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EPSP of L. casei BL23 Protected against the Infection Caused by Aeromonas veronii via Enhancement of Immune Response in Zebrafish
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Aquaculture is the fastest-growing food production sector in the world, and it supplies nearly 50% of the global food fish supply. However, disease outbreaks have become a major problem in the fish farming industry. The beneficial contribution of probiotic bacteria to aquatic animals’ health has been widely described, and they have been widely used in aquaculture for disease control and growth promotion. However, the action of probiotic bacterial components and mechanisms underlying protection against pathogens afforded by probiotic bacteria remain poorly understood. In the present study, we pre-colonized zebrafish larvae (before hatching) with 17 potential probiotic bacterial strains and screened for those possessing anti-infective effects against Aeromonas veronii. We found that Lactobacillus casei BL23 significantly increased the survival of zebrafish larvae upon A. veronii infection. Using a germ-free (GF) zebrafish model and gut microbiota transplant experiment, we showed that L. casei BL23 per se has anti-infective effects in zebrafish larvae, which does not involve microbiota. Furthermore, we identified an exopolysaccharide-protein complex (EPSP) extracted from L. casei BL23 cells, which consisted of a 40–45 KD size protein and an exopolysaccharide composed of α-Rha, α-Glc, β-GlcNAc, and β-GalNAc. EPSP significantly increased the survival rate of GF zebrafish at a dose of 10–20 μg/ml after A. veronii infection (P < 0.01). In addition, the EPSP induced a higher expression of TLR1 and TLR2, and modulated the expression profile of pro-inflammatory and anti-inflammatory cytokines in zebrafish liver (ZFL) cells. Our data indicated that the anti-infective effect of EPSP from L. casei BL23 was mediated by enhancement of immune responses in zebrafish, which might involve the TLR1/TLR2 signal pathway.
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INTRODUCTION

Aquaculture is the fastest-growing food production sector in the world and a major contributor to global food production, contributing nearly 50% of the global food fish supply (Subasinghe et al., 2009). Aquaculture production of aquatic animals amounted to 73.8 million tons in 2014, with an estimated value of US $160.2 billion. It supplies 17% of animal protein in people’s diets worldwide and supports the livelihoods of about 12% of the world’s population (FAO, 2016). However, disease outbreaks have become a major problem in the fish-farming industry due to the increasing intensification and commercialization of aquaculture practices (Bondad-Reantaso et al., 2005). Infectious diseases have been estimated to cost billions of dollars in the global aquaculture industry annually (Lafferty et al., 2015). For example, the outbreaks of motile Aeromonas septicemia (MAS) caused by Aeromonas spp. often have high mortality and cause severe economic losses in aquaculture worldwide (Cipriano et al., 1984; Beaz-Hidalgo and Figueras, 2013). During the past few decades, antibiotics have been the standard strategy for management of fish diseases and for improving their growth (Romero et al., 2012). Unfortunately, antibiotic resistance among bacterial pathogens and antibiotic residues in the animal products has piqued global interest in limiting the use of antibiotics in aquaculture (Chen et al., 2015; Huang et al., 2015; Pereira et al., 2015).

Probiotics are live microorganisms that have beneficial effects on the host when properly administered. Extensive studies have demonstrated that probiotics are a promising alternative to antibiotics in aquaculture, and that they have a variety of beneficial effects, including counteraction of dysbiosis, promotion of gut health and homeostasis, promotion of growth, enhancement of immune defenses, and protection of the host from pathogen infection (Newaj-Fyzul et al., 2014; Hai, 2015). Probiotics, especially Lactobacillus, have been widely used in aquaculture for disease control, notably against bacterial diseases (Newaj-Fyzul et al., 2014; Fečkaninová et al., 2017). In recent years, there has been increasing interest in determining the biological roles of each probiotic bacterial component. Several factors, i.e., metabolites, enzymes, surface or secreted proteins and cell surface polysaccharides, that influence the immune response of the host have been identified in lactobacilli (Kim et al., 2006, 2009). In particular, studies have indicated that the health benefits of lactic acid bacteria are associated with the production of exopolysaccharides (EPS), which showed antitumor, antiulcer, immunomodulating, and cholesterol-lowering activities (Ruasmadiedo et al., 2002; Welman and Maddox, 2003).

Zebrafish have become a popular model for studying host-bacteria interactions and bacterial pathogenicity (Sullivan and Kim, 2008; Allen and Neely, 2010; Kanther and Rawls, 2010). Zebrafish have an innate immune system and develop adaptive immunity by the age of 4 weeks (Trede et al., 2004; Kanther and Rawls, 2010). In addition, the availability of germ-free (GF) zebrafish larvae combined with available genetic tools make zebrafish particularly suitable for molecular analyses from both the host and bacterial perspectives (Phelps and Neely, 2005; Pham et al., 2008).

In this study, we developed a new experimental approach to direct analysis of bacterial factors involved in the protection of zebrafish larvae by exogenous probiotic bacteria against pathogens. We found L. casei BL23 able to robustly protect zebrafish larvae from A. veronii infection from 17 potential probiotic bacterial strains. Further, our data indicated that L. casei BL23 can enhance host immune responses that may involve the activity of EPSP from BL23 via TLR1/TLR2 pathways.

MATERIALS AND METHODS

Bacteria and Culture Condition

The probiotic strains are listed in Table 1. The bacteria were stationarily cultivated in MRS medium at 37°C for 24 h. After growing in MRS medium for 24 h, lactobacilli cells were collected by centrifugation (10 min, 4000 × g, 4°C). The pellet was washed by sterile water three times, and resuspended in sterile water at a final concentration of 1.0 × 109 CFU/ml. A. veronii was grown in Luria–Bertani (LB) broth for 18 h at 37°C with 200 rpm shaking.

TABLE 1. List of probiotic strains.
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Animals

Adult zebrafish and larvae (Danio rerio) (TU line) were reared in the lab. The adult animals were kept in tanks (length × width × height; 25.5 cm × 18.5 cm × 18.0 cm) in a recirculating aquaculture system under controlled conditions (28 ± 0.5°C, under a 14-h light, 10-h dark photoperiod). The inlet water flow was approximately 1 L/min. The fish were fed twice per day with freshly hatched brine shrimp (8:30 a.m. and 5:30 p.m.). Procedures involving animals were performed in accordance with Chinese legislation associated with animal experimentation and the studies were approved by the Ethics Committee of the Feed Institute, Chinese Academy of Agricultural Sciences (2016-ZZG-ZF-001).

Probiotics Screening

Probiotic strains were grown stationarily in MRS medium at 37°C for 24 h. Bacteria were then pelleted and washed twice in sterile water, and resuspended in water at a final concentration of 1.0 × 107 CFU/ml. At 3 days post fertilization (dpf), about 12 h before hatching, zebrafish eggs were put in contact with the probiotic strains by transferring them to probiotic-containing bottles (60 eggs per bottle). At 4 dpf, the water was exchanged, and fresh probiotic bacteria cells were added. At 7 dpf, fish were infected with virulent A. veronii at a dose of 2 × 107 CFU/ml after water renewal. The mortality was recorded for 5 days.

GF Zebrafish Husbandry and Gut Microbiota Transplantation

The protocol to generate and rear GF zebrafish was descripted by Pham et al. (2008) with slight modifications. Freshly fertilized zebrafish eggs were washed by sterilized water three times in a 90 mm sterilized dish, and then the eggs were separated into 50 ml Falcon tubes (100 eggs per tube). Eggs were treated with AB-GZM (gnotobiotic zebrafish medium with antibiotics, which contained 250 ng ml-1 of amphotericin B, 5 μg ml-1 of kanamycin, 100 μg ml-1 of ampicillin, and 10 U⋅ mL-1 of penicillin and streptomycin) for 4.5 h at room temperature. Then the eggs were washed three times with AB-GZM, and treated with 0.05% of PVPI (polyvinyl pyrrolidone-iodine complex) for 35 s and washed three times with GZM. Next, they were bleached (0.002%) for 15 min. Eggs were washed again three times in GZM and transferred to Petri dishes to be distributed into 300 ml culture bottles with vented caps containing 150 mL of GZM (60 eggs/bottle). GF animals were monitored for sterility every day by spotting 100 μL from each flask on tryptic soy medium agar plates at 28°C under aerobic or anaerobic conditions. Before the gut microbiota transplantation, adult zebrafish were reared in the control or L. casei BL23-added water (1.0 × 106 CFU/ml) for two weeks. Then the fish of the control or L. casei BL23 treatment group were sacrificed and the intestinal contents of every five fish from each group were pooled. Three replicate bottles of GF zebrafish larvae (4 dpf, n = 60) were transplanted with gut microbiota of control or BL23-treated fish at a dose of 105 and 106 CFU/mL. After 3 days of colonization, fish were challenged with A. veronii at a dose of 2.0 × 107 CFU/mL after GZM was renewed. The zebrafish mortality was observed for 120 h after infection.

DNA Extraction and Sequencing

Total bacteria DNA was extracted from intestinal contents samples by using Power FecalTM DNA Isolation kit (MO BIO Laboratories, Carlsbad, CA, United States) according to manufacturer’s instruction. Sequencing was performed at the Novogene Bioinformatics Technology Co., Ltd. Briefly, DNA was amplified by using the 515F/806R primer set (341F: 5′-CCTAYGGGRBGCASCAG-3′ 806R: 5′-XXXXXXGGACTACHVGGG TWTCTAAT-3′), which targets the V-V43 region of the bacterial 16S rDNA, with the reverse primer containing a 6-bp error-correcting barcode unique to each sample. PCR reaction was performed using phusion high-fidelity PCR Mastermix (New England Biolabs LTD., Beijing, China) with the following condition: 94°C for 5 min (1 cycle), 94°C for 20 s/55°C for 20 s/72°C for 30 s (30 cycles), and a last step of 72°C for 10 min. PCR products were purified by using the QIAquick Gel Extraction Kit (QIAGEN, Dusseldorf, Germany). Pyrosequencing was conducted on an Illumina HiSeq 2500 platform according to protocols described by Caporaso et al. (2012). Paired-end reads were merged using FLASH1 (V1.2.7) (Magoc and Salzberg, 2011). Sequences were then demultiplexed and quality filtered using the default parameters of the Quantitative Insights into Microbial Ecology (QIIME) software package (Caporaso et al., 2010). The operational taxonomic unit (OTU) clustering pipeline UPARSE was used to select OTUs at 97% similarity (Edgar, 2013). The representative sequence sets were aligned and given a taxonomic classification using Ribosomal Database Project (Wang et al., 2007). The similarity among microbial communities was determined using histograms, UniFrac principal coordinates analysis (PCoA), and the unweighted pair-group method with arithmetic mean (UPGMA).

L. casei BL23 Exposure

Lactobacillus casei BL23 cells were grown stationarily in MRS medium at 37°C for 24 h. Bacteria were then pelleted and washed twice in sterile water, and resuspended in sterile water at a final concentration of 1.0 × 109 CFU/ml. To obtain dead cells, the bacterial pellets were treated with 4% paraformaldehyde for 2 h, and washed three times in sterile water. After hatching (4 dpf), conventional or GF zebrafish were exposed with live or dead cells of L. casei BL23 at a dose of 1 × 105 CFU/ml, 1 × 106 CFU/ml and 1 × 107 CFU/ml, respectively for 3 days. After three days of probiotics exposure, fish were then infected with virulent A. veronii at a dose of 2 × 107 CFU/ml after GZM was renewed. The mortality was recorded for 5 days. At the infected time of 0, 24, and 48 h, thirty fish (GF and fish treated with live cells or dead cells of L. casei BL23 at the dose of 1 × 106 CFU/ml) from each culture bottle were sacrificed and the whole body was sampled. The samples were immediately frozen in liquid nitrogen and stored at -70°C for cytokine expression analysis.

EPSP Preparation and Characterization

The method to extract EPSP was previously described by Zhang et al. (2016) in our lab. L. casei BL23 cells were grown stationarily in MRS medium at 37°C for 48 h. Bacteria were then pelleted and washed twice in sterile water, and were resuspended in sterile water. Then bacteria were incubated in water bath incubation (70°C, 24 h). The extracts were precipitated by gradually adding cold ethanol to 75% (v/v), and the supernatant was removed after 24 h, followed by centrifugation at 12000 rpm for 20 min. The precipitated product was washed and dissolved in water obtained from an Alpha-Q reagent grade water purification system (Millipore Co., Milford, MA, United States). The aqueous solution of the extracts were further treated with sevage reagent (trichloromethane – n-butanol, 4:1, vol/vol) at a final concentration of 25% and incubated for 2 h under gentle agitation and then precipitated proteins were removed by centrifugation at 8000 g for 20 min (repeat this step for two times). After centrifugation, the solution containing EPS was dialyzed (molecular weight cut-off: 3000 Da) against 5 l of distilled water for 2 days with water changes three times per day. The extract solution after dialysis was lyophilized.

The purity of the extract (5 mg/ml) was tested by SDS-PAGE electrophoresis and size-exclusion chromatography (SEC) on a column of Superdex75 (10/300 GE) (Pharmacia, Uppsala, Sweden), which fitted to an AKTA FPLC system (Pharmacia) and were eluted with 0.3 M NaCl buffer.

The monosaccharide composition was determined by TLC. Briefly, 20 mg EPSP was hydrolyzed with 2 ml sulfuric acid (1 mol/l) at 100°C for 4 h. The residual sulfuric acid was removed by neutralization with excessive BaCO3 reaction for 12 h. This solution was adjusted to pH7 and diluted to 20 ml. The hydrolyzate was evaporated under reduced pressure, dissolved in 2 ml ultra-pure water. The resulting hydrolyzate was analyzed by TLC. TLC analysis was conducted according to the previous report (Tanaka et al., 1999). Migration was performed twice on a silica gel TLC plate (20 cm × 20 cm) using n-butanol–methanol–25% ammonia solution–water (5:4:2:1 [vol/vol/vol/vol]). Carbohydrates were visualized by heating the TLC plate after spraying with aniline-diphenylamine reagent (4 ml of aniline, 4 g of diphenylamine, 200 ml of acetone, and 30 ml of 85% phosphoric acid). Monosaccharides of α-Rha, α-Glc, β-GlcNAc, and β-GalNAc were used as standard and the plate was baked at 110°C for 5 min.

Cell Culture and Treatments

The cell line of ZFL was purchased from American Type Culture Collection (ATCC). The ZFL cells were cultured at 28°C in modified limit dilution factor (LDF) culture medium. The complete medium consisted of 50% Leibovitz’s L-15 (L-15), 30 % Dulbecco’s modified Eagle’s (DMEM), and 20% Dulbecco’s Modification of Eagle’s Medium/Ham’s F-12 medium (DMEM/F12) supplemented with 5% fetal bovine serum (FBS), 0.5% trout serum, 10 μg/ml bovine insulin, 50 ng/ml mouse Epidermal Growth Factor (EGF). Mediums were supplemented with 1% penicillin–streptomycin. All basal mediums and FBS were obtained from Corning (NY, United States). The cells were treated with EPSP (10 μg/ml) or equal volume of dd H2O after the cells covered the plate, and cells were harvested at 24 h after treatment.

Real-Time PCR

Total RNA was isolated from zebrafish larvae and ZFL cells with TRIzol (Invitrogen) extraction. First-strand complementary DNA synthesis was performed using the Superscript First-Strand Synthesis System (Invitrogen). Quantitative real-time PCR reaction were performed using the Power SYBR Green PCR Master Mix (Applied Biosystems) on an ABI 7500 (Applied Biosystems) with reaction volumes of 20 μl. The reaction mixtures were incubated for 5 min at 95°C, followed by 40 cycles of 20 s at 95°C, 20 s at 60°C and 20 s at 72°C, and finally the melt curve was performed from 65to 95°C with a 0.5°C increment for 10 s. Two genes, including rpl13 and rps11 were used as references. The primer sequences are listed in Table 2.

TABLE 2. Primers for RT-Qpcr.
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Statistical Analysis

Animal survival rates were analyzed by Kaplan–Meier survival estimate with Bonferroni post hoc test with GraphPad Prism version 5.0 software. Other data were analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test with GraphPad Prism version 5.0 software. In addition, unpaired t-test was used to compare data from two groups when appropriate. Wherever applicable, P-values are reported, and a P-value of ≤0.05 is considered significant.

RESULTS

Identification of Probiotic Bacteria That Mitigate A. veronii Infection in Pre-colonized Zebrafish Larvae

In order to screen the probiotic strains that protect zebrafish larva from damage induced by A. veronii infection, we pre-colonized unhatched (3 dpf) conventional zebrafish larvae with 17 Gram-positive bacteria commonly often used as probiotics in aquaculture and elsewhere in the food industry (Table 1). These pre-colonized larvae were then infected at 7 dpf with A. veronii and their mortality rate was compared to that of the control larvae. The result showed that pre-incubation with Lactobacillus casei BL23 significantly increased the survival rate of larvae upon A. veronii infection (Supplementary Figure S1).

Assessment of L. casei BL23 Protection against A. veronii Infection in Zebrafish Larvae by Dose

To characterize the protective effect of L. casei BL23 in zebrafish larvae, we first determined whether the protective effect towards zebrafish larvae was dose-dependent. As shown in Figures 1A,B, zebrafish larvae pre-colonized with increasing dosage of L. casei BL23 correlated with increased larvae survival rate after A. veronii infection. No significant difference in survival rate was observed between the larvae pre-colonized with L. casei BL23 at the dose of 1.0 × 105 CFU/ml and control larvae after A. veronii infection (Figures 1A,B). However, the survival rate of larvae pre-colonized with BL23 at 1.0 × 106 CFU/ml or 1.0 × 107 CFU/ml was significantly higher than that of control larvae after A. veronii infection (Figures 1A,B, P < 0.05). These data indicated that the protective effect of L. casei BL23 in zebrafish was dose dependent.
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FIGURE 1. Dose dependent of Lactobacillus casei BL23 protection against Aeromonas veronii infection in conventional zebrafish larvae. The survival rate (A) and final survival rate (B) of zebrafish larvae treated with L. casei BL23 at a dose of 105, 106, and 107 CFU/ml, respectively, after infected with A. veronii. Asterisks indicate significant difference compared with control (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).



The Protection of L. casei BL23 in Zebrafish Was Mediated by the Bacteria Itself and Did Not Involve the Microbiota

In order to determine whether the protective effect of L. casei BL23 on zebrafish is affected by the bacterium itself or via alterations in the gut microbiota, a GF zebrafish and gut microbe transplant model was established. Here, the intestinal microbiota associated with administration of control treatment and L. casei BL23 treated (L. casei BL23 administration for 2 weeks at a dose of 1.0 × 106 CFU/ml) zebrafish were transferred to freshly hatched GF zebrafish at 4 dpf. These gut microbiota recipient larvae were then infected with A. veronii at 7 dpf and their mortality was compared to that of the A. veronii-infected GF larvae. The results showed survival to be significantly higher in zebrafish colonized with microbiota from either the control or fish treated with L. casei BL23 at doses of 1.0 × 105 CFU/ml and 1.0 × 106 CFU/ml compared with the GF fish (Figures 2A,B, P < 0.001). No significant difference in survival rate was observed between larvae colonized with microbiota from control or BL23-treated zebrafish (Figures 2A,B).
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FIGURE 2. The protection of L. casei BL23 was mediated by the bacteria itself and does not involve intestinal microbiota of host. The survival rate of GF zebrafish larvae colonized with gut microbiota from control or L. casei BL23 treated fish at a dose of 105 CFU/mL (A) and 106 CFU/mL (B) after infected with A. veronii. Gut microbiota of zebrafish from control or L. casei BL23 treated fish at phylum (C) and genus (D) level. The survival rate (E) and final survival rate (F) of GF zebrafish larvae treated with L. casei BL23 at a dose of 105, 106, and 107 CFU/Ml, respectively after infected with A. veronii. Asterisks indicate significant difference compared with control (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).



High-throughput sequencing with the 16S rRNA gene was performed to characterize the gut microbiota of zebrafish treated with the control or L. casei BL23. The results showed that phyla Fusobacteria and Proteobacteria and genus of Cetobacterium and Aeromonas were dominant in the intestines of zebrafish (Figures 2C,D). The gut microbial community exhibited no statistical difference between the two groups at the level of phylum to genus (Figures 2C,D and Supplementary Figures S2A–C). These data indicated that administration of L. casei BL23 did not alter the gut microbiota in zebrafish, which is consistent with the results of the microbiota transfer experiment described above.

We then mono-colonized GF zebrafish larvae (4 dpf) with L. casei BL23, then the larvae were infected with A. veronii at 7 dpf. We found that the survival of BL23-treated GF larvae was significantly higher compared with the GF larvae after challenge with A. veronii. The protection mediated by BL23 was found to be dose-dependent (Figures 2E,F, P < 0.001). Among larvae treated with L. casei BL23, the transcription levels of several chemokines, specifically interleukin-1β (IL-1β), tumor necrosis factor α (TNF-α), interleukin-10 (IL-10), and serum amyloid A (Saa), increased 4–80 fold at 24 h after A. veronii infection, but it decreased to near basal levels at 48 h (Figure 3). In contrast, the transcription level of these cytokines in GF fish increased slowly and the increasing trend was maintained for 48 h post challenge (Figure 3). The mRNA levels of TNF-α, IL-1β, IL-10, and Saa were higher in L. casei BL23-treated larvae than in GF larvae at 24 h (Figures 3A–D, P < 0.01) and lower (except IL-10) at 48 h after challenge with A. veronii (Figures 3A,B,D, P < 0.05).
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FIGURE 3. Lactobacillus casei BL23 modulated immune response against A. veronii infection in zebrafish. The mRNA levels of TNF-α (A), IL-1β (B), IL-10 (C), and Saa (D) from GF and L. casei BL23(106 CFU/mL) treated zebrafish at certain time points after infected with A. veronii. The results are given as mean ± SEM (n = 3). Asterisks indicate significant difference compared with control (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).



Collectively, these data indicated that the protection of L. casei BL23 against A. veronii infection in zebrafish larvae was mediated by baceterium itself and did not involve the microbiota.

Protective Effect of L. casei BL23 Irrespective of Cells’ Viability

In order to determine whether protective effect of L. casei BL23 in zebrafish is mediated by cellular metabolites or cell structural components, we tested the effect of live and dead (4% paraformaldehyde fixed) cells of L. casei BL23 in both conventional and GF zebrafish. The results showed that, for both conventional and GF zebrafish, live and dead cells of L. casei BL23 both efficiently increased the survival rate of zebrafish larvae after infection with A. veronii (Figures 4B–D, 2E,F, P < 0.05). In addition, a similar difference in cytokine expression was observed between dead BL23-treated larvae and live BL23-treated larvae after A. veronii infection (Figures 4E–H). These data suggest that the immuno-regulation and anti-infectious activity of L. casei BL23 was mediated by certain cell components irrespective of cell viability.
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FIGURE 4. Anti-infective activity of L. casei BL23 was mediated by some cellular structural components irrespective of cell viability. The survival rate (A) of conventional zebrafish larvae treated with live or dead cells of L. casei BL23 at a dose of 105 CFU/ml after infected with A. veronii. The survival rate (B) of conventional zebrafish larvae treated with live or dead cells of L. casei BL23 at a dose of 106 CFU/ml after infected with A. veronii. The survival rate (C) of conventional zebrafish larvae treated with live or dead cells of L. casei BL23 at a dose of 107CFU/ml after infected with A. veronii. The survival rate (D) of GF zebrafish larvae treated with dead cells of L. casei BL23 at a dose of 105, 106, and 107 CFU/Ml, respectively after infected with A. veronii. The mRNA levels of TNF-α (E), IL-1β (F), IL-10 (G), and Saa (H) from GF and dead BL23 (106 CFU/mL) treated zebrafish at certain time points after infected with A. veronii. Asterisks indicate significant difference compared with control (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).



EPS Extract from L. casei BL23 and A. veronii Infection

Using the data given above, we speculated that the protective effect of L. casei BL23 in zebrafish might involve the EPS of the bacteria. So, we extracted and tested the biological roles of the EPS from L. casei BL23. GF larvae (4 dpf) were treated with 2, 10, and 20 μg/ml EPS from L. casei BL23, respectively. Then the larvae were infected with A. veronii at 7 dpf, and the survival rates of these fish were compared to the A. veronii-infected GF fish. The survival rate of fish treated with the L. casei BL23 EPS at 10 and 20 μg/ml was significantly higher than those of GF fish after A. veronii infection (Figures 5A,B, P < 0.01).
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FIGURE 5. Exopolysaccharides (EPS) extracted from L. casei BL23 protected against A. veronii infection in GF zebrafish larvae. The survival rate (A) and final survival rate (B) of GF zebrafish larvae treated with EPSP at a dose of 2, 10, and 20μg/mL, respectively after infected with A. veronii. Asterisks indicate significant difference compared with control (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).



Extraction and Characterization of the EPS Extract from L. casei BL23

The EPS extract was purified by SEC on a column of Superdex75 (10/300 GE). Interestingly, as shown in Figure 6A, the EPS extract showed a single, symmetrical protein peak, indicating that the EPS extract contains a homogeneous protein. It was also confirmed by the SDS-PAGE analysis, which showed a single band with 40–45 KD in size (Figure 6B). In addition, qualitative carbohydrate analysis of the fractions (purified by SEC) with the phenol–sulfuric acid method showed that all the positive reactions were within the peak of the protein fractions. Furthermore, the monosaccharide composition of the EPS extract was determined by TLC after acid hydrolysis. TLC indicated that the EPS of the cell extract from L. casei BL23 was composed of α-Rha, α-Glc, β-GlcNAc, and β-GalNAc (Figure 6C). Together, these findings indicated that the EPS extract is an exopolysaccharide-protein complex (EPSP).
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FIGURE 6. Characterization of the EPSP from L. casei BL23. Purity of EPSP analyzed by size-exclusion chromatography (SEC) on a column of Superdex75 (10/300 GE) (A) and SDS-PAGE (B). Monosaccharide composition of EPSP (α-Rha, α-Glc, β-GlcNAc, and β-GalNAc) analyzed by TLC (C).



Immuno-regulation of EPSP in ZFL Cells

In order to characterize EPSP-mediated immuno-regulation in zebrafish, we tested the immune response of ZFL cells after EPSP treatment. The transcription level of toll-like receptors (TLRs) and cytokines were evaluated in ZFL cells at 24 h after EPSP treatment. The results showed that EPSP induced more expressionl of TLR1 and TLR2 compared with the control (Figures 7A,B, P < 0.05). In addition, the transcription level of IL-10 and TNF-α was significantly higher in ZFL cells treated with EPSP than in the control (Figures 7C,D, P < 0.05). Gene expression of IL-1β was less pronounced than in the control after EPSP treatment in ZFL cells (Figure 7E, P < 0.05). No significant difference between the EPSP-treated and control ZFL cells was observed in the transcription levels of TLR3, TLR4a, TLR5a, TLR5b, MyD88, NF-κB, or IL-6 (Figure 7F and Supplementary Figures S3A–G). These data suggested that the immuno-regulation of EPSP on zebrafish were might involve the TLR1/TLR2 signal pathway.
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FIGURE 7. Exopolysaccharide-protein complex (EPSP) modulated immune response in ZFL cells via TLR1 and TLR2. The mRNA levels of TLR1 (A), TLR2 (B), IL-10 (C), TNFα (D), IL-1β (E), and IL-6 (F) in ZFL cells from control and EPSP treatment (10μg/mL) groups after 24 h treatment. Asterisks indicate significant difference between the control and EPSP treatment group (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).



DISCUSSION

Infectious diseases remain the major problem in aquaculture production and food security (Leung et al., 2013; Stentiford et al., 2017). Industry-wide losses to aquatic animal diseases exceed 6 billion dollars per year (World Bank, 2014). In certain sectors (e.g., farming of shrimp and various fishes), disease outbreaks have particularly devastating economic and social impacts, with total losses exceeding 40% of the worldwide capacity (Israngkura and Haesae, 2002; Lafferty et al., 2015).

Probiotics have been widely used in aquaculture for disease control and immune improvement for decades (Newaj-Fyzul et al., 2014). However, several studies and meta-analyses of randomized probiotic trials have shown that application of probiotics has varying success rates (Sazawal et al., 2006; Kalliomaki et al., 2010; Li-Li, 2010). This is in part because the efficacy of different probiotic strains against particular pathogens is often both host-specific and probiotic strain-specific. Moreover, knowledge concerning the precise molecular mechanisms underlying the action of specific probiotic strains is limited (Nayak, 2010). In this study, we showed that among 17 selected probiotic strains, only L. casei BL23 was able to protect zebrafish from A. veronii infection (Figure 1).

Possible benefits of probiotic treatment have already been suggested: competitive exclusion of pathogenic bacteria, production of inhibitory compounds, inhibition of the expression of virulence genes, disruption of quorum sensing of the pathogens, improvement in water quality, and enhancement of the immune response against pathogens (Pandiyan et al., 2013; Fuente Mde et al., 2015; Reddy, 2015; Selvaraju, 2015). Here, we developed a GF zebrafish and gut microbiota transplant model to characterize the mode of action of L. casei BL23 in protecting zebrafish from A. veronii infection. The results showed that the gut microbial community exhibited no statistically significant difference between L. casei BL23 administration group and control group at the level of phylum to genus (Figures 2C,D and Supplementary Figures S2A–C). This might be because L. casei BL23 does not colonize the intestine of zebrafish (Qin et al., 2014). In addition, we showed that both live and dead cells of L. casei BL23 significantly increased resistance against A. veronii infection in GF and conventional zebrafish (Figures 2E,F, 4, P < 0.05). L. casei BL23 also modulated the expression of the pro-inflammatory cytokines IL-1β and TNF-α, the inflammation marker Saa, and the regulator cytokine IL-10 after A. veronii infection (Figure 3, P < 0.05). We speculated that the anti-infective effect of L. casei BL23 was mediated by the enhancement of immune responses against pathogens in zebrafish, which was induced by certain cellular structural components of BL23, but not mediated by metabolites. We also speculated that this anti-infective effect of L. casei BL23 did not involve alteration of the gut microbiota.

Bacterial cell components such as peptidoglycan (PGN) (Mackenzie, 2010), lipoteichoic acid (LTA) (Grangette et al., 2005), EPS (Vinderola et al., 2006; Wu et al., 2010), outer membrane proteins (OMP), and extracellular proteins (ECP) (Abbass et al., 2010; Sharifuzzaman et al., 2011) from Gram-positive bacteria have been reported to act as potent immunostimulants for animals. These molecules possess conserved microbe-associated molecular patterns (MAMPs), which can be recognized by pattern recognition receptors (PRRs), e.g., TLRs, nucleotide oligomerization domain (NOD)-like receptors (NLRs), and C-type lectin receptors (CLRs). They then modulate the immune response of the host (Lebeer et al., 2010; Bron et al., 2012).

Exopolysaccharides produced by some strains of LAB have been shown to possess beneficial health effects, such as blood cholesterol reduction (Nakajima et al., 2010), immunostimulatory capacities (Chabot et al., 2001a), and antitumor activity (Kitazawa et al., 1998). For example, the antihypertensive and anti-infective activities of strain L. casei YIT9018 were attributed to polysaccharide–glycopeptide and polysaccharide–peptidoglycan (PS-PG) complexes, respectively (Nagaoka et al., 1990; Sawada et al., 1990). Immunomodulating properties were also reported for the cell wall polysaccharide (WPS) of L. casei strain Shirota (YIT 9029) (Emi et al., 2008). Kefiran, an EPS produced by a number of strains of lactobacilli in the fermented milk drink kefir, may play a role in promoting intestinal homeostasis by increasing luminal IgA and both pro- and anti-inflammatory cytokines, such as IFN-c, TNFα, IL-6, and IL-10, as observed in the small and large intestine (Vinderola et al., 2006). Additionally, EPSs isolated from strains of lactobacilli and bifidobacteria have been found to augment the release of both pro- inflammatory and anti-inflammatory cytokines, such as TNF-α, IL-6, and IL-10 in murine macrophages (Chabot et al., 2001b; Bleau et al., 2010; Wu et al., 2010). Chabot et al. (2001a) suggested EPS could exert their action via the mannose receptor. Lin et al. (2011) reported that TA-1 (novel EPS) can stimulate the release of the pro-inflammatory cytokines TNF-α and IL-6 from murine macrophages via a TLR2 mediated pathway.

In the present study, EPSP extracted from L. casei BL23 was characterized and consists of EPS and a 40–45 KD ECP (Figure 6B). The EPS have been shown to consist of α-Rha, α-Glc, β-GlcNAc, and β-GalNAc (Figure 6C). Very recently, Vinogradov et al. (2016) showed that the structure of the EPS of L. casei BL23 consists of α-Rha, α-Glc, β-GlcNAc, and β-GalNAc, forming a branched heptasaccharide repeating unit (variant 1) with an additional partial substitution with α-Glc (variant 2) and a modified non-reducing octasaccharide end, corresponding to a terminal unit of the EPS (variant 3). We showed that the survival rate of zebrafish was significantly higher in fish treated with EPSP of BL23 at 10–20 μg/ml than in control fish after A. veronii infection (Figure 5, P < 0.001). In addition, the EPSP induced more expression of TLR1, TLR2, IL-10, and TNF-α and reduced the expression of IL-1β in ZFL cells (Figure 7, P < 0.05). These findings indicated that the EPSP enhanced zebrafish immune response against A. veronii might involve the TLR1/TLR2 signal pathway.

CONCLUSION

Our results indicated that the L. casei BL23 showed high efficiency against A. veronii infection in zebrafish irrespective of cell viability. This protective effect of L. casei BL23 might involve membrane PRR signaling pathways induced by EPSP. Accordingly, L. casei BL23 may be suitable for disease control in aquaculture, especially for use in larval fish. However, gene knockout zebrafish lacking related factors are needed to further investigate the mechanisms underlying the action of EPSP.
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FIGURE S1 | The anti-infective effect of potential protiotics against Aeromonas veronii in zebrafish larvae.

FIGURE S2 | Gut microbiota of zebrafish from control or Lactobacillus casei BL23 treated fish at class (A), order (B), and family (C) level.

FIGURE S3 | The mRNA levels of TLR3a (A), TLR3b (B), TLR4a (C), TLR5a (D), TLR5b (E), MyD88 (F), and NF-κB (G) in ZFL cells from control and Exopolysaccharide-protein complex (EPSP)-treated (10μg/mL) groups after 24 h treatment.

FOOTNOTES

1 http://ccb.jhu.edu/software/FLASH/
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Lactobacillus johnsonii 466
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ACAGAAATGCCOCTICACTG.
GOCTCTTCTCAMACGGTTG
TCTGGAGGACTGTAAGAGGTATGC
TCAGACGCACAATCTTGAGAGCAG
CAGAGTTGTATCOACCTGTTA
TTCACGCTCCATAAGACOCA
ATTTGTGGAGGGCTTTCCTT
AGAGCTGTTGGCAGAATGGT
CGCAGAGGCAATTCAGAT
CAGGOCTITAAGTCTGTATTTGTTG
GAGACAGACGGTGCTGTTTA
GTAAGACGGCACTGAATCCA
TGTCAAGATGOCACATCAGA
TCCACAAGAACAAGCCTTTG
CTACGTGATAGCTCCGCCTC
ACAAGCGTAGAACAAGGGCA
CATTCTGGTGGTGCTTGTT
CTGCTGCTICAGGATTGTT
ATACAAGCCAAACGGAAACCT
CTTCTCACATITCOGGATCAT
GOAAGATGAGAACGGAGACAC
CTACCAGCAATCGCAACAA
GTGAGGAGCCTGATCCTGATAG
CATACTAANTGTATAATAAGTCTACCATG
TOCACAGGGACTGACACCTGAGA
GCTGAGTCTICAGCACAGCAGAT
COCAAGCTTGAAGGCGACTGTG
GTACTTTGAGGGAATGAGATACAG.
TCAACTTCTCCAGCGTGATG
TCTTTCCCTCTTTTOCTCCTG!





