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Bacillus subtilis (B. subtilis) as in-feed probiotics is a potential alternative for antibiotic growth promoters (AGP) in the poultry industry. The current study investigated the effects of B. subtilis on the performance, immunity, gut microbiota, and intestinal barrier function of broiler chickens. A 42-day feeding trial was conducted with a total of 600 1-day-old Arbor Acres broilers with similar initial body weight, which was randomly divided into one of five dietary treatments: the basal diet (Ctrl), Ctrl + virginiamycin (AGP), Ctrl + B. subtilis A (BSA), Ctrl + B. subtilis B (BSB), and Ctrl + B. subtilis A + B (1:1, BSAB). The results showed significantly increased average daily gain in a step-wise manner from the control, B. subtilis, and to the AGP groups. The mortality rate of the B. subtilis group was significantly lower than the AGP group. The concentrations of serum immunoglobulin (Ig) G (IgG), IgA, and IgM in the B. subtilis and AGP groups were higher than the control group, and the B. subtilis groups had the highest content of serum lysozyme and relative weight of thymus. Dietary B. subtilis increased the relative length of ileum and the relative weight of jejunum compared with the AGP group. The villus height (V), crypt depth (C), V/C, and intestinal wall thickness of the jejunum in the B. subtilis and AGP groups were increased relative to the control group. Dietary B. subtilis increased the messenger RNA (mRNA) expression of ZO-1, Occludin, and Claudin-1, the same as AGP. The contents of lactic acid, succinic acid, and butyric acid in the ileum and cecum were increased by dietary B. subtilis. Dietary B. subtilis significantly increased the lactobacillus and bifidobacteria in the ileum and cecum and decreased the coliforms and Clostridium perfringens in the cecum. The improved performance and decreased mortality rate observed in the feeding trial could be accrued to the positive effects of B. subtilis on the immune response capacity, gut health, and gut microflora balance, and the combination of two strains showed additional benefits on the intestinal morphology and tight junction protein expressions. Therefore, it can be concluded that dietary B. subtilis A and B could be used as alternatives to synthetic antibiotics in the promotion of gut health and productivity index in broiler production.
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INTRODUCTION

Antibiotics have been widely used as a growth promoter and also to enhance the immunocompetence of birds against infectious diseases (1). Currently, the global trend in animal production is toward a reduction or ban on the use of feed antibiotics for growth [antibiotic growth promoter (AGP)] and an increase in the application of non-antibiotic approaches that can provide similar benefits. This is accrued to the fact that the widespread use of antibiotics over 50 years has led to the emergence of resistant bacteria and drug residues in animal products (2–4). In the context of growing consumer preference for antibiotic-free meat products, researchers in livestock production and poultry sectors have focused on finding alternatives to replace synthetic antibiotics used in most ongoing therapeutic regimes. There is an interest to characterize probiotics as a kind of viable alternatives that can promote the growth and health status of poultry through multiple ways/mechanisms(5–7).

Despite the large amount of microorganisms serving as probiotics in poultry production, the form of supplemental probiotics through the hostile environment such as low pH value and high concentration of bile salt within the gastrointestinal tract is a severe challenge for their survival (8). As a result, spore-forming bacteria such as Bacillus subtilis (B. subtilis) are gaining interest in animal health-related functional additive research due to their high tolerance and survivability under hostile environments in the gastrointestinal tract (9–11). Obviously, B. subtilis when applied in feed does not lose its viability due to its high stability and extended shelf life, hence a comparative advantage (10). Supplemental B. subtilis in poultry diets has many beneficial claims, including immune-modulation, enhanced nutrient digestibility, along with improvements in gut health, immunity, and growth performance in animals (12–14). However, many properties of probiotic bacteria vary as a function of strain (15). With respect to B. subtilis, its probiotic effects are highly strain-specific, and the underlying mechanisms of action remain largely elusive (16). It has been reported that the effects of dietary B. subtilis supplementation on growth performance and intestinal physiology in broilers were markedly strain-dependent (17, 18), hence the need for continuous studies on the various strains of B. subtilis to understand their mechanisms of action in these animals.

Bacillus subtilis A and B were selected as two potential probiotic strains through a multi-parameter selection process for their ability to remain viable in feed and through the harsh conditions of the upper gastrointestinal tract. However, far less is known about the effects of these two strains on broilers and their potential roles to be AGP substitutes. Therefore, this study aimed to evaluate the individual or combined effect of two strains of B. subtilis A and B on the growth performance, serum immunity, gut microbiota, and intestinal barrier function of broiler chickens.



MATERIALS AND METHODS


Experimental Design and Bird Management

A total of 600 newly hatched male Arbor Acres (AA) broiler chicks with an average body weight (BW) of 40.09 g were obtained from a local hatchery and assigned into five dietary treatments in a randomized complete block design with 10 replicates per treatment. Each replicate contained 12 chicks (half male and half female) housed in two cages with male and female apart. The 42-day trial spanned three phases including the starter period (day 0–14), grower period (day 15–28), and finisher period (day 29–42). Three basal diets (cold pellet form) were formulated according to the nutrient requirements of AMINOChick®2.0 and the Chinese Feeding Standard of Chicken (NY/T, 33-2018), and their ingredient composition and nutrient levels are shown in Table 1. The control group was fed basal diets. The AGP group was fed basal diets supplemented with 15 mg/kg virginiamycin. Three probiotics groups were fed basal diets supplemented with 500 mg/kg B. subtilis A (BSA) (2E9 CFU/g), 500 mg/kg B. subtilis B (BSB) (2E9 CFU/g), or 500 mg/kg mixture of BSA and BSB (1:1, named as BSAB), respectively. Diet samples collected from all the treatments and phases were sent to Evonik Operations GmbH for the proximate and spore count analysis. The pre-products are both generally recognized as safe (GRAS) under the Association of American Feed Control Officials (AAFCO) definition 36.14 and contain a guaranteed minimum of 2 × 109 CFU/g.


Table 1. Ingredient and calculated nutrient compositions of basal diet.
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All the birds were raised in wire floor cages (cage size, 110 × 100 × 55 cm) in a three-level battery under environmentally controlled room conditions in the Nankou CAAS experimental base (Beijing, China). All the management was in accordance with the AA broiler management guide. A continuous incandescent white light was provided for the first 3 days, and then a 23L:1D lighting regime was maintained throughout the rest feeding trial. The room temperature was maintained at 33°C for the first week and then reduced by 3°C per week until it reached 24°C. Fresh feed and water on a daily basis were available ad libitum through individual feeders and drinkers in each cage. The chicks were vaccinated with inactivated Newcastle disease vaccine on days 7 and 21 and inactivated infectious bursal disease vaccine on days 14 and 28. The vaccines were purchased from Shanghai Haili Biotechnology Co., LTD (Shanghai, China). During the trial, the mortality of birds was recorded daily, and the feed consumption of the corresponding replicate was adjusted with their body weight accordingly. The feed intake (FI), BW, and mortality of each replicate were recorded every 2 weeks. The average daily feed intake (ADFI), average daily gain (ADG), and feed conversion ratio (FCR) were calculated based on FI and BW.



Data and Sample Collection

On days 28 and 42, one chick weighing close to the average weight of the replicate was selected for sample collection after 12 h fasting. About 5 ml of blood was collected from the wing vein using a vacutainer tube, kept in a slanting position for 30 min, and then centrifuged at 3,000 rpm/min for 15 min at 4°C. The obtained serum samples were stored in 2 ml plastic vials at −20°C, pending for ELISA analysis.

Subsequently, the selected birds were euthanized and then dissected under aseptic conditions. Immune organs including the spleen, thymus, and bursa of Fabricius of the birds were weighed and their relative weight was calculated as the ratio of organ weight (g) to BW (kg). The whole duodenum, jejunum, ileum, and ceca were moved free of the mesentery and immediately placed on ice for sampling. About 4 g of digesta sample from the ileum and cecum were collected and immediately snap-frozen in liquid nitrogen followed by storage in −80°C until the short-chain fatty acids (SCFA) and microbiota analysis. Then, the relative index of the intestinal length (length/BW × 100%, cm/g) and weight (weight/BW × 100%, g/g) of the duodenum, jejunum, ileum, and cecum were calculated, respectively. About 3 cm of tissues from the duodenum (medial portion), jejunum (medial portion posterior to the bile ducts and anterior to Meckel's diverticulum), and ileum (medial portion posterior to Meckel's diverticulum and anterior to the ileocecal junction) were cut off gently in duplicate, one fixed in 10% formalin for histomorphology, the other immediately snap-frozen in liquid nitrogen and stored in −80°C until mRNA extraction.



Histology and Histomorphology Analysis of the Intestine

The fixed intestinal samples were dehydrated, embedded in paraffin wax, cut into serial 5 μm sections, and stained by hematoxylin and eosin. Histological sections were examined by a microscope coupled with a Microcomp integrated digital imaging analysis system (Nikon Eclipse 80i, Nikon Co., Tokyo, Japan). Three orientated sections cutting vertically from the villus enterocytes to the muscularis mucosa were selected from each sample and the measurements were carried out as follows (19). The vertical distance from the villus tip to villus–crypt junction level was taken as the intestinal villus height (VH), and the vertical distance from the villus-crypt junction to the lower limit of the crypt as the crypt depth (CD). Ten loci per section were selected for the measurement of the VH, CD, and intestinal wall thickness (IWT). The ratio of VH/CD was calculated as V/C.



RNA Extraction and Quantitative Real Time-PCR

The total DNA of the microbe from the intestinal digesta and the total RNA from the intestinal tissues were extracted using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) according to the instructions of the manufacturer. Samples of DNA and RNA were determined for integrity by 1% agarose gel electrophoresis and for concentration and purity using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, DE, USA). Then the RNA samples were treated with DNase I (Cwbio IT Group, Beijing, China) and converted into complementary DNA (cDNA) using a reverse transcription kit (Vazyme Biotech, Nanjing, China). An iCycler iQ5 multicolor RT-PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) and a RealMasterMix-SYBR Green kit [ChamQ SYBR Color qPCR Master Mix (2 ×), Vazyme, Nanjing] were used for the determination of gene expression according to the instructions of the manufacturer. The primers used in this study are listed in Table 2. The thermal cycling conditions of qRT-PCR were as follows: 95°C for 5 min; 40 cycles of 95°C for 10 s, 60°C for 30 s. The results of the absolute qRT-PCR of the microbe DNA were expressed as copies/g. The relative gene expression of the tissue samples was calculated using the 2−ΔΔCt method.


Table 2. Primers used for quantitative reverse transcription PCR.
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Chemical Analysis

The serum lysozyme activity was measured using Micrococcus lysodeikticus cells as a substrate. The serum immunoglobulin (Ig) A (IgA), IgG, and IgM were analyzed by colorimetric method using commercial kits (H108, H106, H109, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions of the manufacturer. The concentrations of lactic acid, succinic acid, and SCFA (formic acid, acetic acid, propionic acid, butyric acid, iso-butyric acid, valeric acid, isovaleric acid) in the ileal and cecal digesta were measured as previously described (20) using the Dionex ICS-3000 Ion Chromatography System (ThermoFisher Scientific Inc., Waltham, MA, USA).



Statistical Analysis

The data of the B. subtilis group were generated from the data of the three groups, BSA, BAB, and BSAB, where six replicates in each treatment were averagely divided as two replicates of the B. subtilis group. All the data were subjected to a one-way ANOVA procedure for a completely randomized design using the General Linear Mode (GLM) procedures of SAS 9.2 (SAS Inst. Inc., Cary, NC, USA). The differences among the treatments were separated by Duncan's multiple range tests. P ≤ 0.05 was considered significant.




RESULTS


Growth Performance

The growth performance of broiler chickens is shown in Table 3. On days 14 and 28, the BW of the birds fed with AGP was significantly higher (P ≤ 0.05) than those fed with the control and B. subtilis diets. At the end of the trial, the birds in the AGP group showed higher (P ≤ 0.05) BW than the B. subtilis groups whose BW was higher (P ≤ 0.05) than the control group. During the trial, the BW of the broiler chickens was similar among the three B. subtilis treatments on days 14, 28, and 42. During the starter phase (day 1–14), the broiler chickens in the AGP group showed increased (P ≤ 0.05) ADG, ADFI, and mortality rate and decreased FCR relative to the B. subtilis group which is not different from the control group, and all of these indexes were similar among the three B. subtilis groups. During the grower phase (day 15–28), the ADG and ADFI of the AGP and B. subtilis groups were significantly higher (P ≤ 0.05) than the control group. Among the B. subtilis groups, the BSB group showed higher (P ≤ 0.05) FCR than the BSAB group, and both of them did not vary with that of the BSA group. In the finisher phase (day 29–42), the ADG of the broiler chickens in the AGP group was higher (P ≤ 0.05) than those in the B. subtilis and control groups. The FCR of the AGP group was decreased (P ≤ 0.05) as compared with the control and B. subtilis groups. No differences in ADG, ADFI, FCR, and mortality rate were observed among the three B. subtilis groups. During the whole trial period, day 1–42, the ADG of the broiler chickens showed a significant increase (P ≤ 0.05) in a stepwise manner from the control, B. subtilis, to the AGP groups. The birds in the B. subtilis group had higher (P ≤ 0.05) ADFI than the control group. The FCR of the AGP group was improved (P ≤ 0.05) relative to the control and B. subtilis groups. The mortality rate of the B. subtilis group was significantly (P ≤ 0.05) decreased as compared with the AGP group. There was no variation in growth performance indices among the broilers fed with diets supplemented with the three B. subtilis groups during the entire feeding phase.


Table 3. Effects of dietary Bacillus subtilis on growth performance of broiler chickens.
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The Relative Weight of Immune Organ and Serum Immunity

As shown in Figure 1, at day 28, all the three B. subtilis groups had higher (P ≤ 0.05) relative weight of thymus compared with the control and AGP groups. On day 42, the relative weights of the immune organs including the thymus, spleen, and bursa of fabricius were not influenced by the dietary treatments. The effects of the dietary treatments on the concentration of IgA, IgG, IgM, and lysozyme in the serum are shown in Table 4. On day 28, the level of serum IgG and IgA was higher (P ≤ 0.05) in the AGP and B. subtilis groups as compared with the control group, while no differences were observed among the B. subtilis groups. On day 42, the concentration of serum IgA in the B. subtilis and AGP groups was higher (P ≤ 0.05) compared with the control group. The B. subtilis group showed a higher (P ≤ 0.05) content of serum lysozyme than the control and AGP groups. The contents of serum IgA, IgG, and IgM did not differ among the three B. subtilis groups at day 42, but the concentration of serum lysozyme was higher (P ≤ 0.05) in the BSAB group than in the BSB group.


[image: Figure 1]
FIGURE 1. Effects of dietary Bacillus subtilis on the immune organ index of broiler chickens (n = 10, g/kg). ADD, additives; Ctrl, the control group; AGP, antibiotic growth promoter; BS, B. subtilis; BSA, B. subtilis A; BSB, B. subtilis B; BSAB, the mixture of BSA and BSB (1:1). *Means significant different (P < 0.05).



Table 4. Effects of dietary B. subtilis on serum immunity of broiler chickens.
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Intestinal Development

The relative length and weight of the duodenum, jejunum, ileum, and cecum are presented in Table 5. On day 28, the relative length of the duodenum and ileum of the B. subtilis group was longer (P ≤ 0.05) than those of the AGP group, while similar to the control group. The B. subtilis group showed increased (P ≤ 0.05) relative length of the cecum as compared with the control group. On day 42, the relative length of the ileum was significantly longer (P ≤ 0.05) in the B. subtilis and control groups than in the AGP group. As for the relative weight of the duodenum, jejunum, ileum, and cecum at days 28 and 42, only the relative weight of the jejunum in the B. subtilis group was greater (P ≤ 0.05) than the AGP group at day 28. The relative length and weight of the duodenum, jejunum, ileum, and cecum at days 28 and 42 did not differ between the three B. subtilis groups.


Table 5. Effects of dietary B. subtilis on the intestinal index in broiler chickens.
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The results of the intestinal morphology are shown in Table 6. With respect to the duodenum, at day 28, the VH, V/C, and IWT were higher (P ≤ 0.05) in the B. subtilis group than in the control group. The CD of the AGP group increased (P ≤ 0.05) relative to the control group, while both of them were similar to the B. subtilis group. The CD of the BSB group was significantly deeper (P ≤ 0.05) than the BSA and BSAB groups. On day 42, the IWT of the AGP group was thicker (P ≤ 0.05) than the control group, while both of them were not different from the B. subtilis group. The VH, CD, V/C, and IWT did not differ between the three B. subtilis groups. As for jejunum, at day 28, the B. subtilis group showed increased (P ≤ 0.05) VH, V/C, and IWT relative to the control group, while it was similar with the AGP group. No differences in intestinal morphology were found between the three B. subtilis groups. On day 42, the CD and IWT of the B. subtilis and AGP groups were increased (P ≤ 0.05) relative to the control group. The VH and IWT of the BSAB group were higher (P ≤ 0.05) than the BSA and BSB groups. The CD of the BSB group was deeper (P ≤ 0.05) than the control group, but not different from the BSAB group. The V/C of the BSAB and control groups was bigger (P ≤ 0.05) than the BSB group. Regarding the ileum, no differences between the control, AGP, and B. subtilis groups were found for VH, CD, V/C, and IWT at days 28 and 42. The V/C of the BSAB group was greater (P ≤ 0.05) than the BSA group on day 28, and both of them were not significantly different from the BSB group. On day 42, the BSA and BSAB groups showed bigger (P ≤ 0.05) VH and V/C than the BSB group. The IWT of the BSAB group was thicker (P ≤ 0.05) than the BSB group.


Table 6. Effects of dietary B. subtilis on the intestinal morphology of broiler chickens.
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The mRNA expressions of the genes encoding intestinal tight junction proteins in the jejunum including ZO1, ZO2, Occludin, Claudin 1, and Claudin 5 are shown in Figure 2. There were no differences between the three B. subtilis groups for these gene expressions. The B. subtilis and AGP groups showed higher (P ≤ 0.05) mRNA expression of ZO-1, Occludin, Claudin-1 than the control group.


[image: Figure 2]
FIGURE 2. Effects of dietary B. subtilis on intestinal tight junction protein genes expressions in the jejunum of broiler chickens (n = 10). ADD, additives; Ctrl, the control group; AGP, antibiotic growth promoter; BS, B. subtilis; BSA, B. subtilis A; BSB, B. subtilis B; BSAB, the mixture of BSA and BSB (1:1). *Means significant difference between the groups (P < 0.05).




Composition of Organic Acid and Microbiota in Digesta

As shown in Table 7, the concentration of lactic acid and succinic acid in the ileal digesta of the B. subtilis group was higher (P ≤ 0.05) than the control and AGP groups. The B. subtilis group was found to have higher (P ≤ 0.05) content of propionic acid and butyric acid in the ileal digesta than the AGP group, while it is not different from the control group. The content of formic acid, acetic acid, and total SCFA did not differ between the control, AGP, and B. subtilis groups. Except that the BSB group showed higher (P ≤ 0.05) content of total SCFA than the BSA group, the concentration of other organic acids in the ileal digesta was similar between the three B. subtilis groups. With regard to the cecum, the concentration of lactic acid, succinic acid, formic acid, butyric acid, and isovaleric acid in the digesta of the B. subtilis group was higher (P ≤ 0.05) than the control and AGP groups. The B. subtilis group showed higher (P ≤ 0.05) content of isobutyric acid in the digesta than the AGP group, but similar with the control group. There are no differences in organic acids content in the digesta among the three B. subtilis groups.


Table 7. Effects of dietary B. subtilis on short-chain fatty acid content in the ileum and cecum digesta of broiler chickens.
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The effects of experimental treatments on intestinal microflora including Lactobacillus, Bifidobacteria, Coliforms, and Clostridium perfringens are presented in Table 8. For the ileum microflora, the amount of Lactobacillus in the B. subtilis group was higher (P ≤ 0.05) than the control and AGP groups, and the amount of Bifidobacteria in the B. subtilis group was higher (P ≤ 0.05) than the AGP group, and similar with the control group. No differences existed between the three B. subtilis groups about the content of microflora. For the cecum microflora, the amount of Lactobacillus and Bifidobacteria in the B. subtilis group was higher (P ≤ 0.05) than the AGP group, but no difference was found in the control group. The amounts of coliforms and Clostridium perfringens in the AGP and B. subtilis group were increased (P ≤ 0.05) than the control group. The number of coliforms in the BSAB group was higher (P ≤ 0.05) than the BSA group, and did not differ from the BSB group.


Table 8. Effects of dietary B. subtilis on ileum and cecum microbial populations of broiler chickens.
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DISCUSSION

Over the past decades, therapeutic regimes in animal production globally entail about 70% use of synthetic antibiotics, probably due to their ability to improve gut health, hence health status and production index. However, the wide use of antibiotics as growth promoters in food animals has raised a lot of public health concerns (21). Along with the increasing consumer awareness of antimicrobial resistance and food safety, the use of AGP in animal agriculture was successively banned or restricted by the European Union, South Korea, the United States, and China. Such a scenario may reduce the livestock productivity index and the health status of animals due to impaired gut health, but natural alternatives such as supplemental B. subtilis in diets could ameliorate these effects (14). The probiotic effects of B. subtilis for different animals are highly strain-specific because of the different characteristics of the gastrointestinal environment (16). Therefore, it becomes imperative to discover which strains of B. subtilis are effective for broiler production concerning growth performance and health response.

Virginiamycin, a well-established AGP, has been widely used in the poultry industry and its growth-promoting effects have already been demonstrated in various studies (22, 23). In the present study, virginiamycin was taken as a positive control to evaluate the effects of two strains of B. subtilis A and B, and their combination (1:1) on the growth performance, serum immunity, and intestinal health of broiler chickens. The significant growth-promoting effects of virginiamycin in broiler chickens were validated again in this study. Numerous reports showed that broiler chickens direct-fed with B. subtilis showed enhanced growth performance than those fed a basal diet and comparably with the AGP group (14, 17, 18, 24, 25). However, in this study, although dietary B. subtilis significantly increased the ADG of broiler chickens, the improvement on both ADG and FCR was not comparable to AGP. The group fed the combination of BSA and BSB showed similar improvement on the ADG of broiler chickens relative to the AGP group. It may be due to the different strains and doses of B. subtilis used (18, 26). Remarkably, it is worthy to note that dietary B. subtilis in our study significantly decreased the mortality rate of broiler chickens relative to the AGP group. It is consistent with previous reports that the strain of B. subtilis reduced the pathology and improved the performance of broilers with necrotic enteritis induced by Clostridium perfringens challenge (27–29), and BSB alleviated diarrhea severity and systemic inflammation and improved gut health and growth performance of weaned pigs infected with enterotoxigenic Escherichia coli F18 (30). Therefore, it can be deduced that B. subtilis A and B probably decreased mortality and enhanced performance via enhanced gut health.

The immunoglobulin levels (IgG, IgA, and IgM) and lysozyme activity in the serum are important indicators to evaluate the non-specific immunity status of the animal (31, 32). Probiotics have been demonstrated to be beneficial immunomodulators of mammals at both phenotypic and molecular levels (33, 34). In the present study, dietary B. subtilis A and B significantly increased the contents of immunoglobulins IgG, IgA, and IgM in the serum to be comparable to AGP, and increased the lysozyme activity relatively higher than AGP. Also, for immune organ development, dietary B. subtilis A and B increased the weight of the thymus. The positive effects of these two strains of B. subtilis on immunity indices are consistent with previous reports that B. subtilis A and B significantly reduced the enteritis index of broiler chickens and the pathogenic bacteria-induced systemic inflammation of weaned pigs (30, 35). Other strains of B. subtilis were also reported to have auxo-actions on the immunity of broiler chickens, such as B. subtilis 1781, 747, DSM 29784, CPB 011, CPB 029, HP 1.6, and D 014 (14, 17, 36, 37). Therefore, the results of this study reveal that dietary B. subtilis could enhance the immunity of broiler chickens.

Intestinal barrier integrity is a prerequisite for the homeostasis of mucosal function to maximize the absorptive capacity and defense against chemical and microbial challenges (38). Gut commensals, referred to as probiotics, were discovered to reinforce intestinal health by impacting the intestinal barrier function (39, 40). Supplemental probiotics in diets can positively alter the intestinal micro-environment and promote early intestinal development (41, 42). In the present study, the dietary addition of B. subtilis significantly increased the relative weight and length of the small intestine relative to AGP, and the effects of dietary B. subtilis and AGP on intestinal morphology and barrier integrity were similar, both better than that of the control group. The results are consistent with the previous reports that birds fed BSA showed a high-efficient intestine with shallower crypt depth and higher villus height to crypt depth ratio, and pigs fed with BSB had enhanced gut health (11, 30, 35). Besides, the effects of the improvement on the epithelial barrier integrity and gut health were also reported with C. butyricum, E. faecalis, and other strains of B. subtilis (14, 17, 36, 37, 43). Therefore, we deduced that dietary B. subtilis A and B improved the intestinal barrier and enhanced the gut health of broiler chickens for better nutrient digestibility and utilization.

Gut microbes play vital roles in many aspects of animal health including immune, metabolic, and developmental traits (44, 45). Microbial fermentation results in the generation of SCFA, such as acetate, propionate, and butyrate, which can indirectly affect various physiological processes and may contribute to enhancing health or create a diseased state in the animal (46–48). SCFA can stimulate specific membrane-bound receptors to regulate aspects of intestinal motility, hormone secretion, maintenance of the epithelial barrier, and immune cell function (49). In the present study, dietary B. subtilis significantly increased the contents of lactic acids, succinic acid, and butyric acid in the ileum and cecum, and the contents of formic acid, isobutyric acid, and isovaleric acid in the cecum relative to the control and AGP groups. Butyrate is the main energy source for intestinal epithelial cells, propionate transferred to the liver regulates gluconeogenesis and satiety signaling, and other fatty acids produced also have been implicated directly in animal health outcomes (44). Therefore, it indicated that dietary B. subtilis A and B improved gut health of broiler chickens probably through increasing intestinal fatty acids production.

Probiotics and prebiotics are microbiota-management tools for improving host health (50). Probiotics have been used to prevent a wide range of diseases for decades, and studies have suggested positive effects of certain probiotics on gut microbiota balance (51). In the current study, dietary B. subtilis significantly increased the amount of Lactobacillus and Bifidobacteria in ileum and cecum and decreased the amount of coliforms and Clostridium perfringens in the cecum. Lactic acid bacteria and Bifidobacteria are well-known probiotics and are widely introduced into the food chain (52). Birds infected with pathogenic strains of E. coli show low performance because of high diarrhea and mortality rates (53). Acute necrotic enteritis caused by Clostridium perfringens infections results in severe losses in broiler production (37). The increased Lactic acid bacteria and Bifidobacteria and the reduced Coliforms and Clostridium perfringens induced by the dietary B. subtilis in the current study imply an improved intestinal micro-ecological balance. Therefore, these results showed that dietary B. subtilis A and B increased intestinal fatty acids production and gut health, probably through improving the balance of the intestinal microflora.



CONCLUSION

Supplementation of BSA and BSB in broiler diets decreased mortality and enhanced growth performance. These positive effects could be accrued to efficient immune response capacity, intestinal microbial flora balance, the abundance of Lactobacillus and Bifidobacteria, and decreased coliforms and Clostridium perfringens, enhanced production of intestinal SCFA, and enhanced gut health. Also, the combination of two strains, BSA and BSB, synergistically enhanced intestinal morphology and integrity functions. Conspicuously, the results of the present study have provided strong evidence that supports supplementation of BSA and BSB in diets of broiler chickens as alternatives to synthetic antibiotics in the promotion of gut health and productivity index.
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ctr AGP BS BSA BSB BSAB ADD BS
Relative length, cm/kg BW

Day 28

Duodenum 9.89% 9.54° 10.22¢ 10.21 1047 10.28 027 009 094
Jejunum 56.07 54.10 56.24 56.94 55.84 5595 1.35 037 0.83
lleum 56.320 51710 56.02¢ 56.09 5495 57.02 1.23 001 047
Cecum 441 2412 4.66° 468 475 454 017 003 064
Day 42

Duodenum 59 599 601 607 587 609 0.19 097 065
Jejunum 33.61 31.60 32.40 32.33 31.23 3363 1.08 0.42 031
lleum 32.78° 29.81° 33.47° 32.78 3304 34.59 1.04 001 0.41
Cecum 834 8.16 858 872 833 868 025 030 0.46
Relative weight, g/kg BW

Day 28

Duodenum 10.11 10.16 1075 10.89 10.72 10.64 047 035 092
Jejunum 16.11% 15.08° 16.94° 16.91 16.70 17.21 052 <001 078
lleum 13.74 13.38 14.24 14.18 13.99 14.56 0561 0.44 076
Cecum 3.40 354 373 371 358 390 0.16 0.18 029
Day 42

Duodenum 7.32 758 7.60 7.57 777 7.45 035 078 0.80
Jejunum 12,05 1.72 1247 12.29 11.90 12.33 0.47 0.70 077
lleum 11.00 10.49 1033 10.64 10.13 1021 044 043 069
Cecum 464 454 4.40 458 421 4.40 0.34 081 066

ab\Means within a row in ADD with no common superscripts differ significantly (P < 0.05).

1Data were the mean of 10 replicates.

BW, body weight; ADD, additives; Ctri, the control group; AGF, antibiotic growth promoter; BS, B. subltilis; BSA, B. subtilis A, named as Gutcare; BSB, B. subtilis B, named as Gutplus;
BSAB, the mixture of BSA and BSB (1:1).
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Items! ADD BS SEM p-Value

ctrl AGP BS BSA BSB BSAB ADD BS
Duodenum

Day 28

Villus height, pm 1857910 1473.48% 1,632.00° 1,494.21 1,653.94 1547.86  28.05 005 074
Crypt depth, pm 361.08° 315.18° 340.75% 320,887 380.00% 321.38% 664 009 <001
vic 376" 4720 4570 468 416 486 0.12 001 0.18
Intestinal wall thickness, um ~ 1,031.56°  2,016.86% 2,007.428 2,066.56 2,106.48 2,119.21 009 006 0.82
Day 42

Villus height, pum 1,630.94 1,784.70 1,71655 1,766.66 1,646.54 178644 3862 036 0.46
Crypt depth, pm 390.30 400.70 375.31 390.05 373.63 362.25 729 037 0.43
Ve 422 453 463 458 447 482 0.12 0.42 0.60
Intestinal wall thickness, pm 2,362.98° 2,596.56* 2,469.63% 2,532.56 2,384.14 2,492.20 36.78 0.13 0.36
Jejunum

Day 28

Villus height, pm 962.50° 1,113.40* 1,177.422 1,116.36 1,193.50 1,223.39 23.41 <0.01 0.27
Crypt depth, wm 260.60 283.20 286.15 27589 289.53 293.03 629 029 062
vic 376° 308 4440 4.05 418 419 007 0.13 078
Intestinal wall thickness, um ~ 1,388.21° 1,64052° 1,717.38 1,627.51 1,752.99 177150 7382 <001 027
Day 42

Villus height, jm 1,343.50 1,635.00 1,557.92 1,507.43 1408047 175829 4673 020 0.02
Crypt depth, pm 295,61 346.66° 373,53 351.547 401,08 368.08Y 864 <001 0.10
\9 4.54 4.44 421 4.34% 3517 4.77% 0.12 0.50 <0.01
Intestinal wall thickness, um ~ 1,922.39 2,302.98" 2,308.46° 2207.90Y 220185 251564 5915 008 0.07
lleum

Day 28

Villus height, pm 700.84 742.28 708.80 687.63 702.75 736.01 16.12 068 065
Crypt depth, pm 219.64 24853 22655 23084 281.79 217.04 6.03 027 059
Ve 323 307 315 298/ 3.04v 343 007 078 0.07
Intestinal wall thickness, pm 1,162.04 1,272.2 1,12351 1,032.69 1,167.81 1,180.04 18.98 021 027
Day 42

Villus height, jum 834.34 1,060.24 1,036.99 1,114.96% 771.98Y 122406 4807 021 0.02
Crypt depth, wm 222.26 2504 251.98 243.56 249.53 262.86 8.04 028 072
vic 381 447 411 4.46¢ 3.407 477 0.15 072 0.01
Intestinal wall thickness, pm 1,396.92 1,720.41 162181 1618357 138810Y  185898° 5032 020 0.07

2bYean within a row in ADD or BS with no common superscripts differ significantly (P < 0.05).

1Data are the mean of 10 replicates.

ADD, additives; Ctr, the control grou; AGR, antibiotic growth promoter; BS, B. subtiis; BSA, B. sublilis A; BSB, B. sublilis B; BSAB, the mixture of BSA and BSB (1:1); V/C, the ratio
of Villus height to Crypt depth.
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ctrl
lleum

Lactobacillus (x 10°) 2.44°
Bifidobacteria (x 10°) 0.39%
Coliforms (x107) 286

Clostridium perfringens (x10%) 4.12

Cecum

Lactobacillus (x 10°) 4.03%
Bifidobacteria (x10°) 3.78%
Coliforms (x107) 5.29*
Clostridium perfringens (x10%) 7512

ADD

AGP
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24 Mean within a row in ADD or BS with no common superscripts differ significantly (P < 0.05).

" Data were the mean of 10 replicates.
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047
235
3.86

450
44
3.95v
573

BSAB

3.49
047
2.68
3.76

527
5.37
3.04
5.19

SEM

0.30
0.06
0.29
0.38

0.46
0.54
0.46
0.60

p-value

ADD

<0.01
0.04
027
0.58

0.02
<0.01
<0.01
<0.01

ADD, additives; Ctri, the control group; AGP, antibiotic growth promoter; BS, B. subtilis; BSA, B. subtilis A; BSB, B. subtilis B; BSAB, the mixture of BSA and BSB (1:1).
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