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Enteric diseases caused by Salmonella are prevalent in poultry farming. With the forbiddance of antibiotics in feedstuff industry, Bacillus subtilis (B. subtilis) preparation as antibiotic alternatives against Salmonella infection has gained increasing attention recently. However, the protection modes of B. subtilis against Salmonella infection in broilers are strain-specific. In this study, probiotic B. subtilis LF11 significantly reduced diarrhea and mortality of broilers caused by Salmonella braenderup (S. braenderup) in spite of no inhibition effect on it in vitro. Here, the intestinal epithelial cells NCM460 were incubated to explore the protection of B. subtilis LF11 on intestinal epithelium against Salmonella. The results revealed that B. subtilis LF11 showed obvious exclusion activity with the decrease of adhesion and invasion of S. braenderup to NCM460 cells, accordingly with the increase of NCM460 cell survival compared with S. braenderup challenge alone. Meanwhile, RT-PCR and Western blot proved that the gene transcription and expression levels of four tight junction proteins in NCM 460 cells were upregulated, which was further confirmed by immunofluorescence observation. Besides, B. subtilis LF11 downregulated the gene transcription levels of the proinflammatory cytokines IL-6, IL-8, and TNF-α induced by S. braenderup H9812. ELISA analysis also verified that B. subtilis LF11 reduced the IL-8 production significantly. In general, B. subtilis LF11 has the ability to protect the intestinal epithelium against Salmonella infection by reducing the Salmonella adhesion and invasion, enhancing the intestinal barrier and attenuating the enterocyte inflammatory responses, and has the potential as probiotics to prevent enteric diseases in broilers.
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Introduction

Intestinal barrier as the first line of defense between the host and the luminal environment plays a key role on the absorption of nutrients and adequate containment of microorganisms and molecules, which consists of mucus layer, intestinal epithelium, and intraepithelial immune cells (Wlodarska and Finlay, 2010; Sanchez de Medina et al., 2014; Awad et al., 2017). The damage of the intestinal barrier results in the permeability increasement and/or bacterial translocation, which in turn induces various enteric diseases (Natividad and Verdu, 2013; Sanchez de Medina et al., 2014). In poultry farming, primarily of chickens, pullorum disease and fowl typhoid caused by Salmonella gallinarum and Salmonella pullorum, respectively, are the most common enteric diseases, resulting in severe economic losses (Crump et al., 2015; Arreguin-Nava et al., 2019; Lei et al., 2020; Chen et al., 2021). Salmonella infection involves normally the attachment to epithelial cells, the disruption of intestinal barrier, and internalization into lamina propria, and consequently leads to the inflammatory responses and even induces diarrhea and death in broilers (Bruno et al., 2009; Gut et al., 2018; Wang et al., 2018). Using of antibiotics as a traditional way to prevent and treat enteric diseases has led to the evolution of resistant strains of pathogenic bacteria (Nami et al., 2015; Lei et al., 2020). The forbiddance of antibiotic growth promoters facilitates the development of the functional feed additives as potential alternatives for antibiotics to avoid the incidence of bacterial resistance (Oh et al., 2017).

Probiotics is gaining increasing attention as an antibiotic alternative used in the poultry husbandry (Nami et al., 2015; de Melo Pereira et al., 2018). Among the various probiotic strains, B. subtilis is the major strain widely used as a functional feed additive (Elshaghabee et al., 2017; Du et al., 2019; Popov et al., 2021). This species possesses well-known industrial traits and physiological characteristics (Elshaghabee et al., 2017; Popov et al., 2021). The tolerance to harsh environments such as pH, bile salts, and heat endows B. subtilis high viability in the intestinal tracts, processing, and storage (Lee et al., 2017). Additionally, B. subtilis produces a variety of digestive enzymes, antimicrobial peptides and other biological active molecules, improving the growth performance of broilers and feed efficiency when supplemented in diets (Manhar et al., 2016; Ramlucken et al., 2019; Akhtar et al., 2021; Algburi et al., 2021; Popov et al., 2021). Moreover, B. subtilis is beneficial to the host health through modulation of microbiota composition and humoral immune responses (Khan and Chousalkar, 2020; Kawarizadeh et al., 2021). Recently, several clinical and animal trials have demonstrated the protection of B. subtilis against Salmonella and other enteropathogenic bacteria in broilers through the load reduction in intestinal tracts, improvement of the growth performance, and immune responses (Wu et al., 2018; Sokale et al., 2019; Abudabos et al., 2020). Nevertheless, the action modes of probiotic B. subtilis are in a strain-specific manner (Freedman et al., 2021), which makes it necessary to investigate the potential protection against Salmonella infection in poultry farming.

In this study, B. subtilis LF11 strain, isolated from corn silage, showed the obvious inhibition activity against Gram-positive pathogenic bacteria, not for Salmonella, whereas the administration of B. subtilis LF11 could decrease the diarrhea and mortality of broilers, suggesting the protective role on broilers against Salmonella infection. To investigate the protection mechanism of this strain, the cultured intestinal epithelial cells NCM460 were exposed to strains B. subtilis LF11, and followed by the challenge with S. braenderup H9812. The gene transcription and expression levels of the tight junction proteins and the proinflammatory factor were detected by RT-PCR and Western blot. The aim of this study is to reveal the protection of B. subtilis LF11 against Salmonella infection and to prove its potential as an antibiotic alternative to prevent the enteric diseases in broilers.



Materials and Methods

The animal study was reviewed and approved by the Animal Ethics Committee of School of Life Sciences, Shandong University.


Strains, Cells, and Culture Conditions

B. subtilis LF11 was isolated from corn silage previously (Li, 2019); S. braenderup H9812 and other indicator strains Escherichia coli (E. coli) ATCC 25922, Listeria monocytogenes (L. monocytogenes) ATCC 19114, L. monocytogenes ATCC 19115, Staphylococcus aureus (S. aureus) ATCC 27217, Streptococcus agalactiae (S. agalactiae) ATCC 13813, Micrococcus luteus (M. luteus) 2016, Bacillus cereus (B. cereus) SDMCC 050292, Enterococcus faecalis (E. faecalis) SDMCC 050338, Streptococcus lutetiensis (S. lutetiensis) SDMCC 050401, and Streptococcus infantarius (S. infantarius) SDMCC 050384 were stored in our laboratory and cultured according to methods described previously (Parveen Rani et al., 2016). B. subtilis LF11 was grown in Luria-Bertani (LB) broth (Oxord, Basingstoke, UK) at 37°C, shaking at 150 rpm overnight. Two percent of overnight cultures was inoculated in 5 ml of fresh LB broth and incubated for 12 h. The cells were collected by centrifugation at 6,000 rpm for 5 min at 4°C and the cell-free culture supernatants (CFCS) were collected by centrifugation at 10,000 × g for 20 min at 4°C and filtration through a 0.22 μm membrane filter (Millipore, USA). The enterocyte NCM460 cells were cultured in RPMI 1640 medium (SparkJade, Shandong, CHN) supplemented with 10% (v/v) fetal calf rerum and 1% penicillin/streptomycin (penicillin: 10,000 U/ml, streptomycin: 10,000 µg/ml, Gibco-Life Technologies, Carlsbad, CA, USA) at 37°C in a 5% CO2 atmosphere.



Broilers Feeding Trial

A total of two hundred 1-day-old male Ross-308 broiler chicks free of Salmonella was purchased from a commercial hatchery (Shandong Dabao, Tai’an, CHN). The chicks were individually weighed and assigned to 5 groups with 4 replicates (10 birds per pen). The treatment groups were as follows: negative control group (NC) was given basal diet only; positive control group (PC) was given basal diet and orally administered with 0.1 ml of S. braenderup H9812 suspension (1×109 CFU/ml) on day 7; B. subtilis control group (BC) was given only probiotic-supplemented basal diet containing B. subtilis LF11 to a final concentration of 1×109 CFU/kg feed; antibiotic-treated group (AT) was orally challenged by 0.1 ml of S. braenderup H9812 suspension above on day 7, administered in basal diet supplemented with amoxicillin (Jinan Scenk, Jinan, CHN) at its highest recommended dose (0.24 g/kg) on the day when clinical signs first appeared and continued for 5 days (Gharaibeh et al., 2021). The B. subtilis-treated group (BT) was given probiotic-supplemented basal diet containing B. subtilis LF11 to the same concentration above and orally challenged on day 7 with 0.1 ml of S. braenderup H9812 suspension. To avoid cross-contamination, the uninfected chicks and infected chicks were reared in two separate rooms respectively equipped with battery cages (1.0 m× 0.7 m × 0.5 m, length × width × height) with stocking density at 0.07 m2 per chick. The room temperature was maintained at 32 ± 2°C during the first week and then gradually decreased by 3°C weekly until a final room temperature of 26°C. Antibiotic-free and coccidiostat-free corn-soybean meal-based mash diets were prepared to meet the requirements for starter and grower periods. The composition of the basal diet and nutrient levels are prepared as described by Wu et al. (2018). All birds were allowed ad libitum access to feed and water throughout the study. In addition, the chickens were vaccinated against Newcastle disease virus (NDV) and infectious bronchitis virus (IBV) according to the antiepidemic recommendations (Abudabos et al., 2020).

Broilers with diarrhea or death were counted and the feces was recorded every day during the experiment. Mortality rate per treatment was calculated for the entire trial period. Weights of all died birds throughout the trial period were recorded. Body weight (BW) and feed intake (FI) were recorded weekly (days 0, 7, 14, 21, and 28) as an average per pen. Feed conversion ratio (FCR) adjusted for mortalities was calculated for each pen as FI (g)/BW gain (g) over a specified period of time.



Determination of Antimicrobial Spectrum

Antimicrobial spectrum was determined by agar well-diffusion method (Reuben et al., 2019). Briefly, 100 μl of indicator strain (approximately 108 CFU/ml) was mixed with 10 ml of LB agar, or tryptic soytone broth (TSB) agar, or brain heart infusion (BHI) agar and poured into a Petri dish covered with 10 ml of water agar beforehand. After solidification, the wells were prepared and filled with 50 μl of the CFCS of B. subtilis LF11. The plates were cultured at 37°C for 24 h, and the inhibition zone diameters were measured.



Determination of the Counts of Salmonella Adhering to or Invading NCM460 Cells

The counts of S. braenderup H9812 adhering to and invading NCM460 cells were enumerated as described previously (Tsai et al., 2005; Tuo et al., 2013) with few modifications. Briefly, B. subtilis LF11 and S. braenderup H9812 cells were suspended with RPMI 1640 medium without antibiotics, and NCM460 cells grown in a 12-well plate (1×105 cells/well) were washed twice with phosphate buffer saline (PBS, pH 7.2). In an exclusion experiment, NCM460 monolayers were incubated with B. subtilis LF11 at a multiplicity of infection (MOI) of 100 and then challenged by S. braenderup H9812 at the same MOI. In a competition experiment, NCM460 monolayers were incubated simultaneously with B. subtilis LF11 and S. braenderup H9812 at the MOI of 100. All the incubations were carried out for 2 h at 37°C in 5% CO2. To determine the counts of S. braenderup H9812 adhering to NCM460 cells, the monolayers were washed 4 times with sterilized PBS (pH 7.2), and then 100 μl of 0.5% (v/v) Triton X-100 solution was added to the wells to detach the bacteria. The counts of S. braenderup H9812 were determined by spreading serial dilutions on bismuth sulfite agar (BSA) plates (Hope Bio-tech, Qingdao, CHN) (Manhar et al., 2016). For the invasion count determination, the monolayer cells were incubated for 2 h with 100 μl of gentamicin solution (200 μg/ml) to kill the bacteria outside of the cells. Then, NCM460 cells were lysed by adding sterilized water. The counts of S. braenderup H9812 invading cells were detected using the same method as described above. The exposure of NCM460 cells to S. braenderup H9812 alone was set as a control. Data were expressed as mean ± SD.



Evaluation of NCM460 Cell Survivability

The survival of NCM460 cells was evaluated after B. subtilis LF11 and S. braenderup H9812 incubation in exclusion and competition experiments by the cell counting kit-8 (cck-8) assay according to the instructions (US Everbright® Inc, Suzhou, CHN). NCM460 monolayers were grown in a 96-well plate and treated for 6 h at the MOI of 100. Then 100 μl of gentamicin solution (200 μg/ml) was added to the wells and incubated for 2 h at 37°C to kill the bacteria. Subsequently, a total of 10 μl (5 mg/ml) of cck-8 and 100 μl of RPMI 1640 medium were added and incubated for 2 h. Optical density (OD) was detected at 450 nm. The cells treated or not treated by S. braenderup H9812 alone were used as controls. Six parallels were set for each treatment. Data were expressed as mean ± SD.



Analysis of the Gene Transcription Levels of Tight Junction Proteins and Proinflammatory Cytokines

Primers used in this study are listed in Table 1. In exclusion and competition experiments at the MOI of 100, NCM460 cells were washed twice with pre-cooling PBS (pH 7.2) and collected by centrifugation at 1,000 rpm for 5 min at 4°C after dissociation by 0.25% trypsin-Ethylene Diamine Tetraacetic Acid (EDTA) solution. Total RNA was extracted with SPARKeasy Cell RNA Kit (SparkJade, Jinan, CHN) and the cDNA was synthesized using the PrimeScript RT reagent kit (Takara, Dalian, CHN). The gene transcription levels of tight junction proteins including occludin (OCLN), claudin-1 (CLDN-1), junctional adhesion molecule-1 (JAM-1), and the zonulae occludens-1 (ZO-1) and including proinflammatory cytokines interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor necrosis factor-α (TNF-α) were analyzed by RT-PCR, which was carried out with an iCycler kit (ABclonal, Wuhan, CHN). PCR amplification was carried out as follows: initial denaturation at 95°C for 1 min followed by 35 cycles at 95°C for 5 s, 55°C for 30 s, and 72°C for 30 s (Sun et al., 2012). The β-actin was used as the housekeeping gene, and the data of relative gene transcription were analyzed using the 2−ΔΔCt method as previously described (Livak and Schmittgen, 2001). The untreated NCM460 cells were set as control.


Table 1 | Primer sequences used for RT-PCR.





Western Blot and Immunofluorescence Assay

The expression levels of tight junction proteins CLDN-1, OCLN, JAM-1, and ZO-1 in NCM460 cells were detected by Western blot according to Liu et al. (2010). NCM460 monolayers were harvested as described above and the total proteins were extracted according to the manufacturer instructions (Beyotime, Shanghai, CHN). The proteins were separated by 12% sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA) at 200 mA in transfer buffer (192 mM glycine and 25 mM Tris). The membrane was blocked for 1 h with tris buffered saline tween (TBST) buffer containing 5% skim milk. Strip membranes at corresponding protein size were cut off and probed overnight at 4°C with rabbit anti-CLDN-1 (1:1500, ABclonal, CHN), rabbit anti-OCLN (1:1500, ABclonal, CHN), rabbit anti-JAM-1 (1:1500, ABclonal, CHN), rabbit anti-ZO-1 (1:1500, ABclonal, CHN), and rabbit anti-β-actin (1:2000, ABclonal, CHN), correspondingly. After washing with TBST buffer, the membranes were incubated for 1 h with the horseradish peroxidase-conjugated secondary antibody (1:5000, ABclonal, CHN). The Amersham Imager 680 (GE, USA) was used to capture images and analyze the gray values of CLDN-1, OCLN, JAM-1, and ZO-1 protein as normalized to β-actin.

The expression and distribution of tight junction proteins were observed using an immunofluorescence microscope. Briefly, NCM460 monolayers were fixed with 2% (v/v) acetone/methanol on ice after treatments as described above and permeated by 0.2% Triton X-100. The cells were probed overnight at 4°C with primary antibodies above and then incubated with the fluorescein isothiocyanate-conjugated secondary antibody for 1 h. Nuclei were stained with DAPI (Beyotime, Shanghai, China). The cells were observed by fluorescence microscope in the anti-attenuation reagent. Quantitative analysis of fluorescence was carried out using ImageJ (Jensen, 2013).



IL-8 ELISA Assay

After incubation of NCM460 cells in exclusion and competition experiments, the suspension was collected by centrifugation at 12,000 rpm for 5 min at 4°C, and the concentration was detected as the instruction of human IL-8 ELISA kit (ABclonal Tech®, CHN).



Statistical Analysis

The experiments were performed in triplicate. Statistical analysis was performed using unpaired two-tailed Student’s t-tests. The significance between treatments was determined by an analysis of variance with the general linear model. p-values were considered statistically significant. *p < 0.05, **p < 0.01. Differences between treatments for mortalities were calculated with a chi square.




Results


B. subtilis LF11 Reduced the Diarrhea and Death of Broilers Challenged by Salmonella

Challenge trials were carried out to validate whether B. subtilis LF11 protects the broilers from Salmonella or not. The results are listed in Table 2. A few chickens appeared to have slight diarrhea but none died in every group before 7 days old. Diarrhea symptoms disappeared and no death chickens appeared in NC and BC groups from then on. Diarrhea occurred in all groups challenged by S. braenderup H9812 at about 10 days old, and the PC group was most serious, whose excrements were chalky white. Diarrhea rate and mortality in PC group increased to 67.5 % and 42.5 % respectively at the end of the trial. Though only 5% of diarrhea and no death appeared in the AT group that were treated with amoxicillin between 11 and 15 days old because of the therapeutical effect of antibiotics, diarrhea rate and mortality were rising again at a withdrawal time of up to 20% and 15%. Correspondingly, the ascensional ranges of diarrhea and death in the BT group were higher than that in the AT group but lower than that in the PC group obviously. No broilers died and diarrhea declined in the BT group after 21 days old, of which solid content increased and chalky white diarrhea reduced. Additionally, numerical improvements in FCR (1.297 g/g) and BW gain (1.157 kg) of BC group at 28 days old were not statistically significant compared with the negative control group. The differences in FCR (1.358 g/g, and 1.404 g/g, respectively) and BW gain (1.141 and 1.105 kg, respectively) in AT and BT groups were statistically significant compared with the positive control group.


Table 2 | B. subtilis LF11 reduced the diarrhea and death of broilers challenged by Salmonella.





The Antimicrobial Spectrum of B. subtilis LF11

The antimicrobial activity was generally considered as a vital assessment criterion for probiotics screening. As shown in Table 3, most of the Gram-positive bacteria tested were inhibited by the CFCS of B. subtilis LF11, especially the pathogens L. monocytogenes ATCC 19114, L. monocytogenes ATCC 19115, and S. agalactiae ATCC 13813, but not for Gram-negative pathogenic bacteria Escherichia coli (E. coli) ATCC 25922 and S. braenderup H9812.


Table 3 | Inhibitory spectrum of B. subtilis LF11.





B. subtilis LF11 Inhibited S. braenderup H9812 Adhesion and Invasion to NCM460 Cells

The adhesion and invasion of Salmonella to IECs are the important steps to its pathogenicity and translocation. To investigate the protective role of B. subtilis LF11 against Salmonella infection in broilers, the intestinal epithelial cell NCM460 was adopted as a mode to test the ability of B. subtilis LF11 to inhibit the adhesion and invasion of the pathogen S. braenderup H9812 to NCM460 cells in vitro. The results showed that the adhesion and invasion of S. braenderup H9812 to NCM460 cells were up to (2.91 ± 0.05) ×106 CFU/well and (1.51 ± 0.47) ×105 CFU/well when NCM460 cells were exposed to S. braenderup H9812 alone (Figure 1). In the exclusion experiment, the strain LF11 exhibited the obvious exclusive ability, preventing 47.4% and 81.1% of S. braenderup H9812 from the adhesion and invasion to NCM460 cells (p < 0.05). In competition experiment, the strain LF11 also prevented the adhesion and invasion of the pathogenic strain H9812 to NCM460 cells by 33.1% and 61.7% (p < 0.05). Both experimental data demonstrated the inhibition effects of B. subtilis LF11 on S. braenderup H9812 adhesion and invasion to NCM460 cells, and the exclusion activity was stronger than competition activity.




Figure 1 | The bacterial counts of S. braenderup H9812 adhering to and invading NCM460 cells. All data were given as means ± SD for n = 3. *p < 0.05 vs. NCM460 + H9812.





B. subtilis LF11 Increased Survivability of NCM460 Cells Challenged by S. braenderup H9812

To confirm the inhibition of B. subtilis LF11 against S. braenderup H9812 invasion to NCM460 cells, the survivability of NCM460 cells was measured in exclusion and competition experiments. As shown in Figure 2, no significant difference was observed between the survivability of NCM460 cells alone and those exposed to B. subtilis LF11, indicating that B. subtilis LF11 did not influence the survival of the IECs. However, when NCM460 cells were exposed to S. braenderup H9812 alone, the survival of NCM460 cells was decreased to (38.54 ± 0.85)%, indicating that S. braenderup H9812 was fatal to NCM460 cells. In the exclusion experiment, the survivability of NCM460 cells was improved to (79.2 ± 6.21)%, higher than (60.5 ± 3.68)% in the competition experiment, suggesting that the pre-exposure to B. subtilis LF11 could reduce the damage of NCM460 cells caused by S. braenderup H9812 (p < 0.05).




Figure 2 | The relative survivability of NCM460 cells with various treatments. The survival of the normal NCM460 cells is defined as 100%. All data are given as means ± SD for n = 3. Statistical analysis is performed with Student’s t-test. *p < 0.05, **p < 0.01.





B. subtilis LF11 Enhanced the Tight Junction of Salmonella-Infected NCM460 Cells

Intestinal barrier dysfunction exerts a pivotal physiological role in the development of enteric diseases. To further evaluate the molecular mechanism underlying the B. subtilis LF11 protection of the intestinal barrier, the gene transcription levels of tight junction proteins CLDN-1, OCLN, JAM-1, and ZO-1 in NCM460 cells were detected by RT-PCR. S. braenderup H9812 downregulated respectively the gene transcription levels of those tight junction proteins to 0.27 ± 0.11, 0.61 ± 0.14, 0.34 ± 0.06, and 0.46 ± 0.06 compared with that of NCM460 cells alone. However, B. subtilis LF11 significantly upregulated the transcription levels of tight junction genes in both exclusion and competition experiments, as well as exposed to B. subtilis LF11 alone. Particularly, B. subtilis LF11 upregulated apparently the gene transcription levels of CLDN-1, JAM-1, and ZO-1 (p < 0.01), and correspondingly OCLN (p < 0.05). The effect of B. subtilis LF11 to CLDN-1 and ZO-1 in exclusion experiment was obviously higher than those in the competition experiment (Figure 3A).




Figure 3 | B. subtilis LF11 enhances the gene transcription and expression of tight junction proteins. (A) Relative transcription levels of CLDN-1, OCLN, JAM-1, and ZO-1 genes. (B) Expression levels of tight junction proteins in NCM460 cells incubated with B. subtilis LF11 and S. braenderup H9812 with various treatments by Western blot. Each line represents different treatments. (C) Semiquantitative analysis of the expression of tight junction proteins in corresponding bands. The β-actin was used as the housekeeping gene, the data of relative gene transcription and expression levels were analyzed using the 2−ΔΔCt method, and the gene transcription or expression levels of tight junction proteins in control NCM460 cells are defined as 1.0. All data are given as means ± SD for n = 3. *p < 0.05, **p < 0.01.



The expression levels of the tight junction proteins in NCM460 cells were further confirmed by Western blot and gray value analysis. As shown in Figures 3B, C, B. subtilis LF11 did not influence the expression of the tight junction proteins apparently, while S. braenderup H9812 downregulated the expression of those proteins obviously (p < 0.05). B. subtilis LF11 restored the expression levels of CLDN-1, OCLN, JAM-1, and ZO-1 protein to 0.82 ± 0.06, 0.98 ± 0.08, 1.23 ± 0.03, and 1.32 ± 0.05, respectively, in exclusion experiments in comparison with 0.65 ± 0.02, 0.69 ± 0.05, 0.73 ± 0.04, and 0.68 ± 0.07 in the S. braenderup-treated group (p < 0.05). However, the changes of the expression levels of tight junction proteins in competition experiments did not show statistical significance (p > 0.05) except for JAM-1 (Figures 3B, C). The expression levels of JAM-1 protein in exclusion and competition experiments did not represent statistical difference.

The expression and distribution of the tight junction proteins in NCM460 cells with different treatments were observed directly by the immunofluorescence microscope. As shown in Figures 4A, B, the homogeneous distribution and the fluorescence intensity of the four tight junction proteins in B. subtilis LF11-treated and exclusion experiments were almost the same levels as the normal NCM460 cells, which appeared stronger than that treated with S. braenderup H9812 alone. However, B. subtilis LF11 did not recover the expression and distribution of CLDN-1 and OCLN proteins to normal state in competition experiments but JAM-1 and ZO-1 did. These results were consistent with the expression levels of tight junction proteins in Western blot analysis.




Figure 4 | The immunofluorescence analysis of tight junction proteins in NCM460 cells. (A) Expression levels and distribution of these tight junction proteins in NCM460 cells with various treatments are visualized by immunostaining fluorescein isothiocyanate (FITC, green). Nuclei are counterstained using 40,6-Diamidino-2-phenylindole dihydrochloride (DAPI, blue). (B) Quantitative analysis of fluorescence density was carried out using ImageJ. Statistical analysis is performed with Student’s t-test. Scale bar = 10 μm. *p < 0.05, **p < 0.01.





B. subtilis LF11 Attenuated the Expression Levels of the Proinflammatory Genes Induced by S. braenderup H9812

To investigate the effects of B. subtilis LF11 on the inflammatory process of NCM460 cells induced by S. braenderup H9812, the gene transcription levels of three key proinflammatory cytokines IL-6, IL-8, and TNF-α involved in the proinflammatory responses were analyzed. As shown in Figure 5A, S. braenderup H9812 upregulated the gene transcription levels of IL-6, IL-8, and TNF-α in NCM460 cells by 4.2, 4.9, and 1.9-folds, respectively (p < 0.05), while B. subtilis LF11 did not. B. subtilis LF11 downregulated the gene transcription levels of IL-6, IL-8, and TNF-α in NCM460 cells by 50.7%, 49.7%, and 11.7% in exclusion experiments as well as by 45.6%, 16.3%, and 46.8% in competition experiments. Additionally, the transcription levels of IL-6 gene were partially alleviated in both exclusion and competition experiments (p < 0.05), and the alleviation of the transcription level of IL-8 gene in exclusion experiments was stronger than that in competition experiments, which was contrary to TNF-α.




Figure 5 | B. subtilis LF11 attenuates the expression of the proinflammatory cytokines. (A) Relative gene transcription levels of three proinflammatory cytokines in NCM460 cells in various treatments. The β-actin was used as the housekeeping gene, the data of relative gene transcription and expression levels were analyzed using the 2-ΔΔCt method, and the gene transcription levels of three proinflammatory cytokines in control NCM460 cells are defined as 1.0. (B) IL-8 production in NCM460 cells induced by various treatments with B. subtilis LF11, S. braenderup H9812 and their combinations. Error bars represented standard errors from three replicate experiments. *p < 0.05, **p < 0.01.



IL-8 production was detected by ELISA to further clarify the anti-inflammatory effects of B. subtilis LF11. The IL-8 production in NCM460 cells exposed to B. subtilis LF11 was the same as in NCM460 cells alone, whereas S. braenderup H9812 stimulated the IL-8 secretion by approximate 7-fold. When NCM460 cells were preincubated with B. subtilis LF11 and then were infected by S. braenderup H9812, IL-8 production significantly decreased by 60.7% (p < 0.01), which reduced by 23.9% in the case of the co-incubation with B. subtilis LF11 and S. braenderup H9812 (Figure 5B). These results suggested that B. subtilis LF11 attenuated significantly the release of proinflammatory cytokines induced by S. braenderup H9812, and the exclusion activity of B. subtilis LF11 was stronger than the competition activity.




Discussion

Salmonella infection is one of the most serious problems that threaten poultry health, particularly for the newborn chickens (Ferrari et al., 2019). With the forbiddance of antibiotics worldwide, probiotics as the ideal antimicrobial agents is demonstrated to confer the beneficial effects on improving the growth performance, reducing morbidity, and enhancing immunity in poultry husbandry instead of the antibiotic utilization as growth promotion agents (Cheng et al., 2014; EMA/EFSA, 2017). Based on the selection criteria “Guidelines for Evaluation of Probiotics in Food (FAO/WHO)” (de Melo Pereira et al., 2018), strain B. subtilis LF11 with the promising probiotic traits was isolated from corn silage. When B. subtilis LF11 was supplemented in broiler diets, the diarrhea and mortality rates caused by Salmonella were obviously reduced in broiler farming, demonstrating the protection of B. subtilis LF11 against Salmonella infection. Meanwhile, the improvement of feed intake and feces shape suggested that the integrity and barrier of the intestinal epithelium were repaired or not impaired (Table 2). However, this probiotic strain LF11 did not exhibit the inhibition activity on the pathogen S. braenderup H9812 and E. coli ATCC 25922 in vitro (Table 3). In this case, we hypothesized that the protective role of B. subtilis LF11 against S. braenderup H9812 infection might target the intestinal epithelium barrier rather than inhibiting the pathogen bacterial growth in gut of tested broilers. Therefore, to clarify the molecular mechanism, the effects of B. subtilis LF11 on S. braenderup H9812 adhesion and invasion as well as the IECs survivability were detected through the exclusion and competition experiments. Expectedly, B. subtilis LF11 was able to inhibit the adhesion and invasion of S. braenderup H9812 to IECs NCM460, facilitate the expression of the tight junction proteins of NCM460 cells, and attenuate the inflammatory responses of IECs, revealing the protection role of B. subtilis LF11 on broilers against Salmonella infection via repairing or improving the intestinal barrier and suppressing the intestinal inflammation.

In general, antimicrobial activity is the main mode of action of probiotics to prevent bacterial diseases (Compaore et al., 2013; Nami et al., 2015; Du et al., 2019; Algburi et al., 2021; Zhou et al., 2021). Because no inhibitory activity on the growth of the S. braenderup H9812 was detected in vitro, prevention of B. subtilis LF11 from S. braenderup H9812 infection might be caused by other possible mechanisms including intestinal barrier (Rao and Samak, 2013), coaggregation (Collado et al., 2007), and signal interference (Piewngam et al., 2018). As shown in Figure 1, the count decline of S. braenderup H9812 adhering to and invading NCM460 cells indicated that B. subtilis LF11 could reduce the Salmonella load in intestinal tracts of animals, which was consistent with the reports of animal testing (Knap et al., 2011; Kridtayopas et al., 2019; Nishiyama et al., 2021). Furthermore, the counts of S. braenderup H9812 adhering to and invading NCM460 cells were enormously dependent on the orders of NCM460 cells exposed to B. subtilis LF11, which suggested that B. subtilis LF11 played the roles under certain conditions. In the exclusion experiment, the adhesion counts of S. braenderup H9812 reduced by 47.4% while invasion counts reduced by 81.1%, suggesting that B. subtilis LF11 reduced the Salmonella invasion by enhancing the defense of NCM460 cells in addition to attenuating the adhesion. The same phenomenon of the invasion reduction was also observed in the competition experiment. Those results demonstrated that strain LF11 has the capacity of maintaining intestinal barrier and strengthening the defense of pathogens, which was consistent in the traits of probiotics (Yan. et al., 2007). Figure 2 shows that B. subtilis LF11 alone did not cause the survival changes of NCM460 cells dramatically, suggesting that B. subtilis LF11 induced neither cytotoxicity nor growth promotion to NCM460 cells. The reductions of the survival of NCM460 cells in exclusion and competition experiments were solely caused by S. braenderup H9812 invasion. The higher survival of NCM460 cells in the exclusion experiment than that in competition experiments showed that the pre-exposure was helpful to B. subtilis LF11 to play obvious exclusive activity against Salmonella infection. Generally, these results are consistent with the reports that probiotics is known to help prevent pathogen infections in application (Que et al., 2021; Yuan et al., 2021).

Probiotics also has the capacity of enhancing the expression and distribution of tight junction proteins to prevent pathogen infection to IECs (Candela et al., 2008; Rao and Samak, 2013; Awad et al., 2017; Blackwood et al., 2017). The tight junction proteins in the intestinal epithelial cells were usually used as biomarkers for the integrity determination of intestinal barrier (Awad et al., 2017; Chelakkot et al., 2018). In this study, the downregulation of both gene transcription and expression levels of four tight junction proteins in NCM460 cells challenged by S. braenderup H9812 indicated the damage of the intestinal barrier. In comparison, B. subtilis LF11 could upregulate or maintain the gene transcription levels and the expression levels of tight junction proteins in various degrees, indicating that B. subtilis LF11 could stimulate the NCM460 cells to strengthen the connection between each cell (Figures 3A–C). B. subtilis LF11 upregulated the expression of JAM-1 and ZO-1 compared to normal cells, which suggested that B. subtilis LF11 enhanced the intestinal epithelium barrier. The various influence on the gene transcription and expression levels of tight junction proteins by B. subtilis LF11 may be attributed to their locations and functions in IECs. The CLDNs and OCLN family of transmembrane proteins form the core of the tight junction (Sun et al., 2020). OCLN is localized at the leading edge of cells and regulates directional cell migration and is required for wound healing, whose extracellular domains function in its localization to tight junctions and in regulating the paracellular permeability barrier between cells (Hartsock and Nelson, 2008; Du et al., 2010). CLDNs recruit OCLN to tight junctions, increase epithelial barrier properties, and directly regulate the gate function as paracellular tight junction channels (Hartsock and Nelson, 2008; Markov et al., 2010). In exclusion experiments, B. subtilis LF11 prevented the expression downregulation of tight junction proteins and restored the expression levels of CLDN-1 partially and OCLN, JAM-1, and ZO-1 totally, suggesting that the strain LF11 had the capability to enhance the stability and integrity of the intestinal barrier, which agreed with the results described previously (Gong et al., 2016). ZO-1 is a scaffolding protein between transmembrane and cytoplasmic proteins and forms a link between the adherens and tight junctions, which is important for the establishment and maturity of tight junction proteins (Hartsock and Nelson, 2008; Monteiro and Parkos, 2012). The downregulation of gene transcription and expression of ZO-1 protein in NCM460 infected by S. braenderup H9812 alone meant the disruption of tight junction while the upregulation by B. subtilis LF11 in the exclusion experiment indicates the enhancement of tight junction. The co-exposure of NCM460 cells to B. subtilis LF11 and S. braenderup H9812 in competition experiments did not regulate the expression levels of tight junction proteins obviously except for JAM-1. JAM-1 does not directly regulate the barrier but rather functions as a signaling molecule with divergent downstream target proteins to regulate a diverse array of epithelial functions, including epithelial proliferation, migration, and barrier function (Monteiro and Parkos, 2012). Meanwhile, immunofluorescence observation supported the gene transcription and expression analysis (Figures 4A, B). The homogeneous distribution and the same levels of the fluorescence intensities of tight junction proteins as the normal IECs proved that B. subtilis LF11 possessed protective effects on epithelial barrier integrity against Salmonella infection, especially when the B. subtilis LF11 was pre-incubated with NCM460 cells.

Cytokines, such as TNF-α and various interleukins, are clearly involved in inflammatory response, inducing redistribution of tight junction proteins (Chiba et al., 2006; Rhayat et al., 2019). Several evidence from mice and animal experiments verified that B. subtilis strains had beneficial anti-inflammatory effects (Gong et al., 2016; Rhayat et al., 2019; Liu et al., 2021). Thus, we speculated the effects of B. subtilis LF11 on the inflammatory process occurring during S. braenderup H9812 infection to IECs. The results in this study confirmed the higher transcription levels of IL-6, IL-8, and TNF-α genes in NCM460 cells infected by S. braenderup H9812, which were downregulated by B. subtilis LF11 in exclusion and competition experiments. Therefore, the strain LF11 exhibited the regulatory function on epithelial inflammatory factors induced by S. braenderup H9812 (Figures 5A, B). Meanwhile, the reduction of the IL-8 production supported the transcription analysis. IL-8 could recruit neutrophils into the cecal mucosa to defend against the invasion of Salmonella in vivo (Huang, 2021). These findings suggested that probiotic B. subtilis LF11 played a role on preventing cytokine-mediated gastrointestinal diseases. Previous studies have shown that proinflammatory cytokines including TNF-α mediate tight junction disruption, which increases the pathogen’s invasion process in epithelial cells (Hatayama et al., 2018). In addition, it was noticed that the exclusion activity was always stronger than competition activity, suggesting that the supplementation with B. subtilis LF11 in diets was an effective way to prevent the Salmonella infection in poultry farming.

In summary, B. subtilis LF11 protected broilers against Salmonella infection via several ways, including inhibiting the adhesion and invasion of S. braenderup H9812 to IECs, enhancing the expression of the tight junction proteins, and attenuating the inflammatory responses of NCM460 cells caused by S. braenderup H9812. Those findings indicated that the B. subtilis LF11 had the potential as a probiotic for the prevention and treatment of salmonellosis in broilers.



Data Availability Statement

The original contributions presented in the study are included in the article. Further inquiries can be directed to the corresponding author.



Author Contributions

RZ and JK contributed conception and design of the study. RZ, ZL, and XG performed the experiments. RZ and XG performed the statistical analysis. RZ, ZL, XG, JZ, TG, and JK wrote and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by the National Natural Science Foundation of China (No. 31871767) and the National Key Research and Development Program of young scientist of China (No. 2019YFA0906700).



Acknowledgments

The authors would like to thank members of their laboratory for helpful and constructive advice. We thank Sen Wang, Haiyan Yu, Xiaomin Zhao, and Yuyu Guo from State Key Laboratory of Microbial Technology, Shandong University for the assistance in microimaging of immunofluorescence.



References

 Abudabos, A. M., Aljumaah, M. R., Alkhulaifi, M. M., Alabdullatif, A., and Suliman, G.M., A, R.A.S. (2020). Comparative Effects of Bacillus Subtilis and Bacillus Licheniformis on Live Performance, Blood Metabolites and Intestinal Features in Broiler Inoculated With Salmonella Infection During the Finisher Phase. Microb. Pathog. 139, 103870. doi: 10.1016/j.micpath.2019.103870

 Akhtar, N., Cai, H. Y., Kiarie, E. G., and Li, J. (2021). A Novel Bacillus Sp. With Rapid Growth Property and High Enzyme Activity That Allows Efficient Fermentation of Soybean Meal for Improving Digestibility in Growing Pigs. J. Appl. Microbiol 00, 1–15. doi: 10.1111/jam.15268

 Algburi, A., Al-Hasani, H. M., Ismael, T. K., Abdelhameed, A., Weeks, R., Ermakov, A. M., et al. (2021). Antimicrobial Activity of Bacillus Subtilis KATMIRA1933 and Bacillus Amyloliquefaciens B-1895 Against Staphylococcus Aureus Biofilms Isolated From Wound Infection. Probiotics Antimicrob. Proteins 13 (1), 125–134. doi: 10.1007/s12602-020-09673-4

 Arreguin-Nava, M. A., Hernandez-Patlan, D., Solis-Cruz, B., Latorre, J. D., Hernandez-Velasco, X., Tellez, G. Jr., et al. (2019). Isolation and Identification of Lactic Acid Bacteria Probiotic Culture Candidates for the Treatment of Salmonella Enterica Serovar Enteritidis in Neonatal Turkey Poults. Anim. (Basel) 9 (9), 696. doi: 10.3390/ani9090696

 Awad, W. A., Hess, C., and Hess, M. (2017). Enteric Pathogens and Their Toxin-Induced Disruption of the Intestinal Barrier Through Alteration of Tight Junctions in Chickens. Toxins (Basel) 9 (2), 60. doi: 10.3390/toxins9020060

 Blackwood, B. P., Yuan, C. Y., Wood, D. R., Nicolas, J. D., Grothaus, J. S., and Hunter, C. J. (2017). Probiotic Lactobacillus Species Strengthen Intestinal Barrier Function and Tight Junction Integrity in Experimental Necrotizing Enterocolitis. J. Probiotics Health 5 (1), 159. doi: 10.4172/2329-8901.1000159

 Bruno, V. M., Hannemann, S., Lara-Tejero, M., Flavell, R. A., Kleinstein, S. H., and Galan, J. E. (2009). Salmonella Typhimurium Type III Secretion Effectors Stimulate Innate Immune Responses in Cultured Epithelial Cells. PloS Pathog. 5 (8), e1000538. doi: 10.1371/journal.ppat.1000538

 Candela, M., Perna, F., Carnevali, P., Vitali, B., Ciati, R., Gionchetti, P., et al. (2008). Interaction of Probiotic Lactobacillus and Bifidobacterium Strains With Human Intestinal Epithelial Cells: Adhesion Properties, Competition Against Enteropathogens and Modulation of IL-8 Production. Int. J. Food Microbiol. 125 (3), 286–292. doi: 10.1016/j.ijfoodmicro.2008.04.012

 Chelakkot, C., Ghim, J., and Ryu, S. H. (2018). Mechanisms Regulating Intestinal Barrier Integrity and its Pathological Implications. Exp. Mol. Med. 50 (8), 1–9. doi: 10.1038/s12276-018-0126-x

 Cheng, G., Hao, H., Xie, S., Wang, X., Dai, M., Huang, L., et al. (2014). Antibiotic Alternatives: The Substitution of Antibiotics in Animal Husbandry? Front. Microbiol. 5. doi: 10.3389/fmicb.2014.00217

 Chen, F., Zhang, H., Du, E., Fan, Q., Zhao, N., Jin, F., et al. (2021). Supplemental Magnolol or Honokiol Attenuates Adverse Effects in Broilers Infected With Salmonella Pullorum by Modulating Mucosal Gene Expression and the Gut Microbiota. J. Anim. Sci. Biotechnol. 12 (1), 87. doi: 10.1186/s40104-021-00611-0

 Chiba, H., Kojima, T., Osanai, M., and Sawada, N. (2006). The Significance of Interferon-Gamma-Triggered Internalization of Tight-Junction Proteins in Inflammatory Bowel Disease. Sci. STKE 2006 (316), pe1. doi: 10.1126/stke.3162006pe1

 Collado, M. C., Meriluoto, J., and Salminen, S. (2007). Adhesion and Aggregation Properties of Probiotic and Pathogen Strains. Eur. Food Res. Technol. 226 (5), 1065–1073. doi: 10.1007/s00217-007-0632-x

 Compaore, C. S., Nielsen, D. S., Ouoba, L. I., Berner, T. S., Nielsen, K. F., Sawadogo-Lingani, H., et al. (2013). Co-Production of Surfactin and a Novel Bacteriocin by Bacillus Subtilis Subsp. Subtilis H4 Isolated From Bikalga, an African Alkaline Hibiscus Sabdariffa Seed Fermented Condiment. Int. J. Food Microbiol. 162 (3), 297–307. doi: 10.1016/j.ijfoodmicro.2013.01.013

 Crump, J. A., Sjolund-Karlsson, M., Gordon, M. A., and Parry, C. M. (2015). Epidemiology, Clinical Presentation, Laboratory Diagnosis, Antimicrobial Resistance, and Antimicrobial Management of Invasive Salmonella Infections. Clin. Microbiol. Rev. 28 (4), 901–937. doi: 10.1128/CMR.00002-15

 de Melo Pereira, G. V., de Oliveira Coelho, B., Magalhaes Junior, A. I., Thomaz-Soccol, V., and Soccol, C. R. (2018). How to Select a Probiotic? A Review and Update of Methods and Criteria. Biotechnol. Adv. 36 (8), 2060–2076. doi: 10.1016/j.biotechadv.2018.09.003

 Du, Y., Xu, Z., Yu, G., Liu, W., Zhou, Q., Yang, D., et al. (2019). A Newly Isolated Bacillus Subtilis Strain Named WS-1 Inhibited Diarrhea and Death Caused by Pathogenic Escherichia Coli in Newborn Piglets. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.01248

 Du, D., Xu, F., Yu, L., Zhang, C., Lu, X., Yuan, H., et al. (2010). The Tight Junction Protein, Occludin, Regulates the Directional Migration of Epithelial Cells. Dev. Cell 18 (1), 52–63. doi: 10.1016/j.devcel.2009.12.008

 Elshaghabee, F. M. F., Rokana, N., Gulhane, R. D., Sharma, C., and Panwar, H. (2017). Bacillus As Potential Probiotics: Status, Concerns, and Future Perspectives. Front. Microbiol. 8. doi: 10.3389/fmicb.2017.01490

 EMA/EFSA (2017). EMA and EFSA Joint Scientific Opinion on Measures to Reduce the Need to Use Antimicrobial Agents in Animal Husbandry in the European Union, and the Resulting Impacts on Food Safety (RONAFA). EFSA J. 15 (1), e04666. doi: 10.2903/j.efsa.2017.4666

 Ferrari, R. G., Rosario, D. K. A., Cunha-Neto, A., Mano, S. B., Figueiredo, E. E. S., and Conte-Junior, C. A. (2019). Worldwide Epidemiology of Salmonella Serovars in Animal-Based Foods: A Meta-Analysis. Appl. Environ. Microbiol. 85 (14), e00591–19. doi: 10.1128/AEM.00591-19

 Freedman, K. E., Hill, J. L., Wei, Y., Vazquez, A. R., Grubb, D. S., Trotter, R. E., et al. (2021). Examining the Gastrointestinal and Immunomodulatory Effects of the Novel Probiotic Bacillus Subtilis DE111. Int. J. Mol. Sci. 22 (5), 2453. doi: 10.3390/ijms22052453

 Gharaibeh, M. H., Khalifeh, M. S., Nawasreh, A. N., Hananeh, W. M., and Awawdeh, M. S. (2021). Assessment of Immune Response and Efficacy of Essential Oils Application on Controlling Necrotic Enteritis Induced by Clostridium Perfringens in Broiler Chickens. Molecules 26 (15), 4527. doi: 10.3390/molecules26154527

 Gong, Y., Li, H., and Li, Y. (2016). Effects of Bacillus Subtilis on Epithelial Tight Junctions of Mice With Inflammatory Bowel Disease. J. Interferon Cytokine Res. 36 (2), 75–85. doi: 10.1089/jir.2015.0030

 Gut, A. M., Vasiljevic, T., Yeager, T., and Donkor, O. N. (2018). Salmonella Infection – Prevention and Treatment by Antibiotics and Probiotic Yeasts: A Review. Microbiology 164 (11), 1327–1344. doi: 10.1099/mic.0.000709

 Hartsock, A., and Nelson, W. J. (2008). Adherens and Tight Junctions: Structure, Function and Connections to the Actin Cytoskeleton. Biochim. Biophys. Acta 1778 (3), 660–669. doi: 10.1016/j.bbamem.2007.07.012

 Hatayama, S., Shimohata, T., Amano, S., Kido, J., Nguyen, A. Q., Sato, Y., et al. (2018). Cellular Tight Junctions Prevent Effective Campylobacter Jejuni Invasion and Inflammatory Barrier Disruption Promoting Bacterial Invasion From Lateral Membrane in Polarized Intestinal Epithelial Cells. Front. Cell Infect. Microbiol. 8. doi: 10.3389/fcimb.2018.00015

 Huang, F. C. (2021). The Interleukins Orchestrate Mucosal Immune Responses to Salmonella Infection in the Intestine. Cells 10 (12), 3492. doi: 10.3390/cells10123492

 Jensen, E. C. (2013). Quantitative Analysis of Histological Staining and Fluorescence Using ImageJ. Anatomical Record Advances Integr. Anat. Evol. Biol. 296 (3), 378–381. doi: 10.1002/ar.22641

 Kawarizadeh, A., Pourmontaseri, M., Farzaneh, M., Hosseinzadeh, S., Ghaemi, M., Tabatabaei, M., et al. (2021). Interleukin-8 Gene Expression and Apoptosis Induced by Salmonella Typhimurium in the Presence of Bacillus Probiotics in the Epithelial Cell. J. Appl. Microbiol. 131 (1), 449–459. doi: 10.1111/jam.14898

 Khan, S., and Chousalkar, K. K. (2020). Salmonella Typhimurium Infection Disrupts But Continuous Feeding of Bacillus Based Probiotic Restores Gut Microbiota in Infected Hens. J. Anim. Sci. Biotechnol. 11, 29. doi: 10.1186/s40104-020-0433-7

 Knap, I., Kehlet, A. B., Bennedsen, M., Mathis, G. F., Hofacre, C. L., Lumpkins, B. S., et al. (2011). Bacillus Subtilis (DSM17299) Significantly Reduces Salmonella in Broilers. Poult Sci. 90 (8), 1690–1694. doi: 10.3382/ps.2010-01056

 Kridtayopas, C., Rakangtong, C., Bunchasak, C., and Loongyai, W. (2019). Effect of Prebiotic and Synbiotic Supplementation in Diet on Growth Performance, Small Intestinal Morphology, Stress, and Bacterial Population Under High Stocking Density Condition of Broiler Chickens. Poult Sci. 98 (10), 4595–4605. doi: 10.3382/ps/pez152

 Lee, S., Lee, J., Jin, Y.-I., Jeong, J.-C., Chang, Y. H., Lee, Y., et al. (2017). Probiotic Characteristics of Bacillus Strains Isolated From Korean Traditional Soy Sauce. LWT - Food Sci. Technol. 79, 518–524. doi: 10.1016/j.lwt.2016.08.040

 Lei, C. W., Zhang, Y., Kang, Z. Z., Kong, L. H., Tang, Y. Z., Zhang, A. Y., et al. (2020). Vertical Transmission of Salmonella Enteritidis With Heterogeneous Antimicrobial Resistance From Breeding Chickens to Commercial Chickens in China. Vet. Microbiol. 240, 108538. doi: 10.1016/j.vetmic.2019.108538

 Li, H. (2019). Study on Biological Characteristics of Bacteriocin-Producing Bacillus subtilis. Dissertation/Master’s Thesis (Qingdao, China: Shandong University).

 Liu, G., Gu, K., Wang, F., Jia, G., Zhao, H., Chen, X., et al. (2021). Tryptophan Ameliorates Barrier Integrity and Alleviates the Inflammatory Response to Enterotoxigenic Escherichia Coli K88 Through the CaSR/Rac1/PLC-γ1 Signaling Pathway in Porcine Intestinal Epithelial Cells. Front. Immunol. 12. doi: 10.3389/fimmu.2021.748497

 Liu, Z., Ma, Y., Yang, J., Zhang, P., Moyer, M. P., and Qin, H. (2011). Expression of the Lactobacillus Plantarum Surface Layer MIMP Protein Protected NCM460 Epithelial Cells Rom Enteroinvasive Escherichia Coli Infection. Cell Physiol. Biochem. 27, 99–108. doi: 10.1159/000325210

 Liu, Z., Zhang, P., Ma, Y., Chen, H., Zhou, Y., Zhang, M., et al. (2010). Lactobacillus Plantarum Prevents the Development of Colitis in IL-10-Deficient Mouse by Reducing the Intestinal Permeability. Mol. Biol. Rep. 38 (2), 1353–1361. doi: 10.1007/s11033-010-0237-5

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2–ΔΔCT Method. Methods 25 (4), 402–408. doi: 10.1006/meth.2001.1262

 Manhar, A. K., Bashir, Y., Saikia, D., Nath, D., Gupta, K., Konwar, B. K., et al. (2016). Cellulolytic Potential of Probiotic Bacillus Subtilis AMS6 Isolated From Traditional Fermented Soybean (Churpi): An In-Vitro Study With Regards to Application as an Animal Feed Additive. Microbiol. Res. 186-187, 62–70. doi: 10.1016/j.micres.2016.03.004

 Markov, A. G., Veshnyakova, A., Fromm, M., Amasheh, M., and Amasheh, S. (2010). Segmental Expression of Claudin Proteins Correlates With Tight Junction Barrier Properties in Rat Intestine. J. Comp. Physiol. B 180 (4), 591–598. doi: 10.1007/s00360-009-0440-7

 Monteiro, A. C., and Parkos, C. A. (2012). Intracellular Mediators of JAM-A-Dependent Epithelial Barrier Function. Ann. N Y Acad. Sci. 1257, 115–124. doi: 10.1111/j.1749-6632.2012.06521.x

 Nami, Y., Haghshenas, B., Abdullah, N., Barzegari, A., Radiah, D., Rosli, R., et al. (2015). Probiotics or Antibiotics: Future Challenges in Medicine. J. Med. Microbiol. 64 (2), 137–146. doi: 10.1099/jmm.0.078923-0

 Natividad, J. M. M., and Verdu, E. F. (2013). Modulation of Intestinal Barrier by Intestinal Microbiota: Pathological and Therapeutic Implications. Pharmacol. Res. 69 (1), 42–51. doi: 10.1016/j.phrs.2012.10.007

 Nishiyama, T., Ashida, N., Nakagawa, K., Iwatan, S., and Yamamoto, N. (2021). Dietary Bacillus subtilis C-3102 Supplementation Enhances the Exclusion of Salmonella Enterica From Chickens. J. Poult. Sci. 58, 138–145. doi: 10.2141/jpsa.0200036.

 Oh, J. K., Pajarillo, E. A. B., Chae, J. P., Kim, I. H., Yang, D. S., and Kang, D. K. (2017). Effects of Bacillus Subtilis CSL2 on the Composition and Functional Diversity of the Faecal Microbiota of Broiler Chickens Challenged With Salmonella Gallinarum. J. Anim. Sci. Biotechnol. 8, 1. doi: 10.1186/s40104-016-0130-8

 Parveen Rani, R., Anandharaj, M., Hema, S., Deepika, R., and David Ravindran, A. (2016). Purification of Antilisterial Peptide (Subtilosin A) From Novel Bacillus Tequilensis FR9 and Demonstrate Their Pathogen Invasion Protection Ability Using Human Carcinoma Cell Line. Front. Microbiol. 7. doi: 10.3389/fmicb.2016.01910

 Piewngam, P., Zheng, Y., Nguyen, T. H., Dickey, S. W., Joo, H. S., Villaruz, A. E., et al. (2018). Pathogen Elimination by Probiotic Bacillus via Signalling Interference. Nature 562 (7728), 532–537. doi: 10.1038/s41586-018-0616-y

 Popov, I. V., Algburi, A., Prazdnova, E. V., Mazanko, M. S., Elisashvili, V., Bren, A. B., et al. (2021). A Review of the Effects and Production of Spore-Forming Probiotics for Poultry. Anim. (Basel) 11 (7), 1491. doi: 10.3390/ani11071941

 Que, J., Van Oerle, R., Albersheim, S., Panczuk, J., and Piper, H. (2021). The Effect of Daily Probiotics on the Incidence and Severity of Necrotizing Enterocolitis in Infants With Very Low Birth Weight. Can. J. Surg. J. canadien chirurgie 64 (6), E644–E649. doi: 10.1503/cjs.016920

 Ramlucken, U., Ramchuran, S. O., Moonsamy, G., Lalloo, R., Thantsha, M. S., and Jansen van Rensburg, C. (2019). A Novel Bacillus Based Multi-Strain Probiotic Improves Growth Performance and Intestinal Properties of Clostridium Perfringens Challenged Broilers. Poult Sci 99 (1), 331–341. doi: 10.3382/ps/pez496

 Rao, R.,. K., and Samak, G. (2013). Protection and Restitution of Gut Barrier by Probiotics: Nutritional and Clinical Implications. Curr. Nutr. Food Sci. 9 (2), 99–107. doi: 10.2174/1573401311309020004

 Reuben, R. C., Roy, P. C., Sarkar, S. L., Alam, R. U., and Jahid, I. K. (2019). Isolation, Characterization, and Assessment of Lactic Acid Bacteria Toward Their Selection as Poultry Probiotics. BMC Microbiol. 19 (1), 253. doi: 10.1186/s12866-019-1626-0

 Rhayat, L., Maresca, M., Nicoletti, C., Perrier, J., Brinch, K. S., Christian, S., et al. (2019). Effect of Bacillus Subtilis Strains on Intestinal Barrier Function and Inflammatory Response. Front. Immunol. 10. doi: 10.3389/fimmu.2019.00564

 Sanchez de Medina, F., Romero-Calvo, I., Mascaraque, C., and Martinez-Augustin, O. (2014). Intestinal Inflammation and Mucosal Barrier Function. Inflammation Bowel Dis. 20 (12), 2394–2404. doi: 10.1097/MIB.0000000000000204

 Sokale, A. O., Menconi, A., Mathis, G. F., Lumpkins, B., Sims, M. D., Whelan, R. A., et al. (2019). Effect of Bacillus Subtilis DSM 32315 on the Intestinal Structural Integrity and Growth Performance of Broiler Chickens Under Necrotic Enteritis Challenge. Poult Sci. 98 (11), 5392–5400. doi: 10.3382/ps/pez368

 Sun, Z., Huang, L., Kong, J., Hu, S., Zhang, X., and Kong, W. (2012). In Vitro Evaluation of Lactobacillus Crispatus K313 and K243: High-Adhesion Activity and Anti-Inflammatory Effect on Salmonella Braenderup Infected Intestinal Epithelial Cell. Vet. Microbiol. 159 (1-2), 212–220. doi: 10.1016/j.vetmic.2012.03.043

 Sun, L., Yang, S., Deng, Q., Dong, K., Li, Y., Wu, S., et al. (2020). Salmonella Effector SpvB Disrupts Intestinal Epithelial Barrier Integrity for Bacterial Translocation. Front. Cell Infect. Microbiol. 10. doi: 10.3389/fcimb.2020.606541

 Tsai, C. C., Hsih, H. Y., Chiu, H. H., Lai, Y. Y., Liu, J. H., Yu, B., et al. (2005). Antagonistic Activity Against Salmonella Infection In Vitro and In Vivo for Two Lactobacillus Strains From Swine and Poultry. Int. J. Food Microbiol. 102 (2), 185–194. doi: 10.1016/j.ijfoodmicro.2004.12.014

 Tuo, Y., Yu, H., Ai, L., Wu, Z., Guo, B., and Chen, W. (2013). Aggregation and Adhesion Properties of 22 Lactobacillus Strains. J. Dairy Sci. 96 (7), 4252–4257. doi: 10.3168/jds.2013-6547

 Wang, Y., Li, H., Li, T., Du, X., Zhang, X., Guo, T., et al. (2019). Glutathione Biosynthesis Is Essential for Antioxidant and Anti-Inflammatory Effects of Streptococcus Thermophilus. Int. Dairy J. 89, 31–36. doi: 10.1016/j.idairyj.2018.08.012

 Wang, L., Li, L., Lv, Y., Chen, Q., Feng, J., and Zhao, X. (2018). Lactobacillus Plantarum Restores Intestinal Permeability Disrupted by Salmonella Infection in Newly-Hatched Chicks. Sci. Rep. 8 (1), 2229. doi: 10.1038/s41598-018-20752-z

 Wlodarska, M., and Finlay, B. B. (2010). Host Immune Response to Antibiotic Perturbation of the Microbiota. Mucosal Immunol. 3 (2), 100–103. doi: 10.1038/mi.2009.135

 Wu, Y., Shao, Y., Song, B., Zhen, W., Wang, Z., Guo, Y., et al. (2018). Effects of Bacillus Coagulans Supplementation on the Growth Performance and Gut Health of Broiler Chickens With Clostridium Perfringens-Induced Necrotic Enteritis. J. Anim. Sci. Biotechnol. 9, 9. doi: 10.1186/s40104-017-0220-2

 Yan, F., Cao, H. W., Cover, T. L., Whitehead, R., Washington, M. K., and Polk, D. B. (2007). Soluble Proteins Produced by Probiotic Bacteria Regulate Intestinal Epithelial Cell Survival and Growth. Gastroenterology 132 (2), 562–575. doi: 10.1053/j.gastro.2006.11.022

 Yuan, L., Chu, B., Chen, S., Li, Y., Liu, N., Zhu, Y., et al. (2021). Exopolysaccharides From Bifidobacterium Animalis Ameliorate Escherichia Coli-Induced IPEC-J2 Cell Damage via Inhibiting Apoptosis and Restoring Autophagy. Microorganisms 9 (11), 2363. doi: 10.3390/microorganisms9112363

 Zhou, Y., Wang, B., Wang, Q., Tang, L., Zou, P., Zeng, Z., et al. (2021). Protective Effects of Lactobacillus Plantarum Lac16 on Clostridium Perfringens Infection-Associated Injury in IPEC-J2 Cells. Int. J. Mol. Sci. 22 (22), 12388. doi: 10.3390/ijms222212388




Conflict of Interest: Author RZ was employed by Jinan Scenk Sanfeng Bioengineering Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhang, Li, Gu, Zhao, Guo and Kong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-12-837886-g005.jpg
500

INCM460 ] NCMa60+H9812 (R NCM460+LF11 227 exclusion [ competition

400
0
0

100

TNF-a

IL-8

w < ©
|oAa7 uonduosue.,

~ -
1 9Ale|9Yy





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Probiotic Bacillus subtilis LF11 Protects Intestinal Epithelium Against Salmonella Infection

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Strains, Cells, and Culture Conditions

          



          		

            Broilers Feeding Trial

          



          		

            Determination of Antimicrobial Spectrum

          



          		

            Determination of the Counts of Salmonella Adhering to or Invading NCM460 Cells

          



          		

            Evaluation of NCM460 Cell Survivability

          



          		

            Analysis of the Gene Transcription Levels of Tight Junction Proteins and Proinflammatory Cytokines

          



          		

            Western Blot and Immunofluorescence Assay

          



          		

            IL-8 ELISA Assay

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            B. subtilis LF11 Reduced the Diarrhea and Death of Broilers Challenged by Salmonella

          



          		

            The Antimicrobial Spectrum of B. subtilis LF11

          



          		

            B. subtilis LF11 Inhibited S. braenderup H9812 Adhesion and Invasion to NCM460 Cells

          



          		

            B. subtilis LF11 Increased Survivability of NCM460 Cells Challenged by S. braenderup H9812

          



          		

            B. subtilis LF11 Enhanced the Tight Junction of Salmonella-Infected NCM460 Cells

          



          		

            B. subtilis LF11 Attenuated the Expression Levels of the Proinflammatory Genes Induced by S. braenderup H9812

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-12-837886-g003.jpg
=
)
201

*
JAM-1

e
&
OCLN

[CINcv4s0 ESJNCM4B0+HE812 NCM460+LF11 Exclusicn Competition
|L|
*
)
CLDN-1

=3 w =3 w o 'y =3

o N e L] b N =1

- - - S i < S
[8) $9ULD J0 |98 UOISSAIAXT BAREIY

brecerzzzzzzzzg
Y

RERIRRRIRRRIRRIZZRINRXNAIN]
TR RRRRRRHKRRRR]

N

A

Z0o-1

—kE
AX ok,

OCLN

o
O
2

RO
sfotolotetetetetetototetetets

[CINcMeo EEJNCMe0++9812 (I NCMBO+LF11 Exclusion | Competition

ZO-1

JAM-1
$ & &
\\bgi &° &
& & &
R o4

CLDN-1

1.00
0.50
0.00

o 2 © 9 o 9

e B a9 i o o

< ©® & &N &
al

uonduosues) ane|ay o0





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Treatment Day-old FCR (g: 9)

1 7 14 21 28

NC Diarrhea rate (%) 0 25 0 0 0 1.333
Mortality (%) 0 0 0 0 0
BW (9) 524+ 189.7 360.1 696.1 1,118.3

PC Diarrhea rate(%) 0 25 45 55 67.5 1.506
Mortality (%) 0 0 25 30 25
BW (9) 52.6 140.9 321.9 600.2 981

BC Diarrhea rate (%) 0 5 0 0 0 1.297*
Mortality (%) 0 0 0 0 0
BW (9) 52.5 1438 376 7174 1,156.6*

AT Diarrhea rate (%) 0 0 5 125 20 1.358™
Mortality (%) 0 0 0 75 15
BW (g) 52.4 138.1 346.4 676.4 1,140.8*

BT Diarrhea rate (%) 0 25 15 325 25 1.404*
Mortality (%) 0 0 15 17.5 175
BW (g) 52.4 145 357.3 688.9 1,106.3*

NC, basal diet only; PC, basal diet + S. braenderup H9812; BC, basal diet + B. subtilis LF11; AT, basal diet + S. braenderup H9812 + amoxicillin; BT, basal diet + B. subtilis LF11 + S.
braenderup H9812; BW, body weight: FCR, feed conversion ratio. *p < 0.05, **p < 0.01 vs. PC group.
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Indicator strains

Antimicrobial ability®

Gram-positive bacteria

M. luteus 2016

L. monocytogenes ATCC 19114
L. monocytogenes ATCC 19115
S. aureus ATCC 27217

B. cereus SDMCC 050292

E. faecalis SDMCC050338

S. agalactiae ATCC 13813

S. lutetiensis SDMCC050401

S. infantarius SDMCC050384
Gram-negative bacteria

E. coli DH50.

E. coli ATCC 25922

S. braenderup H9812

o+
+++
o+

o+
++
++

“Symbols show the antimicrobial ability of B. subtilis LF11: -, no inhibition; +, weak
(Diameter of bacteriostatic zone <14 mm); ++, good (Diameter of bacteriostatic zone 15—
19 mm); +++, strong (Diameter of bacteriostatic zone >20 mm).
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Gene Primer sequence (5’ to 3’) Source or Reference

B-actin-Forward TACATCACTATTGGCAACGAGC (Wang et al., 2019)
pB-actin-Reverse GTCGGATGTCAACGTCACACTT (Wang et al., 2019)
IL-6-Forward CACTGGTCTTTTGGAGTTTGAG This study
IL-6-Reverse GGACTTTTGTACTCATCTGCAC This study
IL-8-Forward ATACTCCAAACCTTTCCACCC This study
IL-8-Reverse AACTTCTCCACAACCCTCTGC This study
TNF-o-Forward CGTGGAGCTGGCCGAGGAG This study
TNF-o-Reverse GCAGGCAGAAGAGCGTGGTG This study
CLDN-1-Forward GTGCCTTGATGGTGGTTG (Liu et al., 2011)
CLDN-1-Reverse TGTTGGGTAAGAGGTTGT (Liu et al., 2011)
OCLN-Forward GCAGCTACTGGACTCTACG (Liu et al.,, 2011)
OCLN-Reverse ATGGGACTGTCAACTCTTTC (Liu et al., 2011)
ZO-1-Forward AAGAGTGAACCACGAGAC (Liu et al., 2011)
ZO-1-Reverse TCCGTGCTATACATTGAG (Liu et al., 2011)
JAM-1-Forward GATGTGCCTGTGGTGCTG (Liu et al., 2011)
(

JAM-1-Reverse GCTCTGCCTTGAGATAAGAA Liu et al., 2011)





