that they could be potentially used as probiotics in aquaculture industry.
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Antibiotics susceptibility

Bacillus Pantoea Bacillus
sp. RCS1 agglomerans cereus RCS3
RCS2
Gentamicin (10 pg) S S S
Ampicillin (10 ng) R I I
Kanamycin (30 ng) S S S
Penicillin (10 pg) R S S
Polymyxin (300 IU) | S S
Chloramphenicol (30 png) S S S
Erythromycin (15 ng) | | R
Neomycin (30 pg) S S S
Amikacin (30 pg) S S S
Minocycline (30 pg) R S |
Cefoperazone (75 ng) S S |
Furazolidone (300 ) S R R
Doxycycline (30 png) S | R
Piperacillin (100 pg) S S R
Midecamycinum (30 pg) S R S
Ofloxacin (5 ng) S S S
Vancomycin (30 jg) I S R
Carbenicillin (100 pg) R S |
Ceftriaxone (80 pg) S S R
Clindamycin (2 png) S R S
Noefloxacin (10 pg) S S |
Ciprofloxaxin (5 ng) S S S

I, intermediate; R, resistant; S, susceptible.





OPS/images/fmars-08-672213-t001.jpg
Test

Biochemical characterization

Bacillus sp.
RCS1

Pantoea
agglomerans
RCS2

Bacillus
cereus RCS3

Catalase

Simon citrate
Adonitol

Rhamnose

V-P Test

Inositol

Gelatin

Sorbitol

Urea

Glucose

Manitol

Hippurate hydrolysis
Nitrate broth
Lysozyme broth
Power culture medium
Starch hydrolysis
Arginine dihydrolase
Biofilm production
Haemolysis

Spore formation
Gram staining

+, positive, - negative.

EY

+ o+ =





OPS/images/fmars-08-672213-t003.jpg
Antagonistic activities

Pathogenic bacteria Isolated bacterial
Bacillus Pantoea Bacillus
sp. RCS1  agglomerans  cereus RCS3

RCS2

Streptococcus agalactiae (SA) ++ +++ +++

Vibrio harveyi (VH) +++ +++ +++

Vibriio alginolyticus (VA) ++++ ++++ +++

Streptococcus iniae (Sl) ++++ + 4+ ++

Values were calculated as inhibition zone diameter minus paper diameter (mm).
The inhibition zones of 2-4 mm are indicated by ++, inhibition zone of 5-6 mm are
indicated by +++, and inhibition zone of 7-8 mm are indicated by ++++.





