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The impact of bacillus pumilus TS2 isolated from yaks on growth performance, gut microbial community, antioxidant activity, and cytokines related to immunity and inflammation in broilers
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Intensive poultry farming faces challenges like gut inflammation in the absence of antibiotics, resulting in reduced productivity, heightened susceptibility to enteric diseases, and other complications. Alternative strategies are needed to manage inflammation and maintain sustainable poultry production. Yaks living in high-altitude hypoxic environments have specialized gut microbes. However, yak probiotics remain largely uncharacterized. We previously isolated a strain of Bacillus pumilus (named TS2) from yaks and demonstrated its potential as a probiotic in vitro. Therefore, in this study, we evaluated the in vivo growth-promoting, antioxidant, immune, and anti-inflammatory effects of Bacillus pumilus isolated from yaks in broilers. We demonstrated the safety of TS2 isolated from yaks in broilers. Furthermore, we found that TS2 increased the average daily weight gain (ADWG) and reduced the feed conversion ratio (FCR). Supplementation with TS2 also improved the mucosal morphology, the ratio of villi to crypt cells, and enzyme activity. High-throughput sequencing showed that the abundance of Lactobacillus was higher in the TS2 treated broilers. Importantly, the serum level of malondialdehyde (MDA) was reduced and the levels of total antioxidant capacity (T-AOC) and superoxide dismutase (SOD) activity were increased in the low-dose TS2 group, while the inflammatory factors interleukin-1β (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) were downregulated compared with the control group. We demonstrated that TS2 supplementation can increase the overall growth performance and ameliorate the blood parameters related to inflammation and immunity in broilers.
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Introduction

The rapid expansion of intensive farming worldwide has led to increasing challenges in poultry production, such as multiple causes of gut inflammation. Factors associated with these farming practices, such as increased exposure to pathogens, higher animal density, poor quality of feed ingredients, changes in feed formulation, and heat stress, raise the risks of subclinical and/or clinical gut inflammation (1, 2). Exposure to these triggers for an extended period of time (days to weeks) can result in a chronic intestinal inflammatory state with serious consequences for poultry performance and health, as it can alter intestinal architecture and decrease digestibility. These changes can result in the disruption of digestive function, induction of a constant state of oxidative stress, and poor immune competence (3–7).

In the past, large quantities of antibiotics were used as feed additives to promote growth performance (8). However, many studies have confirmed that the misuse of antibiotics may lead to drug resistance in bacteria, cause antibiotic-associated diarrhea, and intestinal microbial imbalance (9). Therefore, the use of antibiotics as feed additives is now banned in many countries. Consequently, there is an urgent need for new growth promoters as replacements for antibiotics in intensive poultry farming to safeguard the intestinal health and promote chicken growth and development. Increasing evidence indicates that probiotics supplementation could promote animal growth and inhibit the pathogenic microorganism (10, 11). Probiotics are live microorganisms that can benefit a host by colonizing the intestines and producing antibiotic substances. Such beneficial microorganisms compete with harmful bacteria for nutrients, adhesion, and colonization in the intestinal mucosa, thereby reducing the stress response, enhancing immunity, and regulating the binding of cytokines to receptors to modulate immune responses (12). Probiotics have shown a variety of health benefits in animals. Some researchers have reported that dietary supplementation with Clostridium butyricum or Bacillus subtilis as alternatives for antibiotics promote growth performance, improve immune function and anti-oxidative status, and benefit the cecal microflora (11, 13, 14). Yaks can survive under hypoxic and extreme weather conditions and may therefore have specialized intestinal bacteria compared to animals that live on the plains at lower altitudes (15).

In previous studies, we isolated a strain of Bacillus pumilus (named TS2) from yaks and demonstrated its potential as a probiotic in vitro. Therefore, in this study, we assessed the effects of TS2 on growth performance, intestinal digestive capacity, and microbes as well as antioxidant capacity, and immune indices in broilers.



Materials and methods


TS2 culture

In our previous work, TS2 was isolated from yak feces, genetically identified, and selected for its beneficial properties, including the inhibition of common pathogens (e.g., S. aureus, Salmonella, and E. coli), and its tolerance to high temperature, high bile salts, and acidic environments. The strain TS2 was preserved in the China Center for Type Culture Collection with the number M2023246. TS2 was activated by incubating on Luria–Bertani (LB) agar at 37°C for 24 h. Then, a single colony was selected and incubated in LB broth (pH 7.0) for 24 h. After centrifugation of the bacterial cultures at 3,000 rpm at 4°C for 10 min, the supernatants were discarded. PBS diluent was then added to the bacterial pellet, and serial dilutions of the bacterial suspension (10-3–10-7) were performed. LB agar plates were inoculated with serial dilutions of TS2 bacterial suspension, which were incubated at 37°C for 24 h prior to colony enumeration. Finally, an appropriate dilution factor was selected for diluting the TS2 bacterial pellet for feeding to broilers.



Animal experiments and sample collection

All procedures contributing to this work complied with the ethical standards of the China Laboratory animal-Guideline for ethical review of animal welfare and were performed following the approval of the Animal Welfare Committee of Nanjing Agricultural University (permit number NJAU.No20220607120). Eighty white-feather broilers (aged 1 day) were obtained from the Nanjing Agricultural University Animal Experiment Center. After 5 days of acclimatization, the broilers, with an average body weight of 100 g per group, were randomly divided into four groups (n = 20/group). The chicks were not individually identified or separated by gender. Broilers in the control group were orally gavaged with 200 μL of physiological saline daily for 15 consecutive days. Broilers in the other three groups received TS2 at doses of 1 × 109 CFU (high-dose group), 1 × 108 CFU (intermediate-dose group), and 1 × 107 CFU (low-dose group) in the same volume (200 μL) by oral gavage for the same duration. The broilers were raised under standard hygienic conditions (temperature: 28 ± 2°C, humidity: 55% ± 2%, light: 12 h) and were allowed free access to food and water. The composition and nutrient levels of the basal diets are shown in Table 1 (16, 17). The body weight and feed intake of the broilers were recorded daily for the duration of the experiment. On the 21st day, all chicks from each group were euthanized, and five samples of the jejunal stools were selected. The duodenum, jejunum, and ileum of all euthanized chicks were collected for hematoxylin and eosin (H&E) staining. Blood samples were also collected, placed statically in the centrifuge tube for 1 h, and then centrifuged at 3,500 × g for 10 min at 4°C in a high-speed centrifuge. The supernatants were stored at − 20°C for ELISA and biochemical analysis.



TABLE 1 Composition and nutrient level of the basal diet1.
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Determination of digestive enzyme activity in the jejunum

Two grams of preprocessed jejunal contents were weighed and combined with 18 mL of PBS (pH 7.4) to form a 10% homogenate. Subsequently, the samples underwent centrifugation at 3000 g for 20 min at 4°C, following which the supernatant was extracted. The supernatant was then gradually diluted before being mixed with specific reagents capable of reacting with digestive enzymes, such as starch substrates, etc. After adding suitable substrates, the mixtures were incubated at 37°C for a set period. Reactions were terminated using a stop solution. The activities of amylase, lipase, and trypsin were assessed in accordance with the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). TECAN (Infinite 200 PRO series) microplate reader (Tecan, Mannedorf, Switzerland) was employed to determine the optical density (OD) values after the reaction.



Histopathological examination

Samples of broiler intestinal tissue fixed in 4% paraformaldehyde were serially dehydrated using alcohol, clarified in xylene, and embedded in paraffin. The fixed samples were sectioned (4 μm thickness), stained with H&E and examined under a light microscope (Carl Zeiss, Gottingen, Germany). The length of small intestinal villi was measured by drawing a vertical line from the base to the top. Similarly, the depth of intestinal crypts was measured vertically from the bottom of the crypt to the Lamina propria of the small intestine. For analysis, three fields were chosen from each slice. Ten intestinal villi and intestinal crypts were sampled from each field and then measured and analyzed using the 3DHISTECH SlideViewer software (3DHistech Ltd., Budapest, Hungary).



DNA extraction and high-throughput sequencing analysis

Approximately 0.2 g of intestine tissue was sampled from each sample for DNA extraction using a TaKaRa MiniBEST Bacteria Genomic DNA Extraction Kit (Takara Bio, Beijing, China). The concentration and purity of the DNA samples were determined using agarose gel electrophoresis. Genomic DNA (gDNA) concentration was quantified using a NanoDropTM spectrophotometer (Thermo Scientific, MA, USA), and the samples were diluted to 1 ng/μL with sterile water. The V3–V4 regions of the 16S rRNA gene were amplified by PCR with the primer pair ACTCCTACGGGAGGCAGCA (338F) and GGACTACHVGGGTWTCTAAT (806R) under the following conditions: 30 cycles of 98°C (15 s), 55°C (30 s), 72°C (30 s), followed by a final extension at 72°C for 5 min. PCR products were detected by electrophoresis in a 2% agarose gel containing ethidium bromide. The DNA library was constructed using a library building kit. After quantification and testing by Qubit, the library was sequenced using NovaSeq6000, with sequencing performed by Wuhan Feisha Genetic Information Co., Ltd.

Raw data underwent quality control, including removal of low-quality reads and length-based filtration, to generate high-quality reads. These reads were then clustered into operational taxonomic units (OTUs) or amplicon sequence variants (ASVs), referred to as features. Taxonomic annotation of feature sequences was performed using a Bayesian classifier with the SILVA ribosomal RNA database as a reference (SILVA). Composition statistics were calculated for each sample at the phylum, class, order, family, genus, and species levels. Abundance of each species in samples was obtained using QIIME program (Version 1.9.1), and distribution histograms at each taxonomic level were generated using R software (Version 4.2.0).



Antioxidant-related and inflammatory parameters analysis

The antioxidant-related and inflammatory parameters, including interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), total antioxidant capacity (T-AOC), superoxide dismutase (SOD) activity, and malondialdehyde (MDA), were assessed using commercial assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The measurements were conducted strictly following the manufacturer’s instructions. Following the manufacturer’s instructions, various reagents were added as per the protocol, and the OD values after the reaction were determined using the TECAN (Infinite 200 PRO series) microplate reader (Tecan, Mannedorf, Switzerland).



Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9.0.0 software. Data were represented as the mean ± standard deviation (SD). Differences were compared using one-way analysis of variance (ANOVA). p < 0.05 was considered statistically significant, and p < 0.01 was considered to indicate a high degree of significance.




Results


Growth performance analysis

The effects of dietary supplementation with TS2 on the growth performance of broilers are shown in Table 2. At day 21, the average daily weight gain (ADWG) of broilers in the low-dose group was nearly 1.2-fold higher than the control group, 1.14-fold higher than the intermediate-dose group and 1.27-fold higher than the high-dose group (p < 0.05). The feed conversion ratio (FCR) was also markedly decreased in the low-dose group compared with that of the control group at this time point. These results indicate that TS2 supplementation improved the growth performance of broilers.



TABLE 2 Effects of TS2 on broilers growth performance.
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Morphology of the small intestinal mucosa

The morphology of the intestines was analyzed after H&E staining (Figure 1A). Compared with the control group, the villi in the duodenum, jejunum, and ileum were elongated in the low-dose group, although the differences were statistically significant only in the duodenum and ileum (p < 0.05). Additionally, although not statistically significant, the lengths of villi in the duodenum, jejunum, and ileum of broilers in the intermediate-dose group showed an increase compared to the control group (Figure 1B). The crypt depth in the duodenum was also elongated in the low-dose group compared with that in the control group, although the difference was not statistically significant. However, there were no significant differences in the crypt depths among the control group and other dosage groups (Figure 1C). In addition, the villus length/crypt depth (V/C) ration in the duodenum, jejunum, and ileum were increased in the low-dose group compared with that in the control group, although the difference was statistically significant only in the ileum (p < 0.05; Figure 1D). These data indicate that low-dose TS2 supplementation significantly improved the morphology of the small intestinal mucosa.

[image: Figure 1]

FIGURE 1
 (A) H&E-stained histopathology of duodenum, jejunum, ileum. (B) Villus length and (C) crypt depth in the duodenum, jejunum, ileum. (D) Ratio of villus length to crypt depth. Data represent the mean ± SD. *p < 0.05, **p < 0.01.




Activity of jejunal digestive enzymes

At 21 days, compared with the control group and the high-dose group, the amylase activity in the intestinal tract of broilers in the low-dose group significantly increased (p < 0.05; Figure 2A). The lipase activity in the low-dose group was higher than that in the control group and other dosage groups (Figure 2B). Additionally, the trypsin activity in the low-dose group significantly increased compared to the high-dose group (p < 0.05) and was higher than that in the control group and other dosage groups (Figure 2C).
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FIGURE 2
 Enzyme activity in the intestinal tract of broilers. Effect of TS2 on jejunum (A) amylase, (B) lipase and (C) trypsin activities at 21 days. Data represent the mean ± SD. *p < 0.05, **p < 0.01.




Diversity of the microbial community in the jejunum

A total of 3,121,585 pair end (PE) reads were generated by high-throughput sequencing of all samples. After PE read quality control and assembly, 3,115,714 clean reads were obtained. A minimum of 79,202 and an average of 79,890 clean reads were generated for each sample. The length distribution of the optimized sequence main was 400 bp–500 bp. The microbial communities in the jejunum were identified at different levels (Figure 3). At the phylum level (Figure 3A), Firmicutes and Proteobacteria predominated in the jejunum in the control and TS2-treated groups on day 21, although the percentage of Proteobacteria was lower in TS2-treated groups than that in the control group. At the genus level, the proportion of Lactobacillus was significantly higher in the low-dose group compared to the control group (Figure 3B). However, the percentage of Bacillus in the low-dose group was significantly lower than that in the control group.

[image: Figure 3]

FIGURE 3
 The main microbial community structure on day 21. (A) The main microbial community structure at the level of phylum in different samples. (B) The main microbial community structure at the level of genus in different samples on day 21.




Antioxidant-related parameters

Compared with the control group and the high-dose group, the serum T-AOC content in the low-dose group significantly increased (p < 0.05; Figure 4A). The SOD content in the low-dose group was also higher than that in the control group and other dosage groups (Figure 4B). In addition, the MDA content in the low-dose group was significantly lower than that in the control group (p < 0.05) and lower than that in other dosage groups as well (Figure 4C).
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FIGURE 4
 Effect of TS2 supplementation on various serum anti-oxidative parameters in broilers. (A) The T-AOC level of serum in each group. (B) The SOD of serum in each group. (C) The MDA of serum in each group. Data represent the mean ± SD. *p < 0.05, **p < 0.01.




Inflammatory factors

In contrast to both the control and high-dose groups, the IL-1β content in the serum of broilers in the low-dose group was significantly reduced (p < 0.05; Figure 5A). Additionally, the IL-6 content in the low-dose group was significantly lower than that in the high-dose group (p < 0.05), and it was also lower than the control group and the intermediate-dose group (Figure 5B). Furthermore, the TNF-α content in the low-dose group was lower than that in the control group and other dosage groups (Figure 5C).
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FIGURE 5
 Effect of TS2 supplementation on various serum inflammatory factor in broilers. (A) Serum IL-1β, (B) IL-6, and (C) TNF-α level in the different groups. Data represent the mean ± SD. *p < 0.05, **p < 0.01.





Discussion

Intestinal health is crucial for maintaining general health and welfare, maximizing growth performance and feed efficiency, and mitigating the environmental impacts of both excessive undigested nutrients and the generated pollutants in broiler production, since this multifunctional organ is central to nutrient digestion and absorption, metabolism, immune response, and endocrine function (18, 19). Previous studies have shown that the bulk of nutrition absorption occurs in the small intestine and is positively correlated with the small intestinal villi length and crypt depth. The vast absorptive surface area provided by the increased intestinal villus length is considered to be a key factor in promoting growth performance (20). In the present study, our analysis of the morphology of the small intestine showed that the ratio of the small intestinal villi length compared with the depth of the crypt increased significantly when broilers received dietary supplementation with low-dose TS2, suggesting that low-dose TS2 supplementation significantly improved the growth of intestinal villi and depth of the crypt. This result consistent with previous research (11). Growth and development processes are critically dependent on the absorption of nutrients. In this research, the ADWG and FCR were significantly improved in the low-dose group on day 21. However, the ADFI in the intermediate and high-dose groups did not differ. Broilers supplemented with low-dose TS2 had a higher final body weight without increasing food intake, indicating improved absorption and digestion capabilities of the TS2-treated broilers. Thus, our results firstly indicate that dietary supplementation with low-dose TS2 can increase the length of intestinal villi and significantly improve the overall daily weight gain of broilers and it is safe to use in animals.

The intestinal bacterial community is a complex ecosystem consisting of a huge variety of interactions between microbes, which may have a significant impact on the host’s physiology (21, 22). At the phylum level, Firmicutes and Proteobacteria were the predominant bacteria in the jejunum of the control group and experimental groups. At the genus level, Ligilactobacillus was more abundant in the TS2-treated groups than in the control group. This may be because TS2 is more favorable for the growth of Ligilactobacillus colonization. In previous reports, Lactobacillus salivarius has frequently been isolated from chickens and demonstrated to possess antibacterial properties, while also showing potential in boosting chicken immunity (23, 24). Interestingly, we found a decrease in Bacillus in the TS2-treated groups, indicating that Bacillus pumilus exists temporarily in the broiler intestine. The effect of TS2 on body weight is likely to be achieved by providing the right nutrients and a favorable colonization environment for probiotics such as Ligilactobacillus. Low-dose TS2 has the capacity to enhance the proliferation of beneficial bacteria within the intestinal tract, notably Ligilactobacillus, thereby augmenting their presence and fostering a more balanced intestinal microecology. This increase in beneficial bacteria plays a pivotal role in upholding the integrity of the intestinal mucosa, curtailing the infiltration of detrimental substances, and mitigating the onset of inflammatory responses.

Oxidative stress occurs when the level of reactive oxygen species (ROS) and other oxidants exceeds the capacity of the antioxidant defense mechanisms, leading to cellular damage and dysfunction. T-AOC, SOD, and MDA are three major biomarkers that are closely related to oxidative stress (14, 25). T-AOC is a measure of the overall antioxidant defense system, reflecting the ability of antioxidants to neutralize ROS and other oxidants (26). Low T-AOC levels indicate a weakened antioxidant defense system and increased susceptibility to oxidative stress. As a primary antioxidant enzyme in cells, SOD plays a critical role in protecting cells against oxidative stress by scavenging superoxide radicals (27, 28). MDA is one of the end-products of membrane lipid peroxidation and its content can be used as an indicator to assess the severity of stress in cells (29). MDA has been shown to have detrimental effects on various cellular processes, including DNA damage, protein modification, and impairment of membrane function. In addition, MDA can induce the production of pro-inflammatory cytokines and activate various signaling pathways that promote cell death (30, 31). Environmental stress can accelerate the production of ROS and lead to oxidative stress (32). Oxidative stress can not only induce several diseases but also affect the growth rate, meat quality, and feed conversion rate of animals (33, 34). Earlier studies have shown that antioxidant enzymes can not only reduce ROS production and prevent oxidative stress, but also repair oxidant damage induced by oxidative stress (35, 36). Therefore, improving the activity of antioxidant enzymes is very important for the healthy growth and development of animals. Previous research has shown that probiotic supplementation can increase the levels of antioxidant enzymes, which are important for improving antioxidant capacity (37, 38). In this study, MDA levels were reduced and the levels of T-AOC and SOD were increased in the low-dose TS2 group, suggesting that TS2 supplementation boosts the antioxidant capacity of broilers. The antioxidant properties of low-dose TS2 enable it to scavenge free radicals within the body, thereby diminishing oxidative stress-induced damage to the intestinal mucosa. This preservation of intestinal mucosal integrity further contributes to the dampening of inflammatory responses.

IL-1β has strong pro-inflammatory activity and induces a variety of pro-inflammatory mediators, such as other cytokines and chemokines (39). IL-6 has been shown to regulate the activity of pathogenic T helper cells (Th cells) to amplify and perpetuate chronic inflammation (40). Furthermore, TNF-α expression is increased in mucosal tissue during inflammation (41). Accumulating evidence indicates that probiotic colonization in the intestines contributes to an anti-inflammatory environment and reduces the production of pro-inflammatory cytokines. For example, administration of Lactobacillus plantarum NA136 reduces levels of TNF-α, IL-6, and IL-1β, thereby alleviating inflammation in the colon mucosa (42). Similarly, in our study, we showed that TS2 supplementation reduced the levels of IL-1β, IL-6 and TNF-α, suggesting that TS2 isolated from yaks exerted protective and beneficial effects in broilers by controlling cytokine secretion. Low-dose TS2 may regulate the balance of immune responses and inhibit the occurrence of excessive inflammatory reactions through its own actions or interactions with intestinal mucosa and immune cells, potentially stimulated by other probiotics.

During the rearing process, broilers may encounter various stressors, including environmental factors, transportation and handling, diseases, infections, and feed. In our previous experiments, we found that TS2 can produce antibacterial substances, such as antibacterial peptides, to inhibit the growth of harmful bacteria (such as Salmonella, E. coli, etc.), thus reducing the production of toxins and inflammatory mediators. In this study, we further discovered that low-dose TS2 can effectively reduce the occurrence of inflammatory reactions during the rearing of broilers by promoting the proliferation of beneficial bacteria, regulating immune function, and reducing oxidative stress.

Finally, it should be noted that individual differences and experimental conditions prohibited elimination of all factors that may influence the results of our study. Nevertheless, our data provide evidence that TS2 isolated from yaks can increase the growth performance of broilers by improving the length of intestinal villi. More importantly, broilers treated with low-dose TS2 exhibited superior properties in terms of antioxidant capacity and a reduction in the levels of cytokines related to immunity and inflammation. In conclusion, our study suggests that TS2 isolated from yaks can serve as a safe and effective probiotic additive, promoting the health and growth of the host.



Conclusion

Our study confirms the safety of low-dose TS2 and demonstrates its ability to enhance broiler growth, increasing ADWG while decreasing FCR. Additionally, supplementation with low-dose TS2 improves intestinal mucosal morphology and the ratio of villi to crypt cells. This improvement may be linked to the enhanced abundance and diversity of gut microbiota in broilers. Moreover, low-dose TS2 enhances the antioxidant capacity and mitigates inflammatory responses in broilers by increasing antioxidant enzyme activity and reducing serum pro-inflammatory factors such as IL-1β, IL-6, and TNF-α. Although the effects of other concentrations of TS2 groups were either insignificant or absent, opting for low-dose TS2 supplementation is the most suitable approach for enhancing growth, antioxidant capacity, and mitigating inflammatory responses in broilers. Additionally, because TS2 exhibits good production performance, it has the potential for industrial-scale production.



Data availability statement

The original contributions presented in the study are publicly available. This data can be found at: https://www.ncbi.nlm.nih.gov/bioproject/; PRJNA1080183.



Ethics statement

The animal study was approved by the Animal Welfare Committee of Nanjing Agricultural University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

CG: Writing – original draft, Investigation, Formal analysis, Conceptualization. SL: Writing – original draft, Investigation, Formal analysis, Conceptualization. LD: Writing – review & editing, Resources, Conceptualization. ST: Writing – review & editing, Supervision, Project administration, Funding acquisition, Conceptualization.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by Natural Science Foundation of Ningxia Province (2023AAC05052); the National Key R&D Program of Ningxia Hui Autonomous Region of China (21BEF02019); and National Natural Science Foundation of China (grant number 31602027). The funding body did not play a role in the design, analysis, and reporting of the study, but did provide financial support.



Conflict of interest

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



Publisher’s note

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



References

 1. Kogut, MH, Genovese, KJ, Swaggerty, CL, He, H, and Broom, L. Inflammatory phenotypes in the intestine of poultry: not all inflammation is created equal. Poult Sci. (2018) 97:2339–46. doi: 10.3382/ps/pey087


 2. Teirlynck, E, Bjerrum, L, Eeckhaut, V, Huygebaert, G, Pasmans, F, Haesebrouck, F , et al. The cereal type in feed influences gut wall morphology and intestinal immune cell infiltration in broiler chickens. Br J Nutr. (2009) 102:1453–61. doi: 10.1017/s0007114509990407 

 3. Song, J, Xiao, K, Ke, YL, Jiao, LF, Hu, CH, Diao, QY , et al. Effect of a probiotic mixture on intestinal microflora, morphology, and barrier integrity of broilers subjected to heat stress. J Poult Sci. (2014) 93:581–8. doi: 10.3382/ps.2013-03455 

 4. Awad, WA, Hess, C, and Hess, M. Enteric pathogens and their toxin-induced disruption of the intestinal barrier through alteration of tight junctions in chickens. Toxins. (2017) 9:60. doi: 10.3390/toxins9020060 

 5. Chen, J, Tellez, G, Richards, JD, and Escobar, J. Identification of potential biomarkers for gut barrier failure in broiler chickens. Front Vet Sci. (2015) 2:14. doi: 10.3389/fvets.2015.00014 

 6. Williams, JM, Duckworth, CA, Burkitt, MD, Watson, AJ, Campbell, BJ, and Pritchard, DM. Epithelial cell shedding and barrier function: a matter of life and death at the small intestinal villus tip. Vet Pathol. (2015) 52:445–55. doi: 10.1177/0300985814559404 

 7. Zhang, L, Bai, K, Zhang, J, Xu, W, Huang, Q, and Wang, T. Dietary effects of Bacillus subtilis fmbj on the antioxidant capacity of broilers at an early age. J Poult Sci. (2017) 96:3564–73. doi: 10.3382/ps/pex172 

 8. Gadde, U, Kim, WH, Oh, ST, and Lillehoj, HS. Alternatives to antibiotics for maximizing growth performance and feed efficiency in poultry: a review. Anim Health Res Rev. (2017) 18:26–45. doi: 10.1017/s1466252316000207 

 9. Kaltenbach, G, and Heitz, D. Antibiotic-associated diarrhea in the elderly. Rev Med Interne. (2004) 25:46–53. doi: 10.1016/j.revmed.2003.10.002


 10. Wang, Y, Li, A, Jiang, X, Zhang, H, Mehmood, K, Zhang, L , et al. Probiotic potential of Leuconostoc pseudomesenteroides and Lactobacillus strains isolated from yaks. Front Microbiol. (2018) 9:2987. doi: 10.3389/fmicb.2018.02987 

 11. Liu, L, Zeng, D, Yang, M, Wen, B, Lai, J, Zhou, Y , et al. Probiotic Clostridium butyricum improves the growth performance, immune function, and gut microbiota of weaning rex rabbits. Probiotics Antimicrob Proteins. (2019) 11:1278–92. doi: 10.1007/s12602-018-9476-x 

 12. Li, N, Wang, Q, Wang, Y, Sun, A, Lin, Y, Jin, Y , et al. Oral probiotics ameliorate the behavioral deficits induced by chronic mild stress in mice via the gut microbiota-inflammation Axis. Front Behav Neurosci. (2018) 12:266. doi: 10.3389/fnbeh.2018.00266 

 13. Zhang, L, Cao, GT, Zeng, XF, Zhou, L, Ferket, PR, Xiao, YP , et al. Effects of Clostridium butyricum on growth performance, immune function, and cecal microflora in broiler chickens challenged with Escherichia coli K88. Poult Sci. (2014) 93:46–53. doi: 10.3382/ps.2013-03412 

 14. Wang, Y, Heng, C, Zhou, X, Cao, G, Jiang, L, Wang, J , et al. Supplemental Bacillus subtilis DSM 29784 and enzymes, alone or in combination, as alternatives for antibiotics to improve growth performance, digestive enzyme activity, anti-oxidative status, immune response and the intestinal barrier of broiler chickens. Br J Nutr. (2021) 125:494–507. doi: 10.1017/s0007114520002755 

 15. Ma, L, Xu, S, Liu, H, Xu, T, Hu, L, Zhao, N , et al. Yak rumen microbial diversity at different forage growth stages of an alpine meadow on the Qinghai-Tibet plateau. PeerJ. (2019) 7:e7645. doi: 10.7717/peerj.7645 

 16. Küçükyilmaz, K, Bozkurt, M, Çınar, M, and Tüzün, AE. Evaluation of the boron and Phytase, alone or in combination, in broiler diets. J Poult Sci. (2017) 54:26–33. doi: 10.2141/jpsa.0150181 

 17. Choi, J, Yadav, S, Wang, J, Lorentz, BJ, Lourenco, JM, Callaway, TR , et al. Effects of supplemental tannic acid on growth performance, gut health, microbiota, and fat accumulation and optimal dosages of tannic acid in broilers. Front Physiol. (2022) 13:912797. doi: 10.3389/fphys.2022.912797 

 18. Oviedo-Rondón, EO
. Holistic view of intestinal health in poultry. Anim Feed Sci Technol. (2019) 250:1–8. doi: 10.1016/j.anifeedsci.2019.01.009


 19. van der Aar, PJ, Molist, F, and van der Klis, JD. The central role of intestinal health on the effect of feed additives on feed intake in swine and poultry. Anim Feed Sci Technol. (2017) 233:64–75. doi: 10.1016/j.anifeedsci.2016.07.019


 20. Wang, H, Ni, X, Qing, X, Zeng, D, Luo, M, Liu, L , et al. Live probiotic Lactobacillus johnsonii BS15 promotes growth performance and lowers fat deposition by improving lipid metabolism, intestinal development, and gut microflora in broilers. Front Microbiol. (2017) 8:1073. doi: 10.3389/fmicb.2017.01073 

 21. Abudabos, AM, Alyemni, AH, Dafalla, YM, and Khan, RU. Effect of organic acid blend and Bacillus subtilis alone or in combination on growth traits, blood biochemical and antioxidant status in broilers exposed to Salmonella typhimurium challenge during the starter phase. J Appl Anim Res. (2017) 45:538–42. doi: 10.1080/09712119.2016.1219665


 22. Allesina, S, and Tang, S. Stability criteria for complex ecosystems. Nature. (2012) 483:205–8. doi: 10.1038/nature10832


 23. Bikric, S, Aslim, B, Dincer, İ, Yuksekdag, Z, Ulusoy, S, and Yavuz, S. Characterization of exopolysaccharides (EPSs) obtained from Ligilactobacillus salivarius strains and investigation at the prebiotic potential as an alternative to plant prebiotics at poultry. Probiotics Antimicrob Proteins. (2022) 14:49–59. doi: 10.1007/s12602-021-09790-8 

 24. Dec, M, Stępień-Pyśniak, D, Puchalski, A, Hauschild, T, Pietras-Ożga, D, Ignaciuk, S , et al. Biodiversity of Ligilactobacillus salivarius strains from poultry and domestic pigeons. Animals. (2021) 11:972. doi: 10.3390/ani11040972 

 25. Bhattacharyya, A, Chattopadhyay, R, Mitra, S, and Crowe, SE. Oxidative stress: an essential factor in the pathogenesis of gastrointestinal mucosal diseases. Physiol Rev. (2014) 94:329–54. doi: 10.1152/physrev.00040.2012 

 26. Wang, Y, Yang, M, Lee, SG, Davis, CG, Koo, SI, and Chun, OK. Dietary total antioxidant capacity is associated with diet and plasma antioxidant status in healthy young adults. J Acad Nutr Diet. (2012) 112:1626–35. doi: 10.1016/j.jand.2012.06.007 

 27. Xiang, L, Sun, K, Lu, J, Weng, Y, Taoka, A, Sakagami, Y , et al. Anti-aging effects of phloridzin, an apple polyphenol, on yeast via the SOD and Sir2 genes. Biosci Biotechnol Biochem. (2011) 75:854–8. doi: 10.1271/bbb.100774 

 28. Wang, Y, Yang, M, Lee, SG, Davis, CG, Kenny, A, Koo, SI , et al. Plasma total antioxidant capacity is associated with dietary intake and plasma level of antioxidants in postmenopausal women. J Nutr Biochem. (2012) 23:1725–31. doi: 10.1016/j.jnutbio.2011.12.004 

 29. Janero, DR
. Malondialdehyde and thiobarbituric acid-reactivity as diagnostic indices of lipid peroxidation and peroxidative tissue injury. Free Radic Biol Med. (1990) 9:515–40. doi: 10.1016/0891-5849(90)90131-2 

 30. Chen, JJ, and Yu, BP. Alterations in mitochondrial membrane fluidity by lipid peroxidation products. Free Radic Biol Med. (1994) 17:411–8. doi: 10.1016/0891-5849(94)90167-8 

 31. Frijhoff, J, Winyard, PG, Zarkovic, N, Davies, SS, Stocker, R, Cheng, D , et al. Clinical relevance of biomarkers of oxidative stress. Antioxid Redox Signal. (2015) 23:1144–70. doi: 10.1089/ars.2015.6317 

 32. Eid, Y, Ebeid, T, and Younis, H. Vitamin E supplementation reduces dexamethasone-induced oxidative stress in chicken semen. Br Poult Sci. (2006) 47:350–6. doi: 10.1080/00071660600753912 

 33. El-Lethey, H, Aerni, V, Jungi, TW, and Wechsler, B. Stress and feather pecking in laying hens in relation to housing conditions. Br Poult Sci. (2000) 41:22–8. doi: 10.1080/00071660086358


 34. Avanzo, JL, de Mendonça Jr, CX, Pugine, SMP, and de Cerqueira Cesar, M. Effect of vitamin E and selenium on resistance to oxidative stress in chicken superficial pectoralis muscle. Comp Biochem Physiol C Toxicol Pharmacol. (2001) 129:163–73. doi: 10.1016/s1532-0456(01)00197-1 

 35. He, L, He, T, Farrar, S, Ji, L, Liu, T, and Ma, X. Antioxidants maintain cellular redox homeostasis by elimination of reactive oxygen species. Cell Physiol Biochem. (2017) 44:532–53. doi: 10.1159/000485089


 36. Mu, S, Yang, W, and Huang, G. Antioxidant activities and mechanisms of polysaccharides. Chem Biol Drug Des. (2021) 97:628–32. doi: 10.1111/cbdd.13798


 37. Liu, C, Tseng, YP, Chan, LP, and Liang, CH. The potential of Streptococcus thermophiles (TCI633) in the anti-aging. J Cosmet Dermatol. (2022) 21:2635–47. doi: 10.1111/jocd.14445 

 38. Kleniewska, P, and Pawliczak, R. The influence of apocynin, lipoic acid and probiotics on antioxidant enzyme levels in the pulmonary tissues of obese asthmatic mice. Life Sci. (2019) 234:116780. doi: 10.1016/j.lfs.2019.116780 

 39. Weber, A, Wasiliew, P, and Kracht, M. Interleukin-1beta (IL-1beta) processing pathway. Sci Signal. (2010) 3:cm2. doi: 10.1126/scisignal.3105cm2


 40. Grivennikov, S, Karin, E, Terzic, J, Mucida, D, Yu, GY, Vallabhapurapu, S , et al. IL-6 and Stat3 are required for survival of intestinal epithelial cells and development of colitis-associated cancer. Cancer Cell. (2009) 15:103–13. doi: 10.1016/j.ccr.2009.01.001 

 41. He, C, Shi, Y, Wu, R, Sun, M, Fang, L, Wu, W , et al. miR-301a promotes intestinal mucosal inflammation through induction of IL-17A and TNF-α in IBD. Gut. (2016) 65:1938–50. doi: 10.1136/gutjnl-2015-309389 

 42. Zhao, Z, Chen, L, Zhao, Y, Wang, C, Duan, C, Yang, G , et al. Lactobacillus plantarum NA136 ameliorates nonalcoholic fatty liver disease by modulating gut microbiota, improving intestinal barrier integrity, and attenuating inflammation. Appl Microbiol Biotechnol. (2020) 104:5273–82. doi: 10.1007/s00253-020-10633-9 


Copyright
 © 2024 Guo, Liu, Di and Tang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-11-1383262-g005.jpg
2
T L & 7y
g =

o
8

mnwmu@f\\

(Bu) g1

(ubu) -1





OPS/images/fvets-11-1383262-t001.jpg
5~21days

Diet composition (%)

Corn 57.77
Soybean meal 2924
Cotton seed meal 486
Fishmeal 243
Soybean oil 202
CaHCO, 154
Limestone 12
NaCl 035
Premix 025
Choline 018
Methionine 0.16

Nutrient levels

Metabolizable Energy (MJ kg 1232
Crude protein 223
Lysine 110
Methionine+ Cystine 085
Calcium 101
Total phosphorus 042

‘Supplied per kg of diet: Fe 80 mg, Zn 80mg, Mn 70 mg, iodine 035 mg, Se 0.23 mg, VA
1.65mg, VD3 0.18 mg, VE 20mg, Vk 0.50 mg, VB12 1.2 mg, pantothenic acid 10mg,
pyridoxine 4.5 mg, niacin 35 mg, biotin 0.15 g, riboflavin 3.0mg, folic acid 0.45 mg, VA,
vitamin A; VD3, vitamin D3; VE, vitamin E VK, vitamin K; VBL2, vitamin B12.
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