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Abstract

:

Simple Summary


The use of non-therapeutic antibiotics in poultry industry is a common practice to generate desired growth of the birds. Non-therapeutic uses of antibiotics were detected as a culprit for the generation of antibiotic-resistant bacteria in the food chain. Many countries restrict the use of non-therapeutic antibiotics. Consequently, there is an increased demand for alternatives to antibiotic growth promoters (AGPs). The study was conducted to assess the impact of dietary supplementation of a probiotic and a postbiotic (Saccharomyces cerevisiae fermentation product, SCFP) on growth performance, carcass traits, blood haemato-biochemical profile, gut microflora, gut morphology, and immune response in broilers as an alternative to AGP. The study conducted on 324 one-day-old chickens revealed significant improvement of feed conversion ratio in the postbiotic group than the control. Cholesterol levels and concentrations of corticosterone were significantly lowered in the postbiotic group compared to other groups. Pathogenic- and antibiotic-resistant Gram-negative bacterial populations were significantly lower in postbiotic and probiotic groups. Moreover, humoral immunity was significantly improved in postbiotic and probiotic groups than the control birds. It can be concluded that both postbiotics and probiotics could be viable alternatives to antimicrobials in poultry production.




Abstract


Concern for global health security and the environment due to the emergence of antibiotic-resistant bacteria and antibiotic residues in meat and other livestock products has led many countries to restrict the use of antibiotics in animal feed. This experiment was performed to assess the impact of dietary supplementation of a probiotic (Bacillus subtilis) and a postbiotic (Saccharomyces cerevisiae fermentation product) on growth performance, carcass traits, blood haemato-biochemical profile, gut microflora, gut morphology, and immune response in broilers as an alternative to antimicrobials in poultry production system to minimize the effect on global health security. A total of 324 one-day-old Ven Cobb 400 broiler chicks were randomly divided into three dietary groups, each containing 12 replicated pens, and each replicate contained nine chickens. The dietary groups consisted of (1) a basal diet without any growth promoters (T1), (2) the basal diet augmented with Bacillus subtilis at 200 g/MT feed (T2), and (3) the basal diet supplemented with Saccharomyces cerevisiae fermentation product at 1.25 kg/MT feed (T3). To calculate body weight gain, all birds and residual feed were weighed on a replicated basis on days 0, 7, 14, 21, 28, 35, and 42; mortality was recorded daily. At the end of the trial (42 d), two chickens from each replicate were slaughtered for carcass traits, gut microflora, and morphology measurements. Blood samples were collected for the haemato-biochemical profile on 35 d and antibody titer on 28 d and 35 d. Feeding with SCFP (T3 group) significantly improved average daily feed intake (ADFI) and average daily gain (ADG) of chickens compared to the T1 (control) and T2 (probiotic) groups from 1 to 14 days of age. Feed conversion ratio (FCR) was significantly improved in SCFP-fed birds (T3) relative to the control (T1) over the entire experimental period. Carcass traits and blood haemato-biochemical parameters remained unaffected by any diets. However, cholesterol levels and concentrations of corticosterone were significantly lower in T3 compared to T2 and T1 groups. Total E. coli, Enterohaemorrhagic E. coli, ESBL-producing Enterobacteriaceae, and Salmonella counts were significantly lower in T2 and T3 groups compared to T1 group and Salmonella counts were lower in T3 when compared to T2. However, there was no significant difference in Lactobacillus count among treatment groups. A significant increase in villi height and villi-height-to-crypt-depth ratio (VH: CD) was observed in both T3 and T2 groups. On day 28, the T3 and T2 groups exhibited a significant increase in antibody titers against Newcastle disease virus and infectious bursal disease virus. It can be concluded that Saccharomyces cerevisiae fermentation product and Bacillus subtilis probiotic could be viable alternatives to antimicrobials in poultry production considering beneficial impacts in broilers fed an antibiotic-free diet.
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1. Introduction


One of the most profitable and productive agricultural industries is the poultry industry. Recent advancements in nutrition, genetics, housing management, chicken health and welfare have allowed it to flourish, resulting in a potential growth of egg production of 8.51% and broiler production of 7.52% [1]. The use of antibiotics as growth promoters has resulted in high levels of poultry output worldwide; these antibiotics have impacted chickens’ intestinal flora and immune systems to aid in controlling infections [2,3]. Concern for global health security and the environment due to the emergence of antibiotic-resistant bacteria and antibiotic residues in meat and other livestock products has led many countries to restrict the use of antibiotics in animal feed [4]. This has encouraged nutritionists and feed manufacturers around the world to search for alternatives to antibiotic growth promoter (AGPs) that can maintain efficient poultry production while ensuring that poultry meat and eggs are safe for consumption. Possible replacements for AGPs include feeding prebiotics, probiotics, synbiotics, enzymes, herbs, essential oils, acidifying feed with organic acids and postbiotics [5].



While probiotics have many positive health benefits, their functionality and effectiveness are subject to debate. Recent findings suggest that for a variety of animal species, probiotics need to be tailored more specifically in order to maximize their beneficial effects. Furthermore, certain strains of probiotic bacteria were discovered to have antibiotic-resistant genes which can be transmitted to gut microflora and the environment [6,7]. Additionally, studies showed that some probiotics can have a detrimental effect on the host by causing local inflammation in healthy hosts and exacerbating tissue inflammation in those with inflammatory bowel disease [8]. The ‘postbiotic’ has emerged which extends the scope of the probiotic concept beyond its inherent viability [9]. The term ’postbiotic’ refers to the soluble factors (stabilized bacteria, cellular products, or metabolic by-products) secreted by living microbes or released after microbial lysis [10], which are mainly derived from Lactobacillus, Bifidobacterium, Streptococcus, fecal bacteria [11,12], and Saccharomyces cerevisiae yeast [13,14]. Recent research suggests that postbiotics offer various health benefits through immune system modulation (cell wall compounds may strengthen immunity), increased adhesion to intestinal cells (which restricts pathogen growth), and secretion of various metabolites [11,15]. Non-viable micro-organisms or microbial cell extracts have an additional advantage over probiotic-supplemented feed preparations, as the viability of probiotics may differ and dead cells may outnumber the live cells [16]. Moreover, these non-viable microbes and extracts can significantly reduce shelf life of the poultry products [17]. The present study was conducted to detect the effects of Bacillus subtilis as a probiotic and Saccharomyces cerevisiae fermentation product (SCFP) as a postbiotic on the growth performance, carcass characteristics, gut microflora and immunity of broiler chickens as an alternative to antimicrobials in poultry production system to minimize the effect on global health security.




2. Materials and Methods


2.1. Birds, Diets and Experiment


Mixed-sex one-day-old broiler chickens (Vencobb 400, Venkys, Pune, India, n = 324) were randomly divided into three groups based on experimental diets containing 12 replicated pens and nine chickens in each replicate.



The dietary groups consisted of (1) a basal diet without any growth promoter (T1); (2) the basal diet plus the probiotic Bacillus subtilis (Zeus Biotech Pvt Ltd, Mysore, India) at the rate of 200 g/MT feed (T2) (3) the basal diet plus the postbiotic Saccharomyces cerevisiae fermentation product (SCFP; Diamond V Original XPC) at the rate of 1.25 kg/MT feed (T3). The basal diet based on maize–soybean in mash form was formulated to meet or exceed nutritional requirements of broiler starter (day 1–14), grower (day 15–28) and finisher (day 29–42) chickens using a ration formulation software as per the commercial Vencobb 400 broiler chicken recommendations [18]. The basal diet contained 22.19% of crude protein (CP) with 3000 kcal/kg of metabolizable energy (ME) for broiler starters (day 1–14), 20.80% of CP with 3100 kcal/kg of ME for broiler growers (day 15–28), and 19.2% of CP with 3200 kcal/kg of ME for broiler finishers (day 29–39) (Table 1 and Table 2). Premixes of probiotic and postbiotic were arranged separately before addition into the basal diet to obtain experimental probiotic and postbiotic diets in a feed mixer. The process was repeated each week to produce fresh feed. The experimental feeds were stored in high density polyethylene bags containing an inner liner. Ad libitum diets and water were provided to the experimental birds. The chickens were purchased from Institutional Animal Ethics Committee (IAEC)-approved commercial vendors.




2.2. Supervision and Rearing Conditions of Birds


Before arrival of the birds the experimental farm, feeding and watering troughs were properly disinfected. Birds were kept in floor pens (1.22 m × 0.76 m) and the pens were separated by plastic were netting. Sterile plastic feeding and watering troughs were provided in each pen. Litter was prepared with chopped paddy straw and rice husk. Compressed fluorescent lamps were used for continuous lighting during the first two days of brooding and later it was modified to generate 23 h of light interrupted by one hour of darkness.The experimental poultry house temperature was controlled by the heating elements throughout the experiment. The temperatures were gradually decreased from 32 °C on day 1 to 24 °C on day 22. Proper ventilation was ensured through the use of exhaust fans during the entire trial period. Vaccination against Newcastle disease virus (NDV) and infectious bursal disease virus (IBDV) was conducted on all the birds at 5 and 21 days of age and at 12 days of age, respectively [19].




2.3. Performance Traits of Birds


On day one, body weight (BW) of all the chickens was measured, followed by weekly assessments and one final measurement taken in the morning on the last day of the growth trial. Average BW was calculated for each replicate. Weekly feed intake was determined by subtracting remaining feed from total feed offered per pen. Total feed intake per day in each pen was divided by the total number of chickens present to calculate average daily feed intake (ADFI). Cumulative feed intake and weight gain in each pen was considered to calculate feed conversion ratio (FCR; grams of feed intake per gram of growth). Death of the birds in each pen was monitored regularly to calculate mortality rate, if any, and a post-mortem examination was conducted to know the cause. At the end of the trial, mortality percentage for each replicate was calculated and used to adjust BW, ADFI and FCR calculations following the method described earlier [20].




2.4. Detection of Carcass Traits in Slaughtered Birds


To evaluate carcass traits, two birds from both the sexes having an average BW close to the average BW of the pen (replicate) were selected for slaughter by cervical disarticulation. After removal of skin, feather, head, shank, intestine and giblets, the eviscerated carcass weight was measured and the weight of different organs was detected separately.




2.5. Serum Biochemical Analyses from Collected Blood Samples


Blood samples for hematobiochemical and hormone assay were collected at day 35 after 12 h of fasting. Two aliquots of blood samples were collected from wing vein of broiler chickens (2 birds were randomly chosen from each pen, total 24 birds per treatment). The first aliquot was placed in a tube containing anticoagulant (EDTA) for measurement of hemoglobin (Hb), total leukocyte counts (WBCs), and differential leukocyte counts, heterophil:lymphocyte (H:L) ratio at day 35 as per standard hematological procedure [21]. The second aliquot of blood samples was collected without anticoagulant and serum was harvested and stored at −20 °C until analysis. Concentrations of serum metabolites (glucose, total protein, albumin, uric acid, triglycerides, cholesterol) were measured using commercial kits (DiaSys diagnostic India Pvt. Ltd., Mumbai, India). Concentrations of corticosterone were determined by commercial ELISA kit (DRG Diagnostics, Marburg, Germany).




2.6. Pre-Cecal Bacterial Count


The pre-cecal contents of the intestine were aseptically collected from the chickens after the slaughter at day 42 and were placed into sterile sample collection bag (HiMedia, Mumbai, India). The samples were processed on the same day for bacteriological study. Population of total bacteria, pathogenic/zoonotic Escherichia coli (Enterohaemorrhagic E. coli), antimicrobial resistant bacteria (ESBL-producing Enterobacteriaceae), Salmonella, and Lactobacillus in pre-cecal content were determined as per standard procedure [22]. Pre-cecal content (1 gm) was serially 10-fold diluted with sterile phosphate buffer saline (PBS), 10 μL was placed on sorbitol-MacConkey agar (for Enterohaemorrhagic E. coli, HiMedia, India), ESBL agar (for ESBL-producing Enterobacteriaceae (KESC group), HiMedia, India), xylose lysine deoxycholate agar (for Salmonella, HiMedia, India), Lactobacillus agar (HiMedia, India) and were incubated at 37 °C for 24 or 48 h, and the characteristic colonies for each bacterial population were enumerated in a digital colony counter (HiMedia, India) and the numbers were expressed as Log10 colony-forming units (CFUs) per gram of sample. The selected isolates (n = 15, 5 isolates from each treatment group) of ESBL-producing Enterobacteriaceae (KESC group) were further characterized with PCR for presence of ESBL/beta-lactamase variants (blaCTM-Type, blaSHV-Type, blaTEM-Type) [23].




2.7. Histopatyhology of Small Intestine


In total, 24 chickens from each dietary treatment (on day 42) were selected for collection of small intestinal tissue to measure the height and width of the intestinal villus and crypt depth. After removal of the small intestine, the sections (2–3 cm) of jejunum (between the entry of bile duct and Mackel’s diverticulum), duodenum and ileum were rinsed with sterile PBS. One centimeter cross-sections of the tissues were fixed in buffered formaldehyde solution (100 mL/L; pH 7.2), which was followed by paraffin wax embedding. Delafield’s hematoxyline and eosin was used for staining of the tissue sections. Following the standard histopathological method, slides were mounted on distreneplasticiser xylene (DPX) [24]. An ocular micrometer (under a microscope fixed with stage micrometer) and image analysis software (Biowizard 4.2, Dewinter Optical and New Delhi, India) were used to detect all the measurements. Presence of intact lamina propria was used as a criterion for villus selection (12 villi per section). The height (μm) from the tip of the villus to the villus–crypt junction was considered as villus height (VH) and depth of the invagination between two villi was considered as crypt depth (CD). Three sections with 10 observations were conducted for each sample and mean of the values (μm) was used to generate a single observation.




2.8. Detection of Antibody Titre


Measuring the antibody titer against Newcastle disease virus (NDV) and infectious bursal disease (IBDV) was considered as a parameter for detection of humoral immunity. Live lentogenic B1 strain for NDV (eye drop, 0.2 mL; Venkateshwaara Hatcheries Pvt Ltd, Pune, India) and live lentogenic LaSota strain for NDV (eye drop, 0.2 mL; Venkateshwaara Hatcheries Pvt Ltd, India) were administered on day 5 and 21, respectively. IBD live intermediate plus type (eye drop, 0.2 mL; Venkateshwaara Hatcheries Pvt Ltd, India) vaccine was administered on day 14. On day 28 and 35, whole blood (2 mL) was collected from the wing vein of two birds randomly selected from each replicate pen and the serum was collected by centrifuging the whole blood.



The NDV and IBDV antibody titers were detected by an ELISA kit (IDEXX Laboratories Inc., Westbrook, ME, USA). Mean optical density (OD) value was calculated from the OD value recorded for each of the samples in duplicates.



Cell-mediated immunity was measured by in vitro phagocytic activity of neutrophils and lymphocyte proliferation response at day 35 [25].




2.9. Chemical Analysis of Feeds Samples


Dry matter (DM; method 934.01), crude fiber (CF; Foss Fiber Cap 2021 Fiber Analysis System, Foss Analytical, Hilleroed, Denmark), calcium content, CP (method 968.06; Kelplus, Pelican Equipments, Chennai, India), ether extract (EE; method 920.39; Socsplus, Pelican Equipments, Chennai, India) of the feed samples and AIA content of the diets were analyzed following the methods described earlier [26,27,28].




2.10. Statistical Analysis


One-way analysis of variance (ANOVA) using SPSS [29] was used to analyze the data in a randomized design containing pen as an experimental unit for feed intake, FCR, and body weight gain, each individual bird as experimental unit for other parameters and treatment as the main effect. The homogeneity criteria were confirmed in mortality data, hence not included for statistical analyses. Probability values of p ≤ 0.01 were declared as trend and p ≤ 0.05 were declared as significant. The differences among the treatment means were detected using Tukey’s test when the treatment effect was significant.





3. Results


3.1. Average Daily Gain, Feed Intake and Feed Efficiency


The average daily gain (ADG) of the birds increased more significantly (p < 0.05) in the T3 group than the T1 and T2 groups from 1 to 14 days of age (Table 2). No significant differences among treatment groups were found in the rest of the experimental period or over the entire experiment period (1–42 d). The average daily feed intake (ADFI) of chickens was significantly higher (p < 0.05) in T3 groups compared with that of the T1 and T2 groups from 1 to 14 days of age. Subsequently, ADFI was significantly lower in both T2 and T3 treatment groups in comparison to the control (T1) from 15–28 days of age. However, there were no significant differences between treatment groups from 29–42 days or over the entire experiment period (1–42 d). No significant differences in FCR were noted during the starter (1–14 days) and finisher (29–42 days) phase. During the grower phase (15–28 days), FCR tended to be lower (p < 0.07) in SCFP-fed birds (T3) compared to T1 and T2. The FCR during the overall period (1–42 days) for the T3 group was improved (p < 0.05) in comparison to the T1, while the T2 group was not different from T1 and T3.




3.2. Carcass Traits


No statistically significant differences (p > 0.05) were observed in slaughter BW, eviscerated carcass weight, dressing percentage, breast, frame, thigh, drumstick, wing, neck, gizzard, liver, heart, spleen, bursa and abdominal fat weight in grams across the various treatment groups (Table 3).




3.3. Blood Biochemical Profile


The concentration of glucose, total protein, albumin, triglyceride and uric acid in serum did not vary significantly (p > 0.05) based on dietary treatments in this study (Table 4). However, corticosterone and cholesterol concentration was reduced significantly (p < 0.05) in the SCFP-fed group (T3) compared to probiotic (T2) and control (T1) groups.




3.4. Blood Hematological Profile


The blood hematological profile of broilers in different experimental groups has been presented in Table 5. No statistically significant differences (p > 0.05) were observed in hemoglobin, total leukocyte count (TLC), difference leukocyte count-heterophil, eosinophil, basophil, lymphocyte, monocyte and ratio of heterophil and lymphocyte across the various treatment groups.




3.5. Gut Microflora


Dietary treatments did not have a notable impact on the counts of Lactobacillus spp. in the pre-cecal digesta (Table 6). The count of Enterohaemorrhagic E. coli and total E. coli were significantly higher (p < 0.05) in the T1 group compared to the T2 and T3 groups. Additionally, the count of ESBL-producing Enterobacteriaceae (KESC group) and Salmonella were significantly higher (p < 0.01) in the T1 group when compared to T2 and T3 groups. Salmonella was also lower in T2 when compared to T1 (p < 0.05). PCR based characterization of ESBL- producing Enterobacteriaceae revealed maximum presence of blaCTX-M-Type (6/15, 40%), followed by blaSHV-Type (5/15, 33.3%) and blaTEM-Type (4/15, 26.6%). No variation in the possession pattern of ESBL/beta-lactamase associated genes in the studied ESBL-producing Enterobacteriaceae isolates was observed between the treatment groups.




3.6. Gut Morphology


The VH in the duodenum was significantly increased (p < 0.05) in the T3 and T2 groups compared to the T1 group (Table 7). The VH in the jejunum was significantly higher (p < 0.05) in the T3 and T2 groups than T1 group. The VH in the ileum was higher (p < 0.05) in the T3 group than the T2 and T1 groups. The VW in the duodenum, jejunum and ileum was similar among the treatments (p > 0.05). The CD in the duodenum was increased (p < 0.05) in T1 group compared to the T3 and T2 groups. The CD in the jejunum was higher (p < 0.05) in the T1 group than T3 and T2 groups. The CD of the ileum was increased (p < 0.05) in the T1 and T2 groups compared to T3. The VH/CD ratio in the duodenum and jejunum was higher (p < 0.05) in the T3 and T2 groups than T1. The VH/CD ratio in the ileum was higher (p < 0.05) in the T3 group than T1 and T2 groups.




3.7. Immune Response


On day 28, antibody titers against the IBD vaccine were significantly higher (p < 0.05) in the T3 groups compared to the T2 and T1 groups (Table 8). However, on Day 35, there were no significant differences (p > 0.05) among the dietary treatment groups in antibody titers against this vaccine. Moreover, on day 28 antibody titers against the ND vaccine were also greater in T2 and T3 groups (p < 0.05) than the T1 group. In addition, no significant differences were detected between the dietary treatment groups on day 35 for this vaccine (p > 0.05). There were no significant differences among the treatment groups for in vitro phagocytic activity of neutrophils and lymphocytes.





4. Discussion


The solution-based approach to increase poultry production, to reduce production cost and to decrease negative environmental impact is the priority for poultry researchers. Modern poultry production systems are associated with numerous stressors, such as change of feed, high stocking density and processing in the hatchery, which reduce bird immunity and increase bacterial pathogen colonization—affecting not only bird health and growth, but also compromising food safety [30]. Use of antibiotics in sub-therapeutic doses in poultry feed was considered as one approach to control gut pathogens. Currently, non-therapeutic use of antibiotics in poultry is facing reduced social acceptance as it may generate antimicrobial-resistant commensals compromising food safety and quality. The European Union, and the United States FDA, banned the non-therapeutic use of antibiotics in livestock and poultry long ago [31,32], but cessation of non-therapeutic antibiotic usage in poultry farming was correlated with reduced growth and increased mortality of the birds due to bacterial infections such as colibacillosis, salmonellosis and necrotic enteritis [33]. Replacement of antibiotics with a suitable alternative without hampering the growth, immunity and health of the birds is a pressing research question. Saccharomyces cerevisiae is considered the most promising candidate either as a probiotic (live yeast form) or as prebiotic in the poultry diet which showed remarkable improvement of growth performance, modulation of bird immune system, repairing the gastrointestinal tract and reducing the gut pathogen colonization [34]. So, the present study was conducted to evaluate the effects of postbiotic (Saccharomyces cerevisiae fermentation product, SCFP) along with a probiotic (Bacillus subtilis) on the growth performance, immunity, gut health, and carcass characteristics of broiler chickens.



Feeding with SCFP (T3 group) significantly improved average daily feed intake (ADFI) and average daily gain (ADG) of chickens compared to the T1 (control) and T2 (probiotic) groups from 1 to 14 days of age. Similarly, feeding with yeast hydrolysate significantly improved ADFI, ADG, and body weight during the starter and grower phase of the experimental birds compared to the control groups [34,35]. It could be explained with the increased villi height associated with better absorption of nutrients, increasing the secretion of auxiliary digestive enzymes and anti-inflammatory effects of yeast hydrolysate in animals [36,37]. In contrast, a few studies [38,39] reported improvement of body weight gain during the later phase (after 21 days) of the growth with the feeding of yeast hydrolysate, associated with presence of gut microbiota-secreting short chain fatty acids (SCFAs) and improved metabolic activities. Although not evaluated, the findings of present study could be correlated with the presence of SCFA-forming beneficial gut microbiota during the starter and grower phase of the growth. Significant improvement of FCR in SCFP-fed birds (T3), compared to the control (T1) groups across the entire period of the experiment (1–42 days), is supported with the earlier findings [38,39]. The meta-analysis of the findings [40] suggested inclusion of yeast or yeast products (less than 10 g/kg of diet) could improve growth and FCR of the birds.



The absence of statistically significant differences in slaughter body weight, eviscerated carcass weight, dressing percentage, weight of breast, frame, thigh, drumstick, wing, neck, gizzard, liver, heart, spleen, and bursa between the treatment groups is corroborative with the earlier studies [35,41]. Addition of probiotics in the diet helps in the detoxification process, which might be the reason for the normal size of the liver in the treatment groups [42].



Dietary addition of SCFP in the experimental birds did not alter the concentration of glucose, total protein, albumin, triglyceride and uric acid in serum, which confirmed the absence of adverse side effects in the studied birds [35]. In agreement with earlier reports [43,44], the present study also confirmed significant reduction of blood cholesterol concentration in SCFP-treated birds compared to the control or probiotic-fed groups. Lower serum concentration of cholesterol in the birds is associated with production of eggs with a low cholesterol level, which is especially popular among health-conscious consumers [45]. Although the present study was conducted in broilers, it can be conducted in layers in future to observe the production of eggs with low cholesterol. During stress, the hypothalamus pituitary–adrenal axis secretes corticosterone as the major hormone, which can depress humoral immunity and decrease production of antibodies against sheep red blood cells [46]. Reduced level of corticosterone in T3 group of birds during day 28 of the experiment can be correlated with increased antibody titer against NDV and IBDV. Further, corticosterone was found to be associated with upregulation of CCLi2 mRNA expression in splenic lymphocytes which attract active lymphocytes from the peripheral blood to the spleen. Corticosterone-associated upregulation of CXCLi1 and CXCLi2 mRNA expression in peripheral lymphocytes instead attracts heterophiles from bone marrow which are mostly immature [47]. The replacement of matured lymphocytes with immature heterophiles in the peripheral blood circulation was found to be responsible for decreased phagocytic activity. In the present study, a reduced corticosterone level in the T3 and T2 groups in comparison to T1 was found to be associated with increased (non-significant) phagocytic activity of the lymphocytes.



The present study revealed that dietary supplementation of SCFP had no significant effect on hemoglobin, total leukocyte count, difference leukocyte count and ratio of heterophil and lymphocyte, which was also observed in a previous study in which dietary supplementation of Saccharomyces cerevisiae with Nigella sativa did not find any significant effect on blood biochemical profile in broiler chickens [48].



The effect of SCFP dietary supplementation on poultry gut microflora revealed a significant reduction of total E. coli, pathogenic E. coli (EHEC) and Salmonella in comparison to the probiotic-fed group and control birds. Reduction of E. coli and Salmonella colonization was also observed in earlier studies in the birds fed with the yeast products which could be explained by exclusion of the pathogens due to competition for a carbon source in the gut, binding of the pathogens with a surface of yeast-produced functional carbohydrates instead of intestinal receptors—which prevent activation of pro-inflammatory cytokines-based signaling pathways—and production of enzymes to disintegrate bacterial toxins [30,49]. Saccharomyces cerevisiae was found to be more effective against Gram-negative pathogens such as E. coli and Salmonella due to its capacity to disintegrate the bacterial outer membrane—which is found only in Gram-negative bacteria, causing increased permeability and depolarization of the cytoplasmic membrane [50]. Agglutination of pathogens expressing mannose specific type-1 fimbriae (such as E. coli and Salmonella) by the yeasts is another possible mechanism [51].



Dietary treatments did not have a notable impact on the counts of Lactobacillus in the pre-cecal digesta. Similarly, feeding with dried yeast culture [48] and other prebiotics [52] did not reveal significant modulation on Lactobacillus count in broiler chickens. Lactobacillus itself can act as a probiotic by preventing colonization of gut pathogens and the lactic acid produced by the lactobacilli is used by butyric acid producers, increasing the digestibility of the birds [53]. Hence, in the present study, maintenance of lactobacilli in the treatment groups, compared to the control group, seems to be beneficial.



One of the noteworthy findings of the present study is significant reduction of antimicrobial-resistant pathogens (ESBL-producing Enterobacteriaceae) in the treatment groups in comparison to the control group. Bacillus subtilis probiotic strains earlier showed in vitro antimicrobial effect against ESBL-producing E. coli, although failed to prevent gut colonization of ESBL-bacteria when studied in vivo [54]. There is no report on the efficacy of SCFP on ESBL-producing Enterobacteriaceae to compare the present finding. The present study revealed maximum occurrence of blaCTM-Type followed by blaSHV-Type and blaTEM-Type in the studied birds which is supportive of earlier studies. The CTX-M is considered as the major ESBL determinant in apparently healthy poultry, whereas the SHV and TEM determinants are predominant in poultry with subclinical infections [55].



The villi height in the duodenum, jejunum and ileum was significantly increased in the birds supplemented with SCFP and probiotic compared to the control group, which confirms the earlier observations [34,56]. In addition, the ratio between villi height and crypt depth was significantly increased in the ileum of SCFP-fed group compared to the birds supplemented with probiotic and the control group. Saccharomyces cerevisiae has a trophic effect on ileal and jejunal villi compared to the duodenum as detected in the present study, which is consistent with earlier observations [57]. The ileum is the primary site for amino acid absorption and longer ileal villi implies higher nutritional utilization reflected in better growth performance.



On day 28, antibody titers against both the IBD and NDV vaccine were significantly higher in the SCFP (T3) group compared to the probiotic (T2) and control (T1) groups. The oligosaccharides present in the yeast hydrolysate can activate the macrophages and the cytokines are released to generate the acquired immune response [35]. As with mammals, the immune response in birds after vaccination is characterized with the generation of IgM first (up to day 30 post-vaccination) followed by IgY [58]. The previous study explored dietary supplementation of yeast products to promote the production of IgM in the birds vaccinated against NDV [39], which is the reason for the higher antibody titer in the T3 group compared to the others on day 28. The effect of yeast supplementation on the generation of IgY is still unclear and it might explain the absence of variations in all the groups in antibody titer on day 35. However, significantly higher antibody titer against IBDV in the birds fed with SCFP was not detected earlier as the earlier studies with SCFP focused on NDV only. In India, both the ND and IBD are considered as major viral infections, producing constraints in optimum production [59] for which the study objective took an inclusive approach to consider both.



The present study could not find modulation of cell-mediated immune response in the studied birds, which was more pronounced in challenge studies—especially with intracellular pathogens (for example, Coccidia) fed with yeast hydrolysate and was also dependent on the dosage of the yeast products [60].




5. Conclusions


Feeding with SCFP significantly improved average daily feed intake and average daily gain of chickens compared to the control and probiotic groups from 1 to 14 days of age. FCR was significantly improved in SCFP-fed birds relative to the control over the entire experimental period. Cholesterol levels and concentrations of corticosterone were significantly reduced with dietary supplementation of SCFP. E. coli, Enterohaemorrhagic E. coli, ESBL-producing Enterobacteriaceae, and Salmonella counts were significantly lower in the SCFP-fed group than control/probiotic groups. Significant increase in villi height and villi-height-to-crypt-depth ratio was observed in both SCFP-fed and probiotic-fed groups. On day 28, the SCFP-fed birds and those fed with probiotics exhibited a significant increase in antibody titers against Newcastle disease virus and infectious bursal disease virus. It can be concluded that Saccharomyces cerevisiae fermentation product and Bacillus subtilis probiotic could be viable alternatives to antimicrobials in poultry production considering beneficial impacts in broilers fed an antibiotic-free diet.







Author Contributions


Conceptualization, G.P.M., A.M., V.N. and I.S.; methodology, S.M., S.P., J.M., D.B. and M.C.P.; validation, S.S., G.P.M., S.M., S.P., J.M., D.B., M.C.P., A. and I.S.; formal analysis, S.S., G.P.M., S.M., S.P., J.M., D.B., M.C.P., A. and I.S.; investigation, S.S. and A.; resources, S.M., S.P., J.M., D.B., M.C.P. and A.; data curation, S.S., G.P.M. and I.S.; writing—original draft, S.S. and I.S.; writing—review and editing, I.S.; supervision, G.P.M., S.M., S.P., J.M., D.B., M.C.P., A.M., V.N. and I.S.; project administration, G.P.M., A.M., V.N. and I.S.; funding acquisition, G.P.M., A.M., V.N. and I.S. All authors have read and agreed to the published version of the manuscript.




Funding


The authors declare that this study received funding from United States Agency for International Development (USAID) under the Transformational Strategies for Farm Output Risk Mitigation (TRANSFORM) Cooperative Agreement (Grant No. TR-SUBAG-FAA-2022-01) through the Company (Cargill Inc.). The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.




Institutional Review Board Statement


The study protocol was approved by Intuitional Animal Ethics Committee of West Bengal University of Animal and Fishery Sciences (Ethics Approval Number: WBUAFS/IAEC/32/23-24), Kolkata, India.




Informed Consent Statement


Not applicable.




Data Availability Statement


Most of the data is publicly available through the manuscript. Additional data are available on request from the corresponding author.




Acknowledgments


This study was made possible by the generous support of the American people through the United States Agency for International Development (USAID) under the Transformational Strategies for Farm Output Risk Mitigation (TRANSFORM) Cooperative Agreement. The contents are the responsibility of West Bengal University of Animal and Fishery Sciences, and do not necessarily reflect the views of USAID or the United States Government. The authors wish to acknowledge Michelle Cassal and Nathalie Liautaud for ensuring that the compliance infrastructure and associated documentation required to fund this research subaward was in place.




Conflicts of Interest


GPM received the fund from USAID through Cargill Inc. VN and AM are employed by Cargill Inc. but are responsible for USAID funded research and are thus prohibited from participating in any profit-driven Cargill work. 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.




References


	



BAHS Basic Animal Husbandry Statistics; Department of Animal Husbandry and Dairying (DAHD): New Delhi, India, 2019.

	



Lee, K.-W.; HoHong, Y.; Lee, S.-H.; Jang, S.I.; Park, M.-S.; Bautista, D.A.; Ritter, G.D.; Jeong, W.; Jeoung, H.-Y.; An, D.-J.; et al. Effects of anticoccidial and antibiotic growth promoter programs on broiler performance and immune status. Res. Vet. Sci. 2012, 93, 721–728. [Google Scholar] [CrossRef]

	



Mehdi, Y.; Létourneau-Montminy, M.-P.; Gaucher, M.-L.; Chorfi, Y.; Suresh, G.; Rouissi, T.; Brar, S.K.; Côté, C.; Ramirez, A.A.; Godbout, S. Use of Antibiotics in Broiler Production: Global Impacts and Alternatives. Animalnutrition 2018, 4, 170–178. [Google Scholar] [CrossRef] [PubMed]

	



Jazi, V.; Foroozandeh, A.D.; Toghyani, M.; Dastar, B.; RezaieKoochaksaraie, R.; Toghyani, M. Effects of Pediococcus acidilactici, mannan-oligosaccharide, butyric acid and their combination on growth performance and intestinal health in young broiler chickens challenged with Salmonella Typhimurium. Poult. Sci. 2018, 97, 2034–2043. [Google Scholar] [CrossRef] [PubMed]

	



Kareem, K.Y.; Loh, T.C.; Foo, H.L. Effect of New Feed Additive on Growth Performance and Immunoglobulin of Broilers. IOP Conf. Ser. Earth Environ. Sci. 2021, 761, 012110. [Google Scholar] [CrossRef]

	



Gueimonde, M.; Sánchez, B.; de Los Reyes-Gavilán, C.G.; Margolles, A. Antibiotic resistance in probiotic bacteria. Front. Microbiol. 2013, 4, 202. [Google Scholar] [CrossRef]

	



Imperial, I.C.V.J.; Ibana, J.A. Addressing the Antibiotic Resistance Problem with Probiotics: Reducing the Risk of Its Double-Edged Sword Effect. Front. Microbiol. 2016, 7, 1983. [Google Scholar] [CrossRef]

	



Tsilingiri, K.; Barbosa, T.; Penna, G.; Caprioli, F.; Sonzogni, A.; Viale, G.; Rescigno, M. Probiotic and postbiotic activity in health and disease: Comparison on a novel polarised ex-vivo organ culture model. Gut 2012, 61, 1007–1015. [Google Scholar] [CrossRef]

	



Cuevas-González, P.; Liceaga, A.; Aguilar-Toalá, J. Postbiotics and paraprobiotics: From concepts to applications. Food Res. Int. 2020, 136, 109502. [Google Scholar] [CrossRef]

	



Johnson, C.N.; Kogut, M.H.; Genovese, K.; He, H.; Kazemi, S.; Arsenault, R.J. Administration of a Postbiotic Causes Immunomodulatory Responses in Broiler Gut and Reduces Disease Pathogenesis Following Challenge. Microorganisms 2019, 7, 268. [Google Scholar] [CrossRef]

	



Chang, Y.; Omer, S.H.S.; Li, G.; Lian, H.; Liu, Y. Research Advance on Application of Microbial Fermented Fodder in Broilers Production: A Short Review. Open J. Anim. Sci. 2022, 12, 200–209. [Google Scholar] [CrossRef]

	



Danladi, Y.; Loh, T.C.; Foo, H.L.; Akit, H.; Tamrin, N.A.M.; Azizi, M.N. Effects of Postbiotics and Paraprobiotics as Replacements for Antibiotics on Growth Performance, Carcass Characteristics, Small Intestine Histomorphology, Immune Status and Hepatic Growth Gene Expression in Broiler Chickens. Animals 2022, 12, 917. [Google Scholar] [CrossRef]

	



Chaney, E.; Miller, E.A.; Firman, J.; Binnebose, A.; Kuttappan, V.; Johnson, T.J. Effects of a postbiotic, with and without a saponin-based product, on turkey performance. Poult. Sci. 2023, 102, 102607. [Google Scholar] [CrossRef]

	



Oliveira, J.M.; Marchi, D.F.; Geronimo, B.C.; Oba, A.; Soares, A.L. Effect of diets containing saccharomyces cerevisiae fermentation products on broiler performance and meat quality. J. Agric. Sci. Res. 2022, 2, 2–8. [Google Scholar] [CrossRef]

	



Akter, S.; Park, J.-H.; Kil Jung, H. Potential Health-Promoting Benefits of Paraprobiotics, Inactivated Probiotic Cells. J. Microbiol. Biotechnol. 2020, 30, 477–481. [Google Scholar] [CrossRef]

	



Terpou, A.; Papadaki, A.; Lappa, I.K.; Kachrimanidou, V.; Bosnea, L.A.; Kopsahelis, N. Probiotics in Food Systems: Significance and Emerging Strategies Towards Improved Viability and Delivery of Enhanced Beneficial Value. Nutrients 2019, 11, 1591. [Google Scholar] [CrossRef]

	



Taverniti, V.; Guglielmetti, S. The immunomodulatory properties of probiotic microorganisms beyond their viability (ghost probiotics: Proposal of paraprobiotic concept). Genes Nutr. 2011, 6, 261–274. [Google Scholar] [CrossRef]

	



Venkys Vencobb400 Broiler Management Guide; Venkateshwara Hatcharies Pvt. Limited: Pune, India, 2017; Available online: http://Tirumalagroup.Com/Vencobb400%20Broiler%20manual.Pdf (accessed on 4 December 2017).

	



Vaccination Schedule for Poultry Birds-TNAU Agritech Portal. Available online: http://www.agritech.tnau.ac.in/animal_husbandry/ani_poultry_vaccination%20schd.html (accessed on 12 January 2024).

	



Nusairat, B.; Odetallah, N.; Wang, J.J. Live Performance and Microbial Load Modulation of Broilers Fed a Direct-Fed Microbials (DFM) and Xylanase Combination. Vet. Sci. 2022, 9, 142. [Google Scholar]

	



Shen, P.; Patterson, L. A Simplified Wright’s Stain Technique for Routine Avian Blood Smear Staining. Poult. Sci. 1983, 62, 923–924. [Google Scholar] [CrossRef]

	



Quinn, P.J.; Quinn, P.J.; Carter, M.E.; Markey, B.; Carter, G.R. Clinical Veterinary Microbiology; Wolfe: London, UK, 1994; ISBN 978-0-7234-1711-8. [Google Scholar]

	



Weill, F.-X.; Lailler, R.; Praud, K.; Kérouanton, A.; Fabre, L.; Brisabois, A.; Grimont, P.A.D.; Cloeckaert, A. Emergence of Extended-Spectrum-β-Lactamase (CTX-M-9)-Producing Multiresistant Strains of Salmonella enterica Serotype Virchow in Poultry and Humans in France. J. Clin. Microbiol. 2004, 42, 5767–5773. [Google Scholar] [CrossRef]

	



Kumar, P.; Patra, A.K.; Mandal, G.P.; Samanta, I.; Pradhan, S. Effect of black cumin seeds on growth performance, nutrient utilization, immunity, gut health and nitrogen excretion in broiler chickens. J. Sci. Food Agric. 2017, 97, 3742–3751. [Google Scholar] [CrossRef]

	



Talwar, G.; Gupta, S. A Handbook of Practical and Clinical Immunology; CBS Publishers & Distributors: New Delhi, India, 2012. [Google Scholar]

	



AOAC. AOAC Official Methods of Analysis, 16th ed.; Association of Official Analytical Chemists: Arlington, VA, USA, 1995. [Google Scholar]

	



Talapatra, S.K.; Ray, S.C.; Sen, K.C. The Analysis of Mineral Constituents in Biological Materials. 1. Estimation of Phosphorus, Chlorine, Calcium, Magnesium, Sodiumand Potassium in Food-Stuffs. Indian J. Vet. Sci. 1940, 10, 243–258. [Google Scholar]

	



Furuichi, Y.; Takahashi, T. Evaluation of Acid Insoluble Ashasa Marker in Digestion Studies. Agric. Biol. Chem. 1981, 45, 2219–2224. [Google Scholar]

	



SPSS Inc. SPSS Base7.5 for Windows User’s Guide; Prentice Hall: Saddle River, NJ, USA, 1997. [Google Scholar]

	



Elghandour, M.; Tan, Z.; Abu Hafsa, S.; Adegbeye, M.; Greiner, R.; Ugbogu, E.; Monroy, J.C.; Salem, A. Saccharomyces cerevisiae as a probiotic feed additive to non and pseudo-ruminant feeding: A review. J. Appl. Microbiol. 2020, 128, 658–674. [Google Scholar] [CrossRef]

	



FDA Veterinary Feed Directive. 2015. Available online: https://www.federalregister.gov/documents/2015/06/03/2015-13393/veterinary-feed-directive (accessed on 30 August 2023).

	



Ban on Antibiotics as Growth Promoters in Animal Feed Enters into Effect. 2005. Available online: https://ec.europa.eu/commission/presscorner/detail/en/IP_05_1687 (accessed on 22 August 2023).

	



Diarra, M.S.; Malouin, F. Antibiotics in Canadian poultry productions and anticipated alternatives. Front. Microbiol. 2014, 5, 282. [Google Scholar] [CrossRef]

	



Lin, J.; Comi, M.; Vera, P.; Alessandro, A.; Qiu, K.; Wang, J.; Wu, S.-G.; Qi, G.-H.; Zhang, H.-J. Effects of Saccharomyces cerevisiae hydrolysate on growth performance, immunity function, and intestinal health in broilers. Poult. Sci. 2023, 102, 102237. [Google Scholar] [CrossRef]

	



Yalçın, S.; Eser, H.; Cengiz, S.; Eltan, Ö. Effects of dietary yeast autolysate (Saccharomyces cerevisiae) on performance, carcass and gut characteristics, blood profile, and antibody production to sheep red blood cells in broilers. J. Appl. Poult. Res. 2013, 22, 55–61. [Google Scholar] [CrossRef]

	



Salinas-Chavira, J.; Montano, M.F.; Torrentera, N.; Zinn, R.A. Influence of feeding enzymatically hydrolysed yeast cell wall + yeast culture on growth performance of calf-fed Holstein steers. J. Appl. Anim. Res. 2018, 46, 327–330. [Google Scholar] [CrossRef]

	



Zhang, J.; Lü, F.; Shao, L.; He, P. The use of biochar-amended composting to improve the humification and degradation of sewage sludge. Bioresour. Technol. 2014, 168, 252–258. [Google Scholar] [CrossRef]

	



Bortoluzzi, C.; Barbosa, J.G.M.; Pereira, R.; Fagundes, N.S.; Rafael, J.M.; Menten, J.F.M. Autolyzed yeast (Saccharomyces cerevisiae) supplementation improves performance while modulating the intestinal immune-system and microbiology of broiler chickens. Front. Sustain. Food Syst. 2018, 2, 85. [Google Scholar] [CrossRef]

	



Gao, J.; Zhang, H.J.; Yu, S.H.; Wu, S.G.; Yoon, I.; Quigley, J.; Gao, Y.P.; Qi, G.H. Effects of Yeast Culture in Broiler Diets on Performance and Immunomodulatory Functions. Poult. Sci. 2008, 87, 1377–1384. [Google Scholar] [CrossRef]

	



Ogbuewu, I.; Okoro, V.; Mbajiorgu, C. Probiotic-yeast improves performance indicators in broiler chickens: Evidence from meta-analysis. Appl. Ecol. Environ. Res. 2020, 18, 2823–2843. [Google Scholar] [CrossRef]

	



Morales-López, R.; Auclair, E.; García, F.; Esteve-Garcia, E.; Brufau, J. Use of yeast cell walls; β-1, 3/1, 6-glucans; and mannoproteins in broiler chicken diets. Poult. Sci. 2009, 88, 601–607. [Google Scholar] [CrossRef]

	



Bozkurt, M.; Kucukyilma, K.; Catli, A.; Cinar, M. Growth Performance and Slaughter Characteristics of Broiler Chickens Fed with Antibiotic, Mannan Oligosaccharide and Dextran Oligosaccharide Supplemented Diets. Int. J. Poult. Sci. 2008, 7, 969–977. [Google Scholar] [CrossRef]

	



Ahmad, R.; Yu, Y.-H.; Hsiao, F.S.-H.; Dybus, A.; Ali, I.; Hsu, H.-C.; Cheng, Y.-H. Probiotics as a Friendly Antibiotic Alternative: Assessment of Their Effects on the Health and Productive Performance of Poultry. Fermentation 2022, 8, 672. [Google Scholar] [CrossRef]

	



Ahmed, M.E.; Abbas, T.E.; Abdlhag, M.A.; Mukhtar, D.E. Effect of Dietary Yeast (Saccharomyces cerevisiae) Supplementation on Performance, Carcass Characteristics and Some Metabolic Responses of Broilers. Anim. Veter-Sci. 2015, 3, 5. [Google Scholar] [CrossRef]

	



Invernizzi, G.; Agazzi, A.; Ferroni, M.; Rebucci, R.; Fanelli, A.; Baldi, A.; Dell’orto, V.; Savoini, G. Effects of Inclusion of Selenium-Enriched Yeast in the Diet of Laying Hens on Performance, Eggshell Quality, and Selenium Tissue Deposition. Ital. J. Anim. Sci. 2013, 12, e1. [Google Scholar] [CrossRef]

	



Honda, B.T.B.; Calefi, A.S.; Costola-De-Souza, C.; Quinteiro-Filho, W.M.; da Silva Fonseca, J.G.; de Paula, V.F.; Palermo-Neto, J. Effects of heat stress on peripheral T and B lymphocyte profiles and IgG and IgM serum levels in broiler chickens vaccinated for Newcastle disease virus. Poult. Sci. 2015, 94, 2375–2381. [Google Scholar] [CrossRef]

	



Shini, S.; Kaiser, P. Effects of stress, mimicked by administration of corticosterone in drinking water, on the expression of chicken cytokine and chemokine genes in lymphocytes. Stress 2009, 12, 388–399. [Google Scholar] [CrossRef]

	



Haque, M.H.; Sarker, S.; Islam, M.S.; Islam, M.A.; Karim, M.R.; Kayesh, M.E.H.; Shiddiky, M.J.; Anwer, M.S. Sustainable antibiotic-free broiler meat production: Current trends, challenges, and possibilities in a developing country perspective. Biology 2020, 9, 411. [Google Scholar] [CrossRef]

	



Ghosh, T.K.; Haldar, S.; Bedford, M.R.; Muthusami, N.; Samanta, I. Assessment of yeast cell wall as replacements for antibiotic growth promoters in broiler diets: Effects on performance, intestinal histo-morphology and humoral immune responses. J. Anim. Physiol. Anim. Nutr. 2012, 96, 275–284. [Google Scholar] [CrossRef]

	



Wang, W.; Li, Z.; Han, Q.; Guo, Y.; Zhang, B.; D’inca, R. Dietary live yeast and mannan-oligosaccharide supplementation attenuate intestinal inflammation and barrier dysfunction induced by Escherichia coli in broilers. Br. J. Nutr. 2016, 116, 1878–1888. [Google Scholar] [CrossRef]

	



Spring, P.; Wenk, C.; Dawson, K.A.; Newman, K.E. The effects of dietary mannaoligosaccharides on cecal parameters and the concentrations of enteric bacteria in the ceca of salmonella-challenged broiler chicks. Poult. Sci. 2000, 79, 205–211. [Google Scholar] [CrossRef]

	



Hahn-Didde, D.; Purdum, S.E. Prebiotics and probiotics used alone or in combination and effects on pullet growth and intestinal microbiology. J. Appl. Poult. Res. 2016, 25, 1–11. [Google Scholar] [CrossRef]

	



Servin, A.L. Antagonistic activities of lactobacilli and bifidobacteria against microbial pathogens. FEMS Microbiol. Rev. 2004, 28, 405–440. [Google Scholar] [CrossRef]

	



Ishnaiwer, M.; Bezabih, Y.; Javaudin, F.; Sassi, M.; Bemer, P.; Batard, E.; Dion, M. In vitro and in vivo activity of new strains of Bacillus subtilis against ESBL-producing Escherichia coli: An experimental study. J. Appl. Microbiol. 2022, 132, 2270–2279. [Google Scholar] [CrossRef]

	



Olsen, R.H.; Bisgaard, M.; Löhren, U.; Robineau, B.; Christensen, H. Extended-spectrum β-lactamase-producing Escherichia coli isolated from poultry: A review of current problems, illustrated with some laboratory findings. Avian Pathol. 2014, 43, 199–208. [Google Scholar] [CrossRef]

	



Roy, B.; Ray, B. Potentiality of Saccharomyces cerevisiae in replacing antibiotic growth promoters on growth, gut microbiology, histology, and serum antibody titers of commercial broilers. J. Appl. Poult. Res. 2023, 32, 100352. [Google Scholar] [CrossRef]

	



Zhang, A.W.; Lee, B.D.; Lee, S.K.; Lee, K.W.; An, G.H.; Song, K.B.; Lee, C.H. Effects of yeast (Saccharomyces cerevisiae) cell components on growth performance, meat quality, and ileal mucosa development of broiler chicks. Poult. Sci. 2005, 84, 1015–1021. [Google Scholar] [CrossRef]

	



Tizard, I.R. Veterinary Immunology-E-Book: Veterinary Immunology-E-Book; Elsevier Health Sciences: Amsterdam, The Netherlands, 2017; ISBN 978-0-323-52348-6. [Google Scholar]

	



Patel, A.K.; Pandey, V.C.; Pal, J.K. Evidence of genetic drift and reassortment in infectious bursal disease virus and emergence of outbreaks in poultry farms in India. Virus Dis. 2016, 27, 161–169. [Google Scholar] [CrossRef]

	



Gao, J.; Zhang, H.J.; Wu, S.G.; Yu, S.H.; Yoon, I.; Moore, D.; Gao, Y.P.; Yan, H.J.; Qi, G.H. Effect of Saccharomyces cerevisiae fermentation product on immune functions of broilers challenged with Eimeria tenella. Poult. Sci. 2009, 88, 2141–2151. [Google Scholar] [CrossRef]








 





Table 1. Ingredient and nutrient composition of basal diets.
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SL. No.

	
Ingredients (%)

	
Starter (1–14 d)

	
Grower (15–28 d)

	
Finisher (29–42 d)






	
1

	
Maize

	
57.289

	
59.381

	
62.519




	
2

	
Soyabean meal

	
37.247

	
34.035

	
30.003




	
3

	
Soybean oil

	
1.841

	
3.143

	
4.208




	
4

	
Dicalcium phosphate

	
1.503

	
1.375

	
1.261




	
5

	
Limestone phosphate

	
0.756

	
0.835

	
0.828




	
6

	
Salt

	
0.322

	
0.324

	
0.326




	
7

	
DL-methionine

	
0.314

	
0.260

	
0.231




	
8

	
L-lysine HCL

	
0.226

	
0.154

	
0.131




	
9

	
L-threonine

	
0.084

	
0.055

	
0.055




	
10

	
Toxin Binder 1

	
0.050

	
0.050

	
0.050




	
11

	
Sodium bi-carbonate

	
0.100

	
0.100

	
0.100




	
12

	
Bio-Choline 2

	
0.050

	
0.070

	
0.070




	
13

	
Trace mineral mixture 3

	
0.100

	
0.100

	
0.100




	
14

	
Vitamin premix 4

	
0.100

	
0.100

	
0.100




	
15

	
Antioxidant 5

	
0.010

	
0.010

	
0.010




	
16

	
Phytase 6

	
0.010

	
0.010

	
0.010




	
Nutrient composition




	
1

	
Metabolizable energy (kcal/kg) 7

	
3000.00

	
3100.00

	
3200.00




	
2

	
Crude protein (%) 8

	
22.24

	
20.74

	
19.12




	
3

	
Ether extract (%) 8

	
4.37

	
5.73

	
6.81




	
4

	
Crude fiber (%) 8

	
3.72

	
3.66

	
3.54




	
5

	
Calcium (%) 8

	
0.93

	
0.90

	
0.86




	
6

	
Available phosphorus (%) 7

	
0.45

	
0.42

	
0.39




	
7

	
Digestible lysine (%) 7

	
1.22

	
1.09

	
0.98




	
8

	
Digestible methionine (%) 7

	
0.60

	
0.53

	
0.49




	
9

	
Digestible methionine + cysteine (%) 7

	
0.88

	
0.80

	
0.74




	
10

	
Digestible threonine (%) 7

	
0.77

	
0.70

	
0.65








1 Niltox™, Zeus Biotech Limited, Mysore, India. 2 BioCholine 60, Indian Herbs Specialities Pvt. Ltd., Solan, Himachal Pradesh, India, 3 contains zinc 4.0%, manganese 4.0%, iron 1.5%, copper 0.8%, iodine 0.4%, selenium 300 ppm, chromium 200 ppm (Zenex animal health India Pvt. Ltd., Patiya, Ahmedabad, India), 4 contains vitamin E 100 g, vitamin A 40,000,000 IU, vitamin D3 12,000,000 IU, pantothenic acid 60 g, vitamin K 8 g, vitamin B1 120 g, vitamin B2 24 g, vitamin B6 10 g, vitamin B12 0.10 g, biotin 0.40 g, Folic acid 4 g, niacin 100 g (DSM Nutritional Products India Pvt. Ltd. Mahabubnagar, Telangana, India). 5 Endox, Kemin Industries, Inc., Scott Ave Des Moines, IA, USA. 6 quantam blue, AB Vista, Pune, India. 7 Calculated values (based on the Asia South feed ingredients report 2016, Evonik Pvt Ltd., Singapore). 8 Analyzed values (average of triplicate values).













 





Table 2. Effect of probiotic (Bacillus subtilis) and postbiotic (Saccharomyces cerevisiae fermentation products) on final body weight (BW), average daily gain (ADG), average daily feed intake (ADFI) and feed conversion ratio (FCR) and liveability of broiler chickens.
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Attribute

	
Treatment 1

	
SEM 2

	
p-Value




	
T1

	
T2

	
T3






	
ADG (g/d)




	
1–14 d

	
30.12 b

	
30.35 b

	
31.99 a

	
0.232

	
0.001




	
15–28 d

	
76.19

	
76.10

	
75.11

	
0.377

	
0.446




	
29–42 d

	
85.71

	
87.84

	
89.52

	
1.699

	
0.669




	
1–42 d

	
64.01

	
64.76

	
65.54

	
0.565

	
0.554




	
Final BW (g)

	
2737.33

	
2770.02

	
2802.45

	
23.704

	
0.547




	
ADFI (g/d)




	
1–14 d

	
33.74 b

	
33.76 b

	
35.65 a

	
0.232

	
0.000




	
15–28 d

	
104.89 a

	
102.57 b

	
100.38 c

	
0.431

	
0.000




	
29–42 d

	
154.47

	
153.03

	
153.36

	
1.367

	
0.090




	
1–42 d

	
97.70

	
96.45

	
96.46

	
0.533

	
0.561




	
FCR (g intake/g gain)




	
1–14 d

	
1.12

	
1.11

	
1.12

	
0.058

	
0.922




	
15–28 d

	
1.38 a

	
1.35 ab

	
1.34 b

	
0.007

	
0.059




	
29–42 d

	
1.81

	
1.76

	
1.73

	
0.022

	
0.293




	
1–42 d

	
1.53 a

	
1.49 ab

	
1.47 b

	
0.008

	
0.015




	
Livability (%)

	
97.22

	
97.22

	
97.22

	
0.813

	
1.000








abc Means bearing different superscripts in the same row differ significantly (p ≤ 0.05).1 The control diet (T1), control diet was supplemented with probiotic (Bacillus subtilis) at 200 mg/MT feed (T2), postbiotic (Saccharomyces cerevisiae fermentation products) at 1.25 kg/MT feed (T3). 2 SEM, standard error of means (n = 12).













 





Table 3. Effect of probiotic (Bacillus subtilis) and postbiotic (Saccharomyces cerevisiae fermentation products) on carcass traits in broiler chickens at day 42.
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Carcass Traits

	
Treatment 1

	
SEM 2

	
p-Value




	
T1

	
T2

	
T3






	
Slaughter body weight (g)

	
2718.92

	
2757.08

	
2784.58

	
24.096

	
0.549




	
Eviscerated carcass weight (g)

	
1829.83

	
1867.58

	
1874.92

	
16.685

	
0.510




	
Dressing Percentage

	
67.34

	
67.72

	
67.37

	
0.251

	
0.802




	
Breast (g)

	
731.58

	
739.75

	
754.83

	
12.849

	
0.766




	
Frame (g)

	
315.00

	
334.25

	
325.92

	
5.548

	
0.375




	
Thigh (g)

	
279.33

	
283.00

	
284.33

	
6.226

	
0.947




	
Drumstick (g)

	
254.83

	
272.33

	
268.50

	
5.832

	
0.449




	
Wing (g)

	
143.67

	
145.83

	
151.92

	
3.707

	
0.655




	
Neck (g)

	
74.71

	
78.83

	
80.21

	
2.204

	
0.584




	
Gizzard (g)

	
57.56

	
56.21

	
54.98

	
0.775

	
0.408




	
Liver (g)

	
44.92

	
42.20

	
43.43

	
0.702

	
0.294




	
Heart (g)

	
11.56

	
11.46

	
11.18

	
0.152

	
0.581




	
Spleen (g)

	
2.78

	
2.74

	
2.62

	
0.078

	
0.712




	
Bursa (g)

	
1.52

	
1.46

	
1.48

	
0.055

	
0.894




	
Abdominal fat (g)

	
38.58

	
40.44

	
42.29

	
0.887

	
0.237








1 The control diet (T1), control diet was supplemented with probiotic (Bacillus subtilis) at 200 mg/MT feed (T2), postbiotic (Saccharomyces cerevisiae fermentation products) at 1.25 kg/MT feed (T3). 2 SEM, standard error of means (n = 12).













 





Table 4. Effect of probiotic (Bacillus subtilis) and postbiotic (Saccharomyces cerevisiae fermentation products) on blood biochemical profile (35 d), serum cortisol concentration in broiler chickens.






Table 4. Effect of probiotic (Bacillus subtilis) and postbiotic (Saccharomyces cerevisiae fermentation products) on blood biochemical profile (35 d), serum cortisol concentration in broiler chickens.





	
Attribute

	
Treatment 1

	
SEM 2

	
p-Value




	
T1

	
T2

	
T3






	
Glucose (mg/dL)

	
137.03

	
136.49

	
138.38

	
2.991

	
0.967




	
Total Protein (mg/dL)

	
2.86

	
2.88

	
2.67

	
0.060

	
0.309




	
Albumin (mg/dL)

	
1.77

	
1.79

	
1.72

	
0.065

	
0.912




	
Cholesterol (mg/dL)

	
118.09 a

	
120.41 a

	
90.01 b

	
3.868

	
0.001




	
Triglyceride (mg/dL)

	
145.97

	
142.68

	
139.55

	
3.311

	
0.742




	
Uric Acid (mg/dL)

	
2.85

	
3.30

	
3.17

	
0101

	
0.181




	
Corticosterone(nmol/L)




	
28 d

	
2.615

	
2.837

	
2.200

	
0.128

	
0.117




	
35 d

	
2.027 a

	
1.840 a

	
1.049 b

	
0.122

	
0.001








ab Means bearing different superscripts in the same row differ significantly (p ≤ 0.05). 1 The control diet (T1), control diet was supplemented with probiotic (Bacillus subtilis) at 200 mg/MT feed (T2), postbiotic (Saccharomyces cerevisiae fermentation products) at 1.25 kg/MT feed (T3). 2 SEM, standard error of means (n = 12).













 





Table 5. Effect of probiotic (Bacillus subtilis) and postbiotic (Saccharomyces cerevisiae fermentation products) on blood hematological profile in broiler chickens on day 35.
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Attribute

	
Treatment 1

	
SEM 2

	
p-Value




	
T1

	
T2

	
T3






	
Haemoglobin (g/dL)

	
13.45

	
13.72

	
13.85

	
0.520

	
0.953




	
Total leukocyte count (n × 103/μL)

	
22.28

	
21.82

	
21.85

	
0.367

	
0.859




	
Heterophil (%)

	
33.80

	
33.56

	
32.34

	
0.681

	
0.657




	
Eosinophil (%)

	
1.80

	
1.55

	
1.58

	
0.228

	
0.890




	
Basophil (%)

	
1.91

	
1.24

	
1.65

	
0.235

	
0.516




	
Lymphocyte (%)

	
59.28

	
60.56

	
60.98

	
0.738

	
0.632




	
Monocyte (%)

	
3.22

	
3.09

	
3.46

	
0.268

	
0.857




	
Heterophil:lymphocyte

	
0.58

	
0.56

	
0.54

	
0.017

	
0.598








1 The control diet (T1), control diet was supplemented with probiotic (Bacillus subtilis) at 200 mg/MT feed (T2), postbiotic (Saccharomyces cerevisiae fermentation products) at 1.25 kg/MT feed (T3). 2 SEM, standard error of means (n = 12).













 





Table 6. Effect of probiotic (Bacillus subtilis) and postbiotic (Saccharomyces cerevisiae fermentation products) on viable bacteria numbers (log10 CFU/g) in pre-cecal content in broiler chickens on day 42.
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Attribute

	
Treatment 1

	
SEM 2

	
p-Value




	
T1

	
T2

	
T3






	
Lactobacillus

	
5.898

	
5.928

	
5.890

	
0.008

	
0.108




	
Total E. coli

	
7.377 a

	
7.136 b

	
7.058 b

	
0.051

	
0.024




	
Enterohaemorrhagic E. coli

	
3.882 a

	
3.245 b

	
3.140 b

	
0.661

	
0.000




	
ESBL producing Enterobacteriaceae

	
3.109 a

	
2.833 b

	
2.298 c

	
0.0664

	
0.000




	
Salmonella

	
7.526 a

	
7.045 b

	
6.813 c

	
0.061

	
0.000








abc Means bearing different superscripts in the same row differ significantly (p ≤ 0.05).1 The control diet (T1), control diet was supplemented with probiotic (Bacillus subtilis) at 200 mg/MT feed (T2), postbiotic (Saccharomyces cerevisiae fermentation products) at 1.25 kg/MT feed (T3). 2 SEM, standard error of means (n = 12).













 





Table 7. Effect of probiotic (Bacillus subtilis) and postbiotic (Saccharomyces cerevisiae fermentation products) on gut morphology in broiler chickens on day 42.
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Attribute

	
Treatment 1

	
SEM 2

	
p-Value




	
T1

	
T2

	
T3






	
Duodenum




	
Villi height (VH; μm)

	
814.33 b

	
991.25 a

	
1049 a

	
37.409

	
0.023




	
Villi width (VW; μm)

	
92.67

	
89.83

	
84.75

	
3.158

	
0.598




	
Crypt depth (CD; μm)

	
99.83 a

	
80.00 b

	
79.58 b

	
2.991

	
0.004




	
VH/CD ratio

	
8.33 b

	
12.74 a

	
13.76 a

	
0.704

	
0.002




	
Jejunum




	
Villi height (VH; μm)

	
818.58 b

	
948.67 a

	
967.75 a

	
26.797

	
0.042




	
Villi width (VW; μm)

	
95.42

	
99.42

	
100.58

	
2.285

	
0.633




	
Crypt depth (CD; μm)

	
98.58 a

	
82.75 ab

	
78 b

	
3.635

	
0.049




	
VH/CD ratio

	
8.86 b

	
12.00 a

	
12.68 a

	
0.528

	
0.004




	
Ileum




	
Villi height (VH; μm)

	
857.75 b

	
967.08 ab

	
1035.50 a

	
29.147

	
0.036




	
Villi width (VW; μm)

	
105.67

	
106

	
106.67

	
3.539

	
0.994




	
Crypt depth (CD; μm)

	
90.83 a

	
87.25 a

	
74.75 b

	
2.436

	
0.014




	
VH/CD ratio

	
9.65 b

	
11.24 b

	
14.03 a

	
0.497

	
0.000








ab Means bearing different superscripts in the same row differ significantly (p ≤ 0.05).1 The control diet (T1), control diet was supplemented with probiotic (Bacillus subtilis) at 200 mg/MT feed (T2), postbiotic (Saccharomyces cerevisiae fermentation products) at 1.25 kg/MT feed (T3). 2 SEM, standard error of means (n = 12).













 





Table 8. Effect of probiotic (Bacillus subtilis) and postbiotic (Saccharomyces cerevisiae fermentation products) on antibody titer (log10) against infectious bursal disease virus (IBDV) and Newcastle disease virus (NDV), phagocytic activity of neutrophil (as expressed in optical density at 450 nm) and lymphocytes (stimulation index) in broiler chickens at 35 day.






Table 8. Effect of probiotic (Bacillus subtilis) and postbiotic (Saccharomyces cerevisiae fermentation products) on antibody titer (log10) against infectious bursal disease virus (IBDV) and Newcastle disease virus (NDV), phagocytic activity of neutrophil (as expressed in optical density at 450 nm) and lymphocytes (stimulation index) in broiler chickens at 35 day.





	
Attribute

	
Treatment 1

	
SEM 2

	
p-Value




	
T1

	
T2

	
T3






	
Antibody titre




	
IBDV-28 d

	
2.719 b

	
2.808 ab

	
3.041 a

	
0.052

	
0.028




	
IBDV-35 d

	
2.757

	
3.009

	
2.871

	
0.066

	
0.307




	
NDV-28 d

	
2.608 b

	
2.985 a

	
2.865 a

	
0.051

	
0.006




	
NDV-35 d

	
2.401

	
2.576

	
2.556

	
0.061

	
0.453




	
In vitro phagocytic activity




	
Neutrophil

	
0.567

	
0.515

	
0.544

	
0.012

	
0.227




	
Lymphocyte

	
1.124

	
1.145

	
1.133

	
0.028

	
0.958








ab Means bearing different superscripts in the same row differ significantly (p ≤ 0.05).1 The control diet (T1), control diet was supplemented with probiotic (Bacillus subtilis) at 200 mg/MT feed (T2), postbiotic (Saccharomyces cerevisiae fermentation products) at 1.25 kg/MT feed (T3). 2 SEM, standard error of means (n = 12).
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