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The aim of this study was to investigate effect of Bacillus subtilis (BS), yeast cell wall (YCW), and their combination on intestinal and bone development and egg production of young hens. A total of 160, one-day-old Hy-Line Sonia chicks were randomly allocated into 4 treatments of 8 replicate cages of 5 birds each. Treatments were arranged in a 2 (0 and 0.5 g/kg of BS) × 2 (0 and 2 g/kg of YCW) factorial arrangement for a duration of 170-d as follows: (1) regular diet (Control group); (2) the regular diet plus 0.5 g BS/kg (BS group); (3) the regular diet plus 2 g YCW/kg (YCW group); and (4) the regular diet plus 0.5 g BS/kg and 2 g YCW/kg (BS + YCW group). One bird from each of the 8 replicate cages per treatment were randomly taken for sampling at d 110 and 170, respectively. Results indicated that there were different effects of BS and YCW on bird organ development and innate immune. YCW supplementation increased thymus index and serum concentrations of IgM of hens (p < 0.05). In addition, an interaction was observed between YCW diet and age on serum IL-6 concentrations (p < 0.05), mainly because YCW birds had the highest serum IL-6 concentration at d 110. Dietary supplementation with BS reduced the crypt depth in the duodenum and jejunum with an increased ratio of villus height to crypt depth (p < 0.05) in the duodenum, jejunum, and ileum. However, a YCW × age interaction on the jejunal villus height existed, mainly because non-YCW diet had the lowest jejunal villus height at d 170 (p < 0.05). Both BS and YCW enhanced egg weight, eggshell thickness and yolk color (p < 0.05), while YCW improved albumen height and Haugh unit (p < 0.05). There was no treatment effect on measured bone parameters except that YCW birds had lager tibial diameter (p < 0.05) at d 170. The results indicate that dietary BS and/or YCW improve the intestinal and bone development and immune status of young hens, which may contribute to the increased egg quality during the early sexual maturity stage.

Keywords
 Bacillus subtilis; yeast cell wall; intestinal morphology; egg quality; young hens


1 Introduction

Antibiotics, as growth promotors, have commonly been used over the past decades to combat infections and to improve growth performance in poultry production (1). However, due to public health and food safety threats, the use of antibiotics in food-producing animals has been banned in several regions worldwide (2). Prebiotics and probiotics have been widely used as alternatives to antibiotics owing to their ability to improve gut health and enhance production performance in poultry as well as other farm animals (3). Probiotics are living bacteria (direct-fed microbials) that, when ingested in adequate amounts, confer health benefits to the host by promoting the growth of beneficial intestinal bacteria (4). Prebiotics are indigestible or unabsorbable carbohydrates, functionally promoting the metabolism and proliferation of beneficial bacteria in the gastrointestinal tract (GIT), thereby improving host health. To some extent, prebiotics often work synergistically with probiotics (5). However, the diverse range of probiotics and prebiotics, coupled with their occasional inefficacy when used independently (6), highlights the need to develop effective probiotic-prebiotic combinations specifically designed for poultry production. Such combinations would help to meet the growing demands of customers for safe and sustainable poultry products.

Bacillus subtilis (BS), a gram-positive bacterium belonging to the genus Bacillus, is widely used as a probiotic in poultry management due to the stability and heat resistance of its metabolically dormant spores (7, 8). It has been shown that dietary addition of BS improves the feed-to-egg conversion ratio and enhances yolk weight and eggshell strength in 65-week-old Leghorn layers (9). Similarly, supplementation of high doses of BS increased albumen height and Haugh unit in laying hens at 19–48 weeks of age (10). In addition, BS reduces intestinal damage in necrotizing enteritis models in broiler chickens, thereby improving growth performance (11). However, some other findings suggest that BS has no significant effect on egg production, average egg weight, and gut morphology, but merely regulates the cecal microbiota toward a healthier composition (12). The yeast cell wall (YCW) derived from brewer’s yeast through industrial processing is an odorless light-yellow powder composed primarily of mannans and β-glucans, which is a natural microbial polysaccharide with excellent bioactivity and nutritional value. Dietary supplementation with YCW has been shown to improve broiler gut health by upregulating the expression of intestinal tight junction-related protein genes and enhancing intestinal barrier function (13). YCW supplementation also reduces the severity of necrotizing enterocolitis, including decreased mortality and morbidity (14) by mitigating cell death, apoptosis, and innate inflammatory responses (15).

Although there are studies involving BS and YCW in poultry, the study on their combined effects on pullets during growing to lay period is scarce. The growing period is the most critical and vulnerable stage in the life cycle of a laying hen, as that during this life stage, the GIT, skeletal system, and other internal organs undergo rapid development with alterations in immune and neuroendocrine functions (16). Enhancing intestinal absorption and bone formation during the growing period is critical for ensuring a steady onset and prolonged maintenance of a peak laying cycle (17). We hypothesized that BS and/or YCW might have effects on improvement of the gut and bone status in pullets and early stage laying hens, which would result in better laying performance. Therefore, the experiment was carried out to evaluate the effects of BS, YCW, and their combination on the production performance, intestinal development, and bone parameters of pullets and early stage laying hens.



2 Materials and methods


2.1 Birds, diet, and experimental design

All procedures of this experiment were approved by the Animal Ethics Committee and performed by following the animal guidelines of the Southwest University, Chongqing, China (The permission number: IACUC-20200726-11).

A total of 160 one-day-old Hy-Line Sonia chicks (Chongqing Huayu Yaoxin Agricultural Technology Co., Ltd.) were randomly allocated to 4 groups, with 8 replicate pullet cages (70 cm × 70 cm × 30 cm) of 5 birds each (n = 8). A 2 × 2 factorial experimental design was applied for a duration of 170-d: two levels of BS (0 and 0.5 g/kg) were crossed with two levels of YCW (0 and 2 g/kg). The dietary treatments were: (1) regular diet (Control group); (2) regular diet + 0.5 g/kg of BS (BS group); (3) regular diet + 2 g/kg of YCW (YCW group); and (4) regular diet + 0.5 g/kg of BS + 2 g/kg of YCW (BS + YCW group). The BS, containing 2 × 1011 CFU/g, and the YCW, containing β-glucan (≥30%) and mannan-oligosaccharides (MOS, ≥20%), were provided by Angel Yeast Co., Ltd. (Yichang, China). The regular diet was provided by Charoen Pokphand Feed Co., Ltd. (Chongqing, China) and formulated to meet the nutrient requirements of Chinese feeding standard (NY/T33-2004). The birds were fed a starter diet (analyzed nutrient levels: crude protein, 20.1%; crude fiber,4.41%; crude ash, 6.10%; calcium, 0.95%; total phosphorus, 0.64%; Lysine, 0.91%; and Methionine + Cysteine,0.74%) from d 1 to 42; a grower diet (analyzed nutrient levels: crude protein, 16%; crude fiber, 4.20%; crude ash, 6.30%; calcium, 0.95%; total phosphorus, 0.60%; Lysine, 0.80%; and Methionine + Cysteine, 0.61%) from d 43 to 112; and a laying diet (analyzed nutrient levels: crude protein, 16.50%; crude fiber, 4.81%; crude ash, 11.10%; calcium, 3.90%; total phosphorus, 0.55%; Lysine, 0.85%; and Methionine + Cysteine,0.65%) from d 113 until d 170. At d 113, birds were transferred from pullet cage to laying cage (40 cm × 35 cm × 35 cm) with 2 birds per cage (the remaining birds were used for commercialization, n = 8) to continue the experiment until d 170. The birds from each pullet cage in the pullet period remained together as experimental unit when transferred to the laying cage. Feed and water were provided ad libitum during the entire experiment and the environmental temperature program was followed by the recommendation of the Hy-Line Sonia Commercial Layer Management Guide.



2.2 Sample collection

One bird from each of the 8 replicate cages per treatment was randomly taken for sampling at d 110 and 170, respectively (n = 8). After taken the body weight, each bird was anesthetized with pentobarbital sodium (30 mg/kg of body weight), consequently blood was collected via cardiac puncture, killed by cervical dislocation, and then the thymus, spleen, bursa, glandular and muscular stomach were collected for calculating each organ’s relative index (the organ relative index = absolute organ weight (g)/body weight (g) × 100%). The blood samples were kept at room temperature for 2 h, then centrifuged at 2,000 × g for 10 min. at 4°C. Each collected serum was divided into two aliquots and stored at −20°C for future tests. In addition, 3 cm samples around the midsegment of each of the duodenum, jejunum, and ileum were separately collected and preserved in 10% buffered formalin for subsequent analyses. Furthermore, on d 170, the right femur and tibia of each sampled bird were collected and stored at −20°C for future analyses. Concurrently, on d 166–169 (about 24 weeks of age), eggs were collected daily for egg production and egg quality analysis.



2.3 Serum inflammatory factors and immunoglobulin analysis

The concentrations of tumor necrosis factor alpha (TNF-α), interleukin (IL)-6, and IgM were measured by an automatic microplate reader using double antibody sandwich ELISA according to the manufactory manuals of each kit (Xiamen Huijia Biotechnology Co., Ltd., Fujian, China).



2.4 Intestinal histology analysis

Approximately 1 cm segments of the formalin-fixed intestinal samples from the duodenum, jejunum, and ileum were processed separately. The samples were dehydrated using a graded ethanol series, transparentized with xylene, embedded in paraffin, and then sectioned at 3 μm thickness using a sliding microtome (Leica RM2235, Leica microsystems, Wetzlar, Germany). The sections were stained with hematoxylin and eosin. The sections were observed and photographed under a microscope (BX53 Olympus, Japan), and villus height and crypt depth were measured using Image J software, and then villus height to crypt depth (V/C) ratios were calculated. For each sample, three non-consecutive sections with three fields per section, at least 10 villus-crypt units per sample, were analyzed and then the average values were calculated.



2.5 Bone performance parameters analysis

Each collected right leg was stripped of all soft tissues (skin, muscle, and fascia) for collecting the femur (n = 8) and tibia (n = 8). The length and midshaft diameter of the femur and tibia were measured using a vernier caliper (PD-301, Pro’skit, China). Each measurement was repeated three times, and the average value was recorded. The femur and tibia were placed in the bone densitometer (Dual-energy X-ray bone densitometer InAlyzer, Medikors, South Korea) for bone density and content analyses. The fracture strength at the midpoint of the femur and tibia was measured by using a universal testing machine (LR10K Plus, Lloyd Instruments Ltd., England) to record the maximum load weight based on the three-point bending method with an elongation rate of 10 mm/min.



2.6 Egg production and quality analysis

Dring the period of d 166–169 (approximately 24-week-old), all eggs of each cage (n = 8) were collected daily for analyzing egg production rate and broken egg ratio according to the formulas: Egg production rate (%) = (total eggs in each cage/the number of birds in each cage during the period) × 100%; and broken egg rate (%) = (total number of broken egg in each cage/total number of eggs in each cage) × 100%.

One egg from each of the 8 replicate cages (n = 8) within each group was randomly taken for analyzing egg quality. Egg weight, albumen height, yolk color, and Haugh unit were analyzed by an Egg Analyzer (EA-01, ORKA Food Technology Ltd., Israel). The eggshell color was determined using eggshell color reflectometer (QRS, TSS, England). After removing the contents and allowing the shells to dry, the thickness of eggshell was measured using a vernier caliper at three points around the equator of egg, and then the average value was calculated. Eggshell strength was tested by using an Egg Force Reader (EFR-01, ORKA Food Technology Ltd., Israel).



2.7 Statistical analysis

Regarding growth performance (sampling at d 110), egg production and bone performance (sampling at d 170) data, a 2-way ANOVA was used using the Generalized Linear Model (GLM) procedure of SPSS software (version 20.0, SPSS Inc., Chicago, IL, United States). The model included the main effects of BS, YCW, and their interaction. Tukey’s post hoc test was performed when a significant interaction was observed.

Considering that the 110- and 170-d birds originated from the same cage, a Repeated Measures ANOVA was used by the GLM procedure of SPSS software for data on immune status and intestinal morphology parameters (sampling at d 110 and 170). The model included the within-subjects variables (Time), between-subjects factors (BS and YCW) and their interaction. Tukey’s post hoc test was performed when a significant interaction was observed. Cage was the experimental unit for all variables data. Statistical significance was set at p < 0.05 for all data.




3 Results


3.1 Body weight and organ index

As shown in Table 1, birds fed with the diets containing YCW had a greater the thymus index than birds fed with the non-YCW diets at d 110 (p < 0.05). There were no interaction effects of BS and YCW supplements on birds’ body weight and other measured organ indexes (p > 0.05).



TABLE 1 Effects of Bacillus Subtilis (BS) and yeast cell wall (YCW) on body weight and organ index of 110-d hens.
[image: Table1]



3.2 Serum inflammatory factors and immunoglobulin

Serum TNF-α concentrations were lower in 170-d laying hens compared with 110-d pullets (p < 0.05) (Table 2). Additionally, dietary supplementation with YCW increased the serum concentrations of IgM in hens (p < 0.05). Additionally, there was an interactive effect between YCW and age on serum IL-6 concentration of hens (p = 0.005). Specifically, serum IL-6 concentrations were lower in 170-d laying hens fed with YCW compared with 110-d pullets fed with YCW (p < 0.05) (Table 3).



TABLE 2 Effects of Bacillus subtilis (BS) and yeast cell wall (YCW) on serum inflammatory factors and immunoglobulin of 110- and 170-d hens.
[image: Table2]



TABLE 3 Effect of time and YCW on serum IL-6 concentration in hens.
[image: Table3]



3.3 Intestinal morphology

BS supplementation increased jejunal and ileal villus heights, the ratio of V/C of the small intestine (duodenum, jejunum, and ileum), and decreased crypt depths in the duodenum and jejunum (p < 0.05) (Table 4; Supplementary Figures S1A,B). Lower duodenal crypt depth and jejunal villus height were observed in 170-d laying hens, whereas ileal villus height and the ratio of V/C increased with age (p < 0.05). An interactive effect was observed in the jejunal villus height between age and YCW (p = 0.022). Specifically, in the absence of YCW supplementation, jejunal villus height decreased with age (p < 0.05) (Table 5), whereas in the presence of YCW supplementation, jejunal villus height was not affected by increasing age (p > 0.05) (Table 5).



TABLE 4 Effects of Bacillus subtilis (BS) and yeast cell wall (YCW) on intestinal morphology of 110- and 170-d hens.
[image: Table4]



TABLE 5 Effect of time and YCW on the villus height of jejunum in hens.
[image: Table5]



3.4 Production performance and egg quality

Dietary supplementation of BS significantly enhanced the eggshell thickness, albumen height, yolk color, and Haugh unit of hens (p < 0.05) (Table 6), while YCW increased the eggshell thickness and yolk color (p < 0.05). Additionally, there was a significant interaction between BS and YCW in egg weight (p < 0.05). Compared with the control bird, the heavier egg was observed in the BS, YCW, and BS + YCW birds (p < 0.05). However, no significant effect was observed in laying rate, broken egg rate, eggshell strength, and eggshell color of hens fed with BS and/or YCW (p > 0.05).



TABLE 6 Effects of Bacillus subtilis (BS) and yeast cell wall (YCW) on production performance and egg quality of 170-d hens.
[image: Table6]



3.5 Leg bone performance parameters

A significant interaction between BS and YCW was observed in the femoral length of 170-d hens (p = 0.003) (Table 7). The highest femur length among the treatments was observed in the BS birds (in the order, BS, 85.89 > YCW, 85.19 > BS + YCW, 83.44 > control, 82.64). Additionally, the supplementation of YCW increased the tibial diameter of 170-d hens (p < 0.05). However, dietary supplementation with BS and/or YCW did not affect femoral and tibial maximum load, bone mineral density, and bone mineral content (p > 0.05).



TABLE 7 Effects of Bacillus subtilis (BS) and yeast cell wall (YCW) on bone parameters of 170-d hens.
[image: Table7]




4 Discussion

It has been evidenced that the production performance of laying hens declined with age, primarily due to age-related degradation of physical and physiological characteristics, such as deterioration of the intestinal mucosal morphology and bone mineral metabolism (18). It is necessary to strengthen the intestinal function and bone status of laying hens during the rearing and laying periods. Commercial chicks acquire bacteria from the incubation and rearing environment to initially establish the diversity and composition of the gut microbiota, which contributes to gut and bone development (19). Early life (at 1-day-old) administration of dietary BS or YCW may increase egg quality via improving the intestinal and bone development and immune status during the early sexual maturity stage in pullets. The current results support the hypothesis that early establishment of healthy intestinal and healthy skeletal characteristics is particularly important to maintain an optimal egg production performance.

The results showed that BS, YCW, and their combination had no significant effects on body weight as well as egg production and broken egg rate, of hens. Similarly, Liu et al. (20) reported that continuous supplementation of BS C-3102 (3.0 × 105 and 6.0 × 105 CFU/g) to 25-week-old Xuefeng black-bone hens for 56 days did not affect egg production or egg mass. In contrast, a low dose of BS DSM29784 (1.1 × 108 CFU/kg) has been reported to improve Shaver White laying hens’ performance and egg quality from 19 weeks to 48 weeks of age (10). These inconsistent outcomes may be attributed to the different sources of BS and dose as well as the differences in breed and age of laying hens used in these studies. YCW is a green additive rich in β-glucan, mannan, and other bioactive substances with a variety of physiological functions (21). However, there are few studies exploring the direct effect of YCW on the growth performance of young hens. In this study, no significant effect of YCW on the growth performance of young hens was found. In contrast, a study reported that the inclusion of YCW extracts in mycotoxin-challenged chickens had beneficial effects for egg production and egg weight (22). Interestingly, the present experimental results show that the addition of YCW to the diets effectively modulates the immune function with significant changes in serum IL-6, and IgM as well as the thymus index. Parallel reports indicate that YCW supplementation can also enhance immune capabilities in hens when confronted with lipopolysaccharides challenges, consequently reducing inflammatory responses (23). It is speculated that these effects are attributed to the capacity of YCW on influencing the balance of gut microbiota, particularly on bacterial species associated with immune function (23). BS or YCW Modulating gut microbiota composition was not investigated in this study, but previous studies have reported that the supplements of both probiotic BS (24, 25) and YCW (23) at early life improve the host immunity responding to various inflammation and infection via modulating the profiles of gut microbiota and gene expression as well as pathomorphological characteristics.

The small intestine not only plays a crucial role in nutrient digestion and absorption but also serves as a vital barrier against pathogenic microorganisms. Elongated villus height increases the contact area of intestinal mucosa and chyme, by which it improves nutrient and mineral absorptive efficiency (26). Crypts are essential for the maintenance and functional renewal of villi, and crypt depth correlates with the rate of villus renewal (27). During pathophysiological processes such as natural epithelial shedding, inflammatory responses, or developing and repairing intestinal barrier integrity, villus renewal may be accelerated. Intestinal V/C ratio has become a common method used to evaluate intestinal function in nutrient absorption under various diet regimens and damaging challenges in animals including chickens (28, 29). A reduction in villus height coupled with an increase in crypt depth, leading to declined intestinal V/C ratios, consequently diminished nutrient absorptive efficiency, thereby negatively impacting overall performance (30). Conversely, an increase in villus height and or a decrease in crypt depth are typically associated with enhanced nutrient absorption efficiency (31). In current study, it was observed that the dietary supplementation of BS led to a notable decline in the intestinal crypt depth with increased V/C ratios in both the small intestine (the duodenum, jejunum, and ileum). This finding aligns with the study by Chen et al. (32), who reported that dietary addition of BS increased jejunal villus height and the V/C ratios, resulting in improved egg production and egg yield. In one of our previous studies, BS inhibited intestinal inflammation and oxidative stress through modulating intestinal flora and associated metabolites in 48-week-old laying hens, but without significant effect on intestinal histology (33). So early supplementation with BS, as a probiotic, in laying hens may be more beneficial to the intestinal development with long-lasting effect on egg production. On the other hand, YCW can function as a prebiotic to enhance intestinal barrier function by modulating the balance of immune responses and the gut microbiota (34, 35). Mechanistically, YCW upregulates the expression of signaling pathways related to intestinal stem cell proliferation and differentiation, such as Lgr5 and Wnt/β-catenin (35). Intestinal stem cells not only maintain the integrity of the intestinal epithelium through differentiation and proliferation, but also participate in the regulation of the immune and microbial environment of the intestine. Additionally, a well-developed intestinal structure increases the absorption of nutrients as well as minerals, including intestinal calcium ions, which are crucial for eggshell thickness and egg quality.

Egg quality and production performance are closely linked to intestinal absorption function. The current results showed that BS and YCW increased egg quality including egg weight, eggshell thickness, albumen height, yolk color, and Haugh unit, respectively. However, BS and YCW did not affect eggshell strength. Eggshell strength is not only dependent on the mineral content but also dependent on the contents of inorganic mineral ionic crystals (36). Additionally, feeding BS increased albumen height, a key indicator of egg albumen quality associated linked to egg quality (37). The greater albumen height observed in the group fed with BS supplementation may be attributed to enhanced protein absorption from the feed (38, 39). Overall, the current results reveal that BS and YCW supplementations significantly improve egg quality.

The better intestinal structure associated with the better function may favor bone performance in laying hens (40, 41). Generally, the demand for calcium in laying hens during growth with the gradually increasing of egg production. Approximately, 25–40% of the eggshell calcium is from the skeletal store (42). To meet the calcium requirements for eggshell formation, calcium reserved in the medullary bone is rapidly turned over at a rate of 1.6 g/day after the onset of sexual maturity (43). However, previous studies have shown that reliance on bone calcium can disrupt the balance between bone formation and resorption, potentially leading to osteoporosis characterized by reduced bone thickness and strength (43, 44). Therefore, ensuring young hens to achieve ideal peak bone mass and strength is a useful strategy to prevent osteoporosis in later age. However, no significant improvement in bone mineral density and content was observed in this experiment, which may be attributed to the fact that laying hens in this study were in the early stage of egg production and thus had a lower demand for bone calcium. There was a significant interaction effect of BS and YCW on the femoral length, and YCW significantly increased the tibial diameter at early stage laying hens. The medullary bones of the tibia and femur serve as a major source of calcium used in egg production (45). The longer or larger tibia and femur of hens may have larger calcium reserved to meet metabolic calcium demands, especially when reaching peak egg production. Yan et al. (46) reported that BS supplementation could promote bone growth in broilers under heat stress by inhibiting inflammation. These results may indicate that the beneficial effects of BS as well as YCW on bone development may more pronounced under various special conditions, such as heat stress (46) and age-related osteoporosis (47). The hypothesis will be validated in the further studies.

In conclusion, feeding BS and/or YCW during pullet to lay period could significantly improve both the egg and eggshell quality in early stage laying hens by boosting the intestinal development and modulating immunity with some skeletal benefits. BS and YCW combination did not show sufficient synergistic effects at the current conditions. The results provide novel insights into further investigating the effects of BS, YCW, and their interaction on production, health, and welfare of laying hens under various life cycles and stressful conditions.
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