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Editorial on the Research Topic
 The role of nutritional strategies in the regulation of gut microbiota and host immune system




Gut microbes refer to the microbial communities that live in the gut of animals and humans, including bacteria, fungi, viruses and other microorganisms. These microbes form complex symbiotic relationships to their hosts with important effects on performances and productivity, health and disease status of their hosts (Kuziel and Rakoff-Nahoum, 2022). There are close interactions between the gut microbiota and the host immune system. Studies have shown that the gut microbiota help to maintain intestinal homeostasis by regulating the host development and function of the immune system (Yang et al.). The topic of gut microbiota is of a significant concern, and according to the Web of Science, using the keyword gut microbiota, approximately 111,936 articles have been so far published per se on this topic, thus how gut microbiota affect host overall physiological status and health is important. Under this context, this special Edition topic has published a total of 25 articles including two reviews and one opionion, two disease related studies, seven poultry research, seven herbivore studies, three pig studies, two neonatal calf and piglet studies and one wildlife animal research.

The gut microbiota not only play important roles in many metabolic pathways, but also provide the host with a variety of physiological functions (Zhu et al.). Intestinal flora, on the one hand, they stimulate the development and maturation of the host immune system, activate the relevant lymphoid tissues, enhance immunoglobulin A (IgA) secretion, improve immune recognition, and induce cytokine production by Giant cells and T and B lymphocytes; and on the other hand, they regulate hosts' immune responses by regulating the strength of the immune response and avoiding tissue damage caused by excessive immune response (Yang et al.). Gut flora play a key role in maintaining host immune homeostasis. Through competitive inhibition and the production of antimicrobial substances, the intestinal flora are able to resist the invasion of foreign pathogens and protect the host from infection (Yang et al.). Through bioinformatic analyses, the disease and health-genetic causal relationship between the gut microbiome and psoriatic arthritis was observed (Qiann et al.). At the same time, intestinal flora can also regulate the distribution and functional status of hosts' immune cells to ensure the normal operation of their immune systems. The gut microbiota and their metabolites and components are essential for immune homeostasis and influence hosts' susceptibility to various immune-mediated diseases and conditions (Yang et al.; Zhu et al.). For example, intestinal flora can produce various microbial metabolites such as short-chain fatty acids (SCFA), tryptophan metabolites secondary bile acids, and other metabolites, which are able to regulate the immune response through the activation of specific neurons and immune cells, thus maintaining the immune homeostasis of the intestinal mucosa (Yang et al.). The composition of the gut microbiota influences the development of the immune system and regulates immune mediators, which in turn influences the function of the gut barrier.

The gut microbiome sends information to the body about inchoate environmental exposures, such as dietary components and allergens, promotes tolerance to these environmental factors, helps the immune system recognize commensal bacteria and inhibits pathogenic bacterial proliferation. Numerous studies have shown that the primitive development of the immune system requires the cooperation of the gut microbiota, such as promoting the development of the primary immune organs of spleen and thymus, increasing the number of immune cells in lamina propria, and promoting the production of IgA in intestinal mucus. Tian et al. (2023) reported that antibiotic exposure in early life was associated with reduced gut microbiota diversity and abundance in adulthood. Hepatocyte interaction networks influenced by the gut-liver axis play a critical role in regulating liver-resident natural killer cell maturation and function, which may be the key to the early development of the immune system (Tian et al., 2023). Early life is also a critical time for the interaction between gut microbiota and host immunity; and early life is a critical period for the development of intestinal flora and a critical window period for the maturation of the immune system (Tian et al., 2023). Thus, development of the immune system requires the cooperation of intestinal microorganisms to maintain homeostasis of the gut microbiota and to reduce susceptibility to a variety of immune diseases.

Composition and balance of the gut microbiota are closely related to the nutritional and physiological functions of the host. In the past several decades, the adoption of the modern industrialized dietary habits has become a growing health concern, as it is strongly associated with obesity and related metabolic diseases, promoting inflammation and both structural and behavioral changes in gut microbiota. In this context, novel dietary strategies are emerging to prevent diseases and maintain health (Tian et al., 2023). However, the consequences of these different diets on gut microbiome modulation are still largely unknown, and could potentially lead to alterations of gut microbiome, intestinal barrier, and the immune system. Panah et al. investigated the effect of a westernized diet and concluded that a westernized diet could be a potential onset risk factor and an exacerbating agent for chemically inducing ulcerative colitis with dextran sulfate sodium in the pig model by reducing abundances of the SCFA-producing bacteria, increasing the abundance of pathogens such as Helicobacter trogontum, and by increasing the concentration of microbial proteolytic-derived metabolites in the colon. Earlier studies suggested that Mediterranean diets (MedDiet) might have anti-inflammatory effects (Casas et al., 2018). MedDiet mainly provide long-chain polyunsaturated omega-3 fatty acids from fish and nuts, polyphenols from red wine and fruits and probiotics from yogurt products (Chiavaroli et al., 2018). Research data further illustrate that the MedDiet reduce the incidence of cardiovascular diseases by 28% (Chiavaroli et al., 2018; Zhu et al.).

Gut microbial disorders can disrupt intestinal-brain homeostasis and tight junctions in influencing metabolism, immunity and endocrine systems. The resulting increase in intestinal permeability and formation of a “leaky gut” can increase the infiltration of large amounts of pathogenic bacteria and toxic metabolites into the bloodstream, causing local or systemic inflammation (Obrenovich, 2018). The inflammatory response can also disrupt the blood-brain barrier, known as the leaky brain, and substances that promote inflammation, such as lipopolysaccharides (LPS), may enter the brain, leading to neuroinflammation, mental disorders, and abnormal behavior (Obrenovich, 2018; Yousefi et al., 2022). On the other hand, probiotics have been shown to exert beneficial effects on host health and behavior, including reversing stress or antibiotic-induced gut microbial disorders and restoring physiological and behavioral changes in the host by modulating the gut-brain axis signaling via hormones, immune factors, etc. (Arslanova et al., 2021; Wang P. et al., 2021). The effects of dietary supplementation of Bacillus subtilis DSM29784 (BS) on the prevention of subclinical necrotic enteritis (SNE) were evaluated in broilers; and it was indicated that the BS pretreatment increased villus height, claudin-1 expression, maltase activity, and immunoglobulin abundance, while decreasing lesional scores, as well as mucosal IFN-γ and TNF-α concentrations (Wang Y. et al.). In addition, the BS pretreatment increased the relative abundance of beneficial bacteria and decreased that of pathogenic bacteria (Wang Y. et al.). The effects of dietary supplementation of the probiotic Lactobacillus rhamnosus LR-32 on the gut microbiota, barrier integrity, and 5-hydroxytryptamine (5-HT) or serotonin metabolism, it was found that Lactobacillus rhamnosus LR-32 supplementation restored the profile of the gut microbial community, and showed positive effects by increasing the expression of tight junction proteins in the ileum and hypothalamus and promoting the expression of genes related to central 5-HT metabolism laying hens (Huang C. et al.). In addition, Han et al. investigated the effects of dietary supplementation of 10-hydroxy-2-decenoic acid (10-HDA) on the growth performance, intestinal barrier, inflammatory response, oxidative stress, and gut microbiota of broiler chickens challenged with LPS, and found that dietary 10-HDA supplementation alleviated the LPS-induced intestinal mucosal injury and the loss of growth performance through anti-inflammatory, antioxidant, and gut microbiota modulation activities. Moreover, dietary supplementation of 0.1% 10-HDA had comparable or even better protection for the LPS-challenged chickens than supplementation with antibiotics or 0.5% 10-HDA. These results suggest that 10-HDA has the potential to be used as an alternative to antibiotics in protecting the intestinal health and improving the performance of poultry.

Gut microbiota can promote the onset and acquiring of the early development of the passive immunity, improve immune tolerance, and maintain normal communications between the gut epithelia in the newborn neonates. Peng et al. demonstrated that early flora colonization affected the gut epithelial apical expression of the Fc receptor (FcRn) and the FcRn-mediated intestinal IgG uptake in the neonatal piglets, which may be mediated by the NF-κB-FcRn pathway. Milk replacers have been shown to increase the diversity and richness of the microflora in the calf ileum (Wang Y. et al., 2021). The results by Badman et al. (2019) showed that the differences in the nutritional composition of bovine milk replacers had a major impact on microbiota composition, diversity, and succession in pre-weaned dairy calves, further influencing the health of the gut and the whole animal. The effects of milk, milk replacer and ethoxyquinoline on growth performance, weaning stress and fecal microbiota were evaluated in dairy cows; and it was suggested that milk replacer plus ethoxyquin enhanced the defensive capacity and improved microbial composition in mitigating the negative effects of weaning in calves (Wei et al.). The effects of yeast polysaccharide (YPS) supplementation on lactation and growth were studied in Texas donkeys, burros, and foals and it was found that dietary supplementation of YPS enhanced feed intake, boosts immunity by increasing immunoglobulin levels, stimulates the growth-promoting gut microbiota (e.g., Lactobacillus and Prevotella), and exerted no adverse effects on performances of both Dezhou donkey jennies and foals (Huang B. et al.).

The gut microbiota is essential for extracting energy and other dietary macro-nutrients from plant foods and may help animals adapt to new dietary environments in response to rapid environmental changes especially in wild life species. Sun et al. analyzed the differences in the composition, structure and function of the intestinal microbial community of the François langur (Trachypithecus francoisi) under different environments and diets by using metagenomic sequencing technology. Their results showed that the structure, composition, diversity and function of the intestinal microbial community of Trachypithecus francoisi varied with different environments and diets (Sun et al.).

The effects of dietary adding oregano essential oil (OEO) on intestinal barrier integrity, colonic microbiome composition and microbial metabolite production were investigated in fattening bulls and the results showed that OEO facilitated intestinal luminal environmental homeostasis by promoting the growth of beneficial bacteria while inhibiting harmful ones (Ma et al.). Dietary addition of Prickly ash seeds (PAS) increased the diversity and abundance of intestinal microorganisms in Hu sheep, influenced the composition of the intestinal community in the sheep, increased the content of beneficial intestinal bacteria, and influenced the level of inflammatory factors, thereby improving the immunity of the sheep lambs (Li et al.). In another study for evaluating the potential regulatory effects of Allium mongolicum regel ethanol extract (AME) on in vitro ruminal fermenting biohydrogenation (BH) bacteria, a significant reduction in the abundance of rumen BH microflora was observed by AME (Wang X. et al.)

Tens of thousands of microflora grow together in the gut with their hosts to form a complex and variable microecosystem that plays an important role in host nutrition, growth, metabolism and immunity. Changes in the microflora allow the host to rapidly adjust its metabolic and immune properties in response to environmental changes. Spermidine can regulate a variety of biological processes and plays a crucial role in maintaining cellular homeostasis, regulating immune function, promoting cell proliferation and antioxidant function (Wang Z. et al.). Concentrations of spermidine are high in plant-derived foods, especially in wheat germ and other feed ingredients (Wang Z. et al.). Spermidine is a suitable therapeutic for clinical applications, as it has low biotoxicity and is highly effective at low to moderate concentrations (Wang Z. et al.). Studies have shown that exogenous supplemental spermidine increases the abundance of Fournierella and Anaerofilum flora in the intestinal tract of calves (Wang Z. et al.). Spermidine was found to improve gut health by improving intestinal morphology, increasing antioxidant capacity, and modulating the structure of the intestinal flora in the Sichuan white geese (Wang Z. et al.). Another study showed that peppermint extract improved egg production and quality, increases antioxidant capacity, and alters cecal microbiota in late-phase laying hens (Bai et al.). Good intestinal structure and function are the basis for a variety of life activities in poultry and livestock. The intestinal tissue is the largest second immune organ of the organism and the interface between the organism and the outside world. The proliferative use of antibiotics and intensive farming patterns have led to more serious intestinal health problems in poultry and livestock production, and the intestinal tissues are susceptible to external factors such as feed, microbial metabolites and temperature, leading to oxidative stress and reduced health levels. The level of intestinal health is mainly related to intestinal mucosal integrity and structure, antioxidant capacity and flora structure. Improving the intestinal health of poultry and livestock has become an important way to resolve the health problems of food animal production in “resistance-free” farming.

The composition and diversity of herbivore gut microorganisms are also influenced by dietary bioactive compounds. The effects of kinnikinnick tannins (CKT) on fermentation, methane emissions, methanogenic bacterial communities, and ruminal metabolome were studied in sheep; and CKT supplementation was found to lead to a reduction in daily CH4 emissions from sheep by decreasing the abundance and diversity of ruminal methanogenic bacterial communities, while simultaneously decreasing tyramine concentrations and increasing N-methyl-L-glutamic acid concentrations (Niu et al.). The effects of American ginseng pomace as a potential feed additive on the production performance and the gastrointestinal bacterial community responses were comprehensively evaluated in antlered sika deer (Wu et al.). Their results showed that dietary addition of the Western ginseng pomace increased the apparent digestibility of nutrients, improved immune and antioxidant status, facilitated antler production in antlered Merganser during the antler-antler stage, and positively regulated gastrointestinal flora and bacterial fermentation (Wu et al.).

Three studies in this special Edition investigated how diets affected gut health, nutrient utilization and growth performances in pigs. Effects of dietary supplementation of pharmacological level of zine oxide (ZnO) and condensed tannins (CT), independently or in combination, on the growth performance and intestinal health of weaned piglets in the enterotoxigenic Escherichia coli (ETEC-K88)-challenged environment were evaluated (Yi et al.). It was found that ZnO increased the ileum villus height and improved intestinal barrier function by increasing the content of mucin 2 (MUC-2) in jejunum and ileum mucosa and the mRNA expression of zonula occludens-1 (ZO-1) in jejunum and the expression of Occludin in duodenum and ileum (Yi et al.). The effects of CT on intestinal barrier function genes were similar to that of ZnO; the mRNA expression of cystic fibrosis transmembrane conductance regulator (CFTR) in jejunum and ileum was reduced in the ZnO group; and CT was also capable of alleviating diarrhea by decreasing CFTR expression and promote water reabsorption by increasing AQP3 expression (Yi et al.). In addition, pigs receiving ZnO diet had higher abundances of Bacteroidetes and Prevotella, and lower Firmicutes and Lactobacillus in the colonic contents (Yi et al.). These results indicated that dietary ZnO and CT can alleviate diarrhea and improve intestinal barrier function of weaned pigs in an ETEC-challenged environment. Sarpong et al. revealed that gut microbial signatures and enterotype clusters were implicated in the efficiency of nitrogen utilization in fattening pigs. It was demonstrated that dietary supplementation of dried whole-plant silage maize could improve fiber digestive characteristics via modulating intestinal microbiota in the indigenous Hezuo pig (Wang L. et al.).

The interplay between gut microbiota and immunity is relatively obscure and complex. First, the gut microbiota can recognize nutrients and antigens by inducing the immune system to tolerate commensal bacteria. On the other hand, gut microbiota can also prevent bacterial invasion and infection through immune recognition. Modern studies have shown that gut microbiota and body immunity are interdependent. In some patients with autoimmune diseases, the diversity and abundance of gut microbiota are severely disrupted (Zhu et al.). Numerous other factors that may modulate the gut microbiome, such as diet, medications, mental health, and environmental factors, are noteworthy for various diseases such as tumor and cancer treatments. Ongoing published studies have provided interesting results for the scientific and global community, and to conclude, considerable progress has been made over the past two decades. From initial controlled animal studies and clinical observations to more mechanistic approaches, the field of gut microbiota in animal and human nutrition and health is evolving into one of irrefutable causation. However, there are still many studies claiming causality when in reality only correlation has been demonstrated. The shift from correlation to causation remains an important and necessary step to better design hypothesized interventions based on modulation of the gut microbiota or the use of specific dietary active compounds. The scientific community is moving toward personalized food for medicine and health due to advances in many aspects of research and innovation, and the gut microbiome era is clearly an important part of the future paradigm shift in the nutritional and medical application approaches.
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Introduction: The passive immunity of newborn piglets is mainly derived from immunoglobulin G (IgG) in breast milk, and the incomplete transfer of passive immune is considered to be an important cause of piglet death. This study was conducted to investigate the effect of early intestinal flora colonization on IgG uptake and its possible mechanism.

Methods: The newborn piglets and IPEC-J2 cells were used to investigate the possible factors and regulatory mechanisms affecting intestinal IgG uptake. In vivo, all 40 piglets were euthanized on postnatal d 0, 1, 3, and 7, with 10 piglets per time. The blood sample, gastric contents, jejunal contents and mucosa were collected for analysis. In vitro, IPEC-J2 cells transwell culture system was used to establish the IgG transporter model to explore the specific regulatory mechanism of IgG transport.

Results: Our results demonstrated that the intestinal IgG uptake was positively correlated with the expression of Neonatal Fc receptor (FcRn). With the increase of age, the intestinal flora of newborn piglets was gradually enriched. The function of intestinal genes also changes with the colonization of intestinal flora. We found that the expression trend of TLR2, TLR4 and NF-κB (P65) in intestine was consistent with that of FcRn. Furthermore, the in vitro results demonstrate that the NF-κB signaling pathway is involved in regulating FcRn-mediated IgG transmembrane transport.

Discussion: Early flora colonization affects intestinal IgG uptake in piglets, which may be mediated by NF-κB-FcRn pathway.
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Introduction

In modern intensive production, piglets death accounted for more than 80% of pig mortality in whole production cycle, and caused huge economic losses to the industry. The reasons for high mortality rate in nursing period are highly sophisticated, among which the incomplete passive immune transfer is considered to be an important factor (Bandrick et al., 2014). The level of antibodies in newborn piglets’ body is basically zero, thus they are directly exposed to the risk of invasion by various pathogenic microorganisms after birth. However, the development of active immunity of newborn piglets is very slow, and their immune system does not protect until 7–8 days after birth. Thus, passive immunity must be obtained by sucking colostrum rich in antibodies to resist the invasion of various pathogenic bacteria (Kielland et al., 2015; Lauritsen et al., 2017).

Previous studies have shown that the passive immunity of piglets mainly comes from the immunoglobulin in breast milk, including immunoglobulin G (IgG), IgA, IgM and other types (Pierzynowska et al., 2020). The main immunoglobulin in colostrum within 3 days after delivery is IgG, reaching 60 mg/mL, accounting for 70–80% of the total immunoglobulin. IgG is the most important immune substance obtained from the mother of newborn piglets before the establishment of their own immune system, and it plays a very important role in the animal’s anti-infection immunity (Zeng et al., 2016; Bournazos and Ravetch, 2017; Mortensen et al., 2017). It is found that the serum IgG content of piglets after birth is positively correlated with the survival rate of piglets, and the serum IgG content of dead piglets is much lower than that of alive piglets (Czech et al., 2010). There is a strong correlation between the concentration of IgG in colostrum of sows and the mortality of piglets infected with intestinal and respiratory diseases. Obtaining sufficient maternal antibodies can significantly reduce the incidence and mortality of intestinal and respiratory diseases in piglets (Guo et al., 2016a,b; Andraud et al., 2018). Other studies have reported that the pre-weaning survival rate of suckling piglets can reach 91% when the serum IgG content is 22.52 mg/mL, while the weaning survival rate of suckling piglets is only 67% when the serum IgG content is equal to or less than 10 mg/mL (Cabrera et al., 2012). However, it is worth noting that the immunoglobulin in colostrum changed rapidly with the passing of postpartum time. It decreased by 30% within 3 h after delivery and nearly 90% after 24 h, which was mainly the decrease in IgG content. Therefore, it is necessary to obtain sufficient maternal IgG from colostrum quickly to ensure the survival and healthy growth of piglets.

Neonatal Fc receptor (FcRn) is the only receptor for specific IgG transport and plays a decisive role in IgG absorption (D'Hooghe et al., 2017). Some studies have reported that about 80% of IgG uptake in the small intestine is mediated by FcRn protein expressed on the surface of the small intestinal chorionic membrane (Kliwinski et al., 2013). Accumulating evidence demonstrated that NF-κB signaling pathway plays a pivotal role in the regulation of FcRn expression. Liu et al. (2007) reported that TNF-α improved FcRn expression and IgG transport efficiency across intestinal epithelial cells by activating NF-κB signaling pathway. Guo et al. (2016a,b) found five NF-κB (p65) binding sites by analyzing the sequence of porcine FcRn promoter region, and overexpression or activation of NF-κB signaling pathway by agonists significantly increased FcRn expression. It has been widely confirmed that TLR2 and TLR4 mediate the activation of NF-κB signaling pathway in immune and inflammatory responses. Moreover, studies have shown that the regulation of intestinal TLR2/4 in early life of newborn animals is mainly regulated by intestinal microbiota colonization (Round et al., 2011; Inoue et al., 2017). However, few studies have reported the effects of gut microbiota on passive immunity and IgG uptake in animals during early life.

Therefore, in this work, we analyzed the intestinal IgG transport and bacterial colonization of newborn piglets at different days of age, and constructed an in vitro IgG transport model using IPEC-J2 cells transwell culture system to analyze the specific regulatory mechanism of IgG transport in newborn piglets.



Materials and methods


Ethic approval and consent to participate

All procedures were approved by the Institutional Animal Care and Use Committee of Hunan Agricultural University.



Animals experiment

Newborn piglets (Landrace × Duroc × Yorkshire) were obtained from 4 sows (10 piglets per litter) with the similar parity (3 or 4 parities). The piglets were housed with their own mothers. All 40 piglets were euthanized on postnatal d 0, 1, 3, and 7, with 10 piglets per slaughter. All 30 piglets killed at d 1, 3, and 7 received breast milk except for 10 piglets at d 0. The blood sample was taken from the carotid artery and centrifuged at 3,000 rpm for 15 min at 4°C to obtain serum. Gastric contents (IgG in breast milk), jejunal contents and mucosa were collected and transferred into sterile precooled tubes, and then stored at −80°C until further analysis (Figure 1A).
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FIGURE 1
 The expression of FcRn promoted the absorption of IgG. (A) Animal experiment design. (B,C) The IgG content in stomach milk and serum of piglets at four time points (d 0, 1, 3, and 7). (D,E) The mRNA and protein expression of FcRn in jejunal mucosa of piglets at four time points (d 0, 1, 3, and 7). Data were shown as means ± standard deviations. Mean value without the common letter on data bar in each figure indicated that the difference was significant (p < 0.05).




Cell culture

IPEC-J2 cells were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (HyClone, Utah, United States) and 1% Penicillin–Streptomycin (Beyotime Institute of Biotechnology, Shanghai, China). Cells were maintained at 37°C in a humidified incubator under 5% CO2.



Establishment of in vitro transcellular model

IPEC-J2 cells were seeded in 96-well culture plates and grown to approximately 80% confluence. The cells were incubated with lipopolysaccharide (LPS) (0, 0.1, 0.5, 1, 5, 10 μg/mL) and lipoteichoic acid (LTA) (0, 1, 2.5, 5, 10, 20 μg/mL) in serum-free DMEM for 24 h, respectively, and their viabilities were determined by cell counting kit-8 assay. The maximum concentration that had no effect on cell viability was chosen as the final concentration of LPS and LTA for the following experiments.

IPEC-J2 cells were grown in 12-well transwell system and the changes of trans-epithelial electrical resistance (TEER) were determined using an epithelial voltohmmeter ERS-2 (Merck Millipore, United States). When the epithelial electrical resistance was measured until similar values were recorded on three consecutive measurements, the cells were incubated with LPS and LTA for 24 h, repectively. Then the electrical resistance of each treatment was measured.

Repeating the above procedure until the epithelial electrical resistance was stable. Then, porcine IgG (400 μg/mL) mixed with LPS or LTA or both not was added to the upper chamber of the transwell for 24 h at 37°C. Meanwhile, the opposite chamber was incubated in DMEM serum-free medium. Supernatants from the lower chamber of the transwell were collected at 1, 2, 4, 6, 12, 24 h after incubation. Meanwhile, cells were collected during these time periods.



NF-κB inhibition assay

IPEC-J2 cells were grown at 70–80% confluence treated with or without 5 μM NF-κB inhibitor BAY11-7028 (Sigma-Aldrich, United States) for 1 h and then the cells were stimulated by LPS or LTA or both not for 2 h. Finally, cells were harvested for use.



Enzyme-linked immunosorbent assay

The IgG levels in serum, gastric contents and cell culture medium supernatants, LPS and LTA levels in jejunal contents were determined using ELISA kits (Enzyme-linked Biotechnology, Shanghai, China) according to the manufacturer’s instructions.



Absolute quantitative PCR

The total DNA from the jejunal content samples was extracted using QIAamp DNA Stool Mini Kit (Qiagen, Germany) following the manufacturer’s instructions. The PCR primer sequences were 338F: 5′-ACTCCTACGGGAGGCAGCA-3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′. The construction of plasmid standard and standard curve drawing were carried out by Paisonol Biotechnology Co., Ltd., Shanghai, China. Gene expression was determined on a real-time quantitative PCR system, using SYBR Green Premix Pro Taq HS qPCR kit (Accurate Biotechnology, Hunan, China). The formula for calculating the copy number is Ct = −KlogX+b. X represents copy number, K represents slope of standard curve, and b represents intercept of standard curve.



Quantitative PCR

Total RNA was extracted from jejunal mucosa and IPEC-J2 cells using RNA rapid extraction kit and transcribed into cDNA using the Evo M-MLV RT Premix kit (Accurate Biotechnology, Hunan, China). The PCR primer sequences utilized for the determination of the gene expression were shown in Table 1. Gene expression was determined on a real-time quantitative PCR system, using SYBR Green Premix Pro Taq HS qPCR kit (Accurate Biotechnology, Hunan, China). Relative quantification of the target gene expression was calculated as previously described methods (Peng et al., 2021).



TABLE 1 Primers used for real-time PCR analysis.
[image: Table1]



Western blot

The total protein of jejunal mucosa and IPEC-J2 cells was extracted with protein extraction reagents (Thermo Fisher Scientific Inc., United States). Proteins were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then electrotransferred to polyvinylidene difluoride (PVDF) membranes (BioRad, Hercules, CA, United States). Membranes were blocked and then incubated with the following primary antibodies overnight at 4°C: β-actin (Cell Signaling Technology, #4970), FcRn (Abclonal, A8544), NF-κB P65 (Cell Signaling Technology, #6956), and Phospho-NF-κB P65 (Ser536) (Cell Signaling Technology, #3033). After primary antibody incubation, membranes were washed and then incubated with HRP-conjugated anti-mouse or anti-rabbit IgG antibodies (Beyotime Biotechnology, Shanghai, China). Finally, quantified and digitally analyzed using the image J program (NIH).



Transcriptomic analysis of jejunal mucosa

The total RNA was extracted from jejunal mucosa using Trizol according to the manufacturer’s instructions. Paired-end (PE) RNA-seq libraries were constructed using the Truseq mRNA-stranded RNA-Seq Library Prep Kit (Illumina, United States). The sequencing of the libraries with a read length of 2 × 150 bp and an insert size of 380 bp was performed on an Illumina HiSeq X Ten sequencing platform. The quality of the raw sequencing data was assessed and filtered with RNA-QC-Chain (Zhou et al., 2018), removing the adaptors, contaminations, and low-quality reads. The filtered reads were aligned to the reference genome of the S. scrofa (NCBI Accession No. GCF_000003025.6) using HISAT2 (v2.1.0) (Kim et al., 2019). The expression level of genes was estimated using fragments per kilobase per million mapped reads (FPKM) by StringTie (v1.3.6) (Pertea et al., 2015). We used DESeq to detect the differentially expressed genes (DEGs), which were defined as genes with|log2(FoldChange)| > 1 and adjusted p < 0.05 between the two groups. The Benjamini-Hochberg (BH) method-based false discovery rate (FDR) multiple test correction was applied to adjust the p value.



Metagenomic analysis of jejunal microbiome

The total DNA from the jejunal content samples was extracted using QIAamp DNA Stool Mini Kit (Qiagen, Germany) following the manufacturer’s instructions. After the quality check, DNA was used to construct the PE libraries using NEBNext Ultr DNA Library Prep Kit for Illumina (NEB, United States). A total of 20 samples were successfully sequenced on Illumina HiSeq X Ten platform. The raw sequencing data were evaluated using FastQC and then trimmed by Fastp (v0.20.0) (Brown et al., 2017) to eliminate reads less than 50 bp, adapters, leading or trailing bases with Phred base quality (BQ) scores of <20, and fragments of every five bases with an average BQ score of <25. To obtain the taxonomical composition of the intestinal microbiome for each sample, the high-quality reads were annotated by MetaPhlAn2 (v2.6.0) with default settings (Truong et al., 2015). Alpha diversity was calculated using the QIIME and principal component analysis (PCA) were analyzed by R (v4.0.3) and QIIME. The top 50 taxons with significant differences in relative abundance between groups were clustered by R (v4.0.3).



Phosphoproteomic analysis

There were two groups (n = 3 each group) of IPEC-J2 cells that were used for the phosphoproteomic analysis, one is LPS treatment group, treated with 1 μg/mL LPS for 2 h, and the other is LTA treatment group, treated with 2.5 μg/mL LTA for 2 h. SDT (4%SDS, 100 mM Tris–HCl, 1 mM DTT, pH7.6) buffer was used for sample lysis and protein extraction. The amount of protein was quantified with the BCA Protein Assay Kit (Bio-Rad, United States) following the manufacturer’s instructions. Protein digestion and phosphopeptides enrichment were performed as described previously (Wiśniewski et al., 2009). The enriched phosphopeptides was concentrated in vacuum and redissolved in 20 μL 0.1% formic acid solution for mass spectrometry analysis. Liquid chromatography–tandem mass spectrometry (LC–MS/MS) analysis was carried out by Applied Protein Technology Co., Ltd., Shanghai, China. The MS raw data for each sample were combined and searched using the Maxquant (1.5.2.8) software for identification and quantitation analysis. Phosphopeptides with the Fold Change >2 (up-regulated) or Fold Change <0.5 (down-regulated) were further applied to Student’s t-test at a univariate level to measure the significance, the p-values <0.05 were considered statistically significant (Figure 2A).
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FIGURE 2
 Dynamic changes of intestinal microbiota in piglets after birth. (A) Absolute quantitative analysis of jejunal microbiota in piglets at four time points (d 0, 1, 3, and 7). (B,C) LPS and LTA contents in jejunum of piglets at four time points (d 0, 1, 3, and 7). (D) Analysis of alpha-diversity in jejunal microflora at four time points (d 0, 1, 3, and 7). (E) Principal component analysis (PCA) of the structure of the jejunal microbiota at four time points (d 0, 1, 3, and 7). (F) The relative abundances of the jejunal microbiota at the specie levels at four time points (d 0, 1, 3, and 7). (G) The top 50 species level differential bacteria in jejunum of piglets at four time points (d 0, 1, 3, and 7). (H) Relative abundance of Gram-positive and Gram-negative bacteria in the top 20 species levels of jejunum of piglets at four time points (d 0, 1, 3, and 7). (I) Correlation analysis betwwen intestinal flora parameters and serum IgG levels and jejunal FcRn mRNA expression of piglets. (J) Redundancy analysis (RDA) between the top 50 jejunal bacteria in genus level and serum IgG content, jejunal LPS content, jejunal LTA content, total jejunal bacteria, and mRAN expression level of FcRn in jejunal mucosal tissue. Data were shown as means ± standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001. Mean value without the common letter on data bar in each figure indicated that the difference was significant (p < 0.05).




Statistical analysis

Data are presented as means ± standard deviation (SD). A two-sided unpaired Student’s t-test with Benjamini–Hochberg correction was used to compare the two groups. The differences among the three groups were analyzed using one-way analysis of variance (ANOVA) followed by Duncan’s test. Significance was set at p < 0.05.




Results


The expression of FcRn promoted the absorption of IgG

Piglets which did not receive milk after parturition were recorded as d 0, and 24 h after suckling were recorded as d 1. As shown in Figure 1B, with the growth of piglets, the IgG levels in the stomach milk of piglets on d 1 were significantly higher than that on d 3 and d 7 (p < 0.05). On the contrary, the serum IgG content of piglets continued to increase from the d 1 of suckling to the peak on the d 7. The IgG content in serum of piglets on d 3 and d 7 was significantly higher than that on d 1 (p < 0.05). It is known that IgG in newborn piglets is derived entirely from breast milk, as shown in Figure 1C, the serum of piglets at d 0 contains no IgG. And FcRn is the only receptor for transporting IgG. We detected the mRNA expression and protein expression of FcRn in jejunal mucosa of piglets (Figures 1D,E). The trend of FcRn mRNA expression and protein expression was consistent, with the highest expression on the d 1 and then down-regulated. There was a significant difference between d 1 and d 3 and d 7 in FcRn mRNA expression and protein expression (p < 0.05), but the difference between d 3 and d 7 was not significant (p > 0.05). The mRNA expression of FcRn in jejunal mucosa of piglets was significantly different between d 0 and d 1 (p < 0.05), but no significant difference in protein expression (p > 0.05).



Dynamic changes of intestinal microbiota in piglets after birth

We performed absolute quantitative analysis of jejunal microbiota in piglets at four time points (d 0, 1, 3, and 7). As shown in Figure 3A, the amount of jejunal bacteria at d 0 was significantly lower than that at the other three time points (d 1, 3, and 7) (p < 0.05), while there was no significant difference among the other three time points (p > 0.05). The results of LPS content and LTA content in jejunum were consistent (Figures 3B,C). From d 0 to d 7, the contents of LPS and LTA in jejunum of piglets increased gradually. The contents of LPS and LTA in jejunum of piglets were not significantly different between d 0 and d 1 (p > 0.05), but d 0 and d 1 were significantly different from d 3 and d 7 (p < 0.05), respectively, and there were also significant differences between d 3 and d 7 (p < 0.05). To further clarify the colonization rules of intestinal microbiota in piglets, metagenomic sequencing was performed on intestinal microbiota at four time points. The Chao 1 and ACE indices that estimate microbial richness, and the Shannon and Simpson diversity indices which reflects species biodiversity, were calculated to evaluate the alpha diversity (Figure 3D). The species richness (Chao 1 and ACE) of d 0 was significantly lower than that of other three time points (d 1, 3, and 7) (p < 0.05). The results of PCA showed that jejunal microbiota of piglets at the four time points did not completely overlap, indicating that the jejunum of piglets was colonized with different bacteria at the four time points (Figure 3E). Besides, we analyzed the taxonomic composition and top 50 differential bacteria composition of jejunum flora of piglets at four time points (Figures 3F,G). At species level, the dominant bacteria in jejunum of piglets was Clostridioides difficile both at four time points. Except for Lactobacillus mucosae, Lactobacillus delbrueckii, and Lactobacillus amylovorus, there was no significant difference in the relative abundance of other bacteria in jejunum of piglets at four time points. The analysis of top 50 differential bacteria composition also reflects the colonization rule of piglets jejunal microbiota at four time points. By the 7th day after birth, Lactobacillus gradually became the dominant bacteria in jejunal of piglets. In addition, we calculated the proportion of Gram-positive bacteria and Gram-negative bacteria in the top 20 species levels of jejunum of piglets (Figure 3H). The results showed that the relative abundance of Gram-positive bacteria in jejunum significantly decreased and the relative abundance of Gram-negative bacteria significantly increased with the increase of age of piglets (p < 0.05). And the proportion of Gram-positive bacteria in jejunum of piglets was always higher than that of Gram-negative bacteria at four time points (p < 0.05).
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FIGURE 3
 Dynamic gene expressions during intestinal development progression in piglets. (A) Principal component analysis (PCA) based on the gene expression in jejunal mucosa of piglets at four time points (d 0, 1, 3, and 7). (B) Histogram of differentially expressed genes in jejunal mucosa of piglets at four time points (d 0, 1, 3, and 7). (C) Cluster analysis results of differential expression of gene in jejunal mucosa of piglets at four time points (d 0, 1, 3, and 7). (D) Spearman correlation analysis between the top 50 species level differential bacteria screened in the metagenomic results and 6,525 defferent expreesed genes. (E) KEGG pathway enrichment analysis of genes highly associated with different bacteria. (F–H) The mRNA expression of TLR4, TLR2 and P65 in jejunal mucosa of piglets at four time points (d 0, 1, 3, and 7). Data were shown as means ± standard deviations. Mean value without the common letter on data bar in each figure indicated that the difference was significant (p < 0.05).




Correlation analysis of IgG absorption and intestinal flora in piglets

We analyzed the correlation between serum IgG content and jejunal mucosal FcRn mRNA expression with total jejunal bacteria, jejunal LPS content, jejunal LTA content and jejunal microbiota alpha diversity index (Chao1 and ACE) at 4 time points, respectively. As shown in Figure 3I, the content of serum IgG had significantly positive correlation with total jejunal bacteria, jejunal LPS content, jejunal LTA content and jejunal microbiota alpha diversity index (Chao1 and ACE) (p < 0.05), and the expression of FcRn mRNA in jejunum had significantly negative correlation with total jejunal bacteria, jejunal LPS content and jejunal LTA content (p < 0.05). Obviously, the content of LPS and LTA in jejunum had the strongest correlation with serum IgG content and jejunal FcRn mRNA expression (p < 0.01). Moreover, we performed redundancy analysis (RDA) between the top 50 jejunal bacteria in genus level and serum IgG content, jejunal LPS content, jejunal LTA content, total jejunal bacteria, and mRAN expression level of FcRn in jejunal mucosal tissue. The results of RDA showed that the microflora composition in jejunum of piglets at four time points had no significant difference in genus level. Furthermore, the interaction between jejunum microbial composition and serum IgG content, jejunal LPS content, jejunal LTA content, total jejunal bacteria, and mRAN expression level of FcRn in jejunal mucosal tissue was highly significant (p = 0.001) (Figure 3J).



Dynamic gene expressions during intestinal development progression in piglets

The results of PCA based on the gene expression of four time points reflected the degree of differences in the genetic profiles of piglets at d 0, 1, 3, and 7 (Figure 4A). Through the traditional t-test, the differences between the combinations of any two time periods were found (Figure 4B), and finally the list of 6,525 DEGs was combined. Then, after performing unsupervised hierarchical clustering based on the identified DEGs (Figure 4C), we found that the samples at the four time points (d0, d1, d3, d7) could be roughly clustered into three independent groups (d 0 as one group, d 1 as one group, d 3 and d 7 as one group). This suggested that d 1 may be the key point of intestinal function transformation in piglets. Similarly, d 1 is a key time point for intestinal flora colonization. Therefore, we conducted Spearman correlation analysis between the top 50 species level differential bacteria screened in the metagenomic results and 6,525 DEGs (Figure 4D). We screened 6,525 DEGs with |correlation coefficient| > 0.6 and adjusted p < 0.05, and performed KEGG pathway enrichment analysis on the eligible genes (Figure 4E). The results showed that genes strongly associated with differential bacteria were enriched into three categories: Environmental Information Processing, Cellular Processes and Human Diseases, including the NF-κB signaling pathway. Finally, we verified the expression levels of some genes of the NF-κB signaling pathway (Figures 4F–H). The gene expression of TLR2, TLR4 and P65 in the jejunum of piglets were significantly upregulated at d 1 when compared with d 0 (p < 0.05). Besides, all three genes were downregulated from d 1 to d 7, and all three genes mRNA expression were significantly inhibited at d 7 versus the d 1 (p < 0.05).
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FIGURE 4
 Role of P65 phosphorylation in transmembrane transport of IgG. (A,B) Transmembrane transport of IgG after LPS and LTA stimulation. (C) The mRNA expression of FcRn after LPS and LTA stimulation. (D) The protein expression of FcRn, P65, and P65 phosphorylation after LPS and LTA stimulation. (E–H) The mRNA expression of FcRn and the protein expression of FcRn, P65 and P65a phosphorylation after blocking NF-κB signaling pathway and then stimulated by LPS and LTA. Data were shown as means ± standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001. Mean value without the common letter on data bar in each figure indicated that the difference was significant (p < 0.05).




NF-κB signaling pathway mediates IgG transmembrane transport through FcRn

As shown in Supplementary Figure S1, when the concentration of LPS and LTA were 1 μg/mL and 2.5 μg/mL, respectively, the cell viability and cell barrier function were not affected by 24 h incubation with cells. Thus, we incubated IPEC-J2 with 1 μg/mL LPS and 2.5 μg/mL LTA for 24 h, respectively, to explore the effects of cells treated with LPS or LTA on IgG transmembrane transport (Figures 5A,B). Obviously, from the second hour onwards, the IgG content in transwell lower chamber and IgG transmembrane transport rate at each time point (2, 4, 6, 12, 24 h) in LPS treated group were always significantly lower than those in CON group (p < 0.05). In contrast, the LTA treated group significantly increased the content of IgG in transwell lower chamber transported from the upper chamber compared to CON group at whole time (1, 2, 4, 6, 12, 24 h) (p < 0.05). As shown in Figure 5C, with the accumulation of incubation time, LPS treatment significantly inhibited the mRNA expression of FcRn (p < 0.001), while LTA treatment significantly enhanced the mRNA expression of FcRn (p < 0.001). Apparently, the mRNA expression of FcRn in LTA group was significantly up-regulated versus the LPS group at whole time (1, 2, 4, 6, 12, 24 h) (p < 0.001). Moreover, Western blot analysis showed that LPS and LTA treatment both activated NF-κB signaling pathway and promoted the phosphorylation of P65 (p < 0.001). The activation of NF-κB signaling pathway by LTA was significantly stronger than that by LPS (p < 0.01). Consistent with the results of qPCR, LPS treatment remarkably inhibited the protein level of FcRn expression (p < 0.001) while LTA treatment markedly promoted the protein level of FcRn expression (p = 0.007) compared with the cells without any treatment. Apparently, the protein level of FcRn expression in LTA group was significantly increased versus the LPS group at whole time (1, 2, 4, 6, 12, 24 h; p < 0.05; Figure 5D). Therefore, to explore whether the down-regulation and up-regulation of FcRn induced by LPS and LTA were related to the NF-κB signaling pathway, NF-κB inhibitor BAY11-7082 was used to pretreat IPEC-J2 cells before stimulation with 1 μg/mL LPS or 2.5 μg/mL LTA. We found that blocking NF-κB signaling pathway decreased mRNA and protein expressions of FcRn induced by LTA, but it did not affect the down-regulation of mRNA and protein expressions of FcRn induced by LPS (Figures 5E–H).
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FIGURE 5
 Phosphorylated modification of proteins after LPS and LTA stimulation. (A) Overview of the workflow of phosphorylated proteomics. (B) Histogram of quantitative differences in phosphorylated peptides between the LPS and LTA groups. (C) Volcano plot shows the different phosphorylated peptide between the LPS and LTA groups. (D) Cluster analysis results of differential expression of phosphorylated peptide between LTA group and LPS group. (E,F) Enrichment results of KEGG pathway corresponding to phosphorylated peptides with differential expression between the LPS and LTA groups.




Differences in phosphorylated proteome between LPS and LTA treated cells

Both LPS and LTA treated cells activated the NF-κB pathway, but LPS inhibited the expression of FcRn while LTA promoted the expression of FcRn. In order to explore the reason for the difference between LPS and LTA treatment groups, phosphorylated proteome was detected in cells treated with LPS or LTA (Figure 2). A total of 742 differentially modified peptides were identified by LPS and LTA treatment groups. Compared with LPS treatment group, 304 peptides were up-regulated and 438 peptides were down-regulated in LTA treatment group (p < 0.05; Figure 2B). Significant differences in phosphorylated modified peptides between LPS and LTA treatment groups were visualized in the form of a volcano plot (Figure 2C). Hierarchical clustering algorithm was used to group and classify the differentially expressed phosphorylated peptides in LPS and LTA treatment groups. The proteins corresponding to the significantly differentially expressed phosphorylated peptides obtained can effectively separate the comparison groups, indicating that the screening of differentially expressed phosphorylated peptides can represent the influence of biological treatment on samples (Figure 2D). Next, we performed KEGG pathway enrichment analysis on the proteins corresponding to the differentially expressed phosphorylated peptides screened, and the results showed that significant changes occurred in important pathways such as calcium signaling pathway, AMPK signaling pathway, alcoholic liver disease, TNF signaling pathway, longevity regulating pathway (Figure 2E). In addition, KEGG signaling pathway enrichment of differentially expressed phosphorylated peptides showed that NF-κB signaling pathway was significantly up-regulated in LTA treatment group compared with LPS treatment group (p < 0.05; Figure 2F).




Discussion

How to improve the passive immune ability and maternal antibody level of piglets by nutritional means is the key to effectively prevent intestinal infection of piglets and improve the survival rate and production efficiency of piglets. The main immunoglobulin in colostrum within 3 days after parturition is IgG. Therefore, the limited absorption of IgG in breast milk is the main reason for the low innate passive immunity of piglets. As the only receptor for specific IgG transport, FcRn has attracted much attention. FcRn has more recently been shown to express in a variety of mammalian species (Ward and Ober, 2009). Meanwhile, several studies have reported the distribution, function, and regulation of human and rodent FcRn expression (Dickinson et al., 1999; Jiang et al., 2004; Liu et al., 2007; Tian et al., 2014). In this study, we provided evidence that the expression of FcRn in the gut of piglets peaked on postnatal d 1, and thereafter FcRn expression gradually decreased with the piglets age, consistent with previous studies (Mayer et al., 2002). On the other hand, the IgG content of breast milk changed rapidly with the passage of postpartum time, decreasing by 30% within 3 h after delivery and by nearly 90% at 24 h after delivery (Kielland et al., 2015; Hue et al., 2021). Therefore, targeted regulation of FcRn molecule during the IgG-rich period of breast milk may be an effective measure to improve IgG absorption efficiency in piglets. But the molecular mechanisms and nutritional measures of FcRn regulation are still rarely reported.

In our present study, the results shown that the serum of piglets that did not drink breast milk at birth did not contain IgG, but the expression of FcRn in the intestinal tract of piglets maintained a high level. This is determined inborn so that piglets exposed to breast milk can quickly absorb IgG in breast milk. It has not been reported whether the regulation of intestinal FcRn expression in piglets can be achieved during the embryonic period. At the time point of d 1, the expression of FcRn in the intestine of piglets increased rapidly and reached the peak within 7 days. Meanwhile, the content of IgG in serum of piglets also increased sharply. From d 3 to d 7, the expression level of FcRn in the intestinal tract of piglets began to be significantly down-regulated, and the content of IgG in serum of piglets also remained stable and did not increase. This indicates that the increase of FcRn expression promotes the absorption of IgG, which is also limited when FcRn expression is suppressed.

Several studies have shown that the colonization of gut microbiota in early life can affect the physiological function of the host gut, especially the early development of the host immune system (Milani et al., 2017; Zhuang et al., 2019; Al and Eberl, 2020). The immune system of piglets is not established after birth, and it does not start until 7–8 days after birth. During this period, the main source of immune material of piglets was IgG obtained from the mother. Thus, we speculate that the colonization of intestinal flora of newborn piglets may affect the absorption of IgG to a certain extent. In this work, the total bacteria content in the intestine of piglets increased rapidly and the diversity of bacteria increased significantly from d 1. Moreover, the jejunum flora composition of piglets at d 1 and d 0 time points was significantly different. The above results showed that intestinal flora began to colonize from d 1, and it was during this process that the expression level of intestinal FcRn increased significantly. This may mean that during the colonization of intestinal flora, some components stimulate the expression of FcRn in some way to promote the transport of IgG in piglets. In Helicobacter pylori-infected mice, the expression of FcRn in the gastric epithelium is upregulated to facilitate the transport of IgG from blood to gastric fluid (Ben et al., 2012). Similarly, Li et al. (2021) found that adding the heat inactivated Clostridium butyricum CB1 into porcine small intestinal epithelial cells promoted the expression of FcRn on the cell membrane. These studies provide direct evidence that epithelial expression of FcRn is able to link luminal and/or epithelial infectious exposures with systemic immune activation. In other words, the intervention of antigenic substances does promote the expression of FcRn and thus regulate the transmembrane transport of IgG. Consistent with previous studies, our results also showed that the expression of FcRn in jejunal mucosa of piglets was significantly correlated with the intestinal flora parameters.

In order to clarify the specific mechanism of intestinal flora participating in the regulation of FcRn, we conducted correlation analysis between the differential bacteria screened by metagenomes and the DEGs screened by the transcriptome, and selected genes with high correlation coefficients for KEGG pathway enrichment analysis. We identified the NF-κB signaling pathway, which is closely related to microbes and immunity. Previous studies have shown that there are five NF-κB (p65) binding sites in the FcRn promoter region, and overexpression or agonist activation of the NF-κB signaling pathway can significantly improve the expression of FcRn (Guo et al., 2016a,b). To verify our hypothesis that intestinal flora regulates FcRn expression and mediates IgG transport through the NF-κB signaling pathway, we conducted in vitro cell experiments. The results showed that intestinal antigens mediated the transmembrane transport of IgG by regulating the expression of FcRn through the NF-κB signaling pathway. Interestingly, both LTA and LPS activated the NF-κB signaling pathway, but LTA promoted FcRn expression while LPS inhibited FcRn expression, which is inconsistent with the results reported by Cervenak that LPS promotes FcRn expression in bovine aorta endothelial cells (Cervenak et al., 2013). We compared the results of phosphorylated proteome in LPS-treated and LTA-treated cells, and found that the activation intensity of NF-κB signaling pathway in LTA stimulated cells was significantly higher than that of LPS. On the other hand, the activation degree of JAK–STAT signaling pathway in LPS group was significantly higher than that in LTA group. Studies have shown that activation of JAK–STAT signaling pathway could inhibit the expression of FcRn (Liu et al., 2008). Therefore, we speculated that LPS treatment activated the NF-κB signaling pathway but inhibited the expression of FcRn because of the antagonistic effect of JAK–STAT and NF-κB signaling pathway in regulating FcRn. LPS stimulated JAK–STAT signaling pathway was significantly more activated than NF-κB signaling pathway, thus ultimately inhibiting FcRn expression.



Conclusion

In conclusion, by comparing the absorption of IgG and colonization of intestinal flora of piglets at four time points after birth, we found that the early colonization of intestinal flora can affect the absorption of IgG in the intestine of piglets. The absorption of newborn piglets IgG depends on the expression of FcRn in the gut, and the gut flora is involved in regulating the expression of FcRn through the NF-κB signaling pathway (Figure 6). This suggests that we can promote the absorption of breast milk IgG by means of early intestinal flora intervention, so as to improving the passive immune function of newborn piglets and ensure the survival rate of newborn piglets.

[image: Figure 6]

FIGURE 6
 Schematic summary of the findings in this study.
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The growth and health statuses of calves during the early stages of development have a significant effect on milk production during their first lactation period. Using appropriate milk replacers helps meet the long-term targets of dairy farmers. This study aimed to examine the effects of milk, milk replacer, and milk replacer plus ethoxyquin on growth performance, antioxidant status, immune function, and the gut microbiota of Holstein dairy calves. A total of 36 neonatal dairy calves were randomly divided into three groups and fed different diets: one group was fed milk, another group was fed milk replacer, and the third group was given milk replacer plus ethoxyquin. The supplementation with ethoxyquin was started on day 35 of the feeding period. The calves were weaned on day 45, and the experiment was conducted until day 49. The blood and fecal samples were collected at the end of the animal experiment. The results showed that milk replacers induced poor growth performance (body weight and average daily gain). However, milk replacer plus ethoxyquin aided in growth performance, enhanced the starter intake and blood antioxidative ability, and elevated the concentration of fecal valeric acid. Moreover, fecal fermentation and 16S rRNA analyses showed that milk replacer plus ethoxyquin altered the microbial composition (reducing Alistipes and Ruminococcaceae and increasing Bacteroides and Alloprevotella). Pearson's correlation assays showed that alterations in fecal microbiota strongly correlated with average daily gain and antioxidative ability. The results indicated the potential of milk replacer plus ethoxyquin in modulating the growth of dairy calves and in enhancing their ability to combat stress.
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Introduction

The growth and health statuses of calves during their first lactation period have a significant effect on milk production (Chester-Jones et al., 2017). Feeding ad-lib quantities of milk to dairy calves has been shown to cause higher growth rates at an early age (Khan et al., 2011; Iqbal et al., 2014). With the increasing demand for high production performance, milk replacer is an alternative that can boost growth performance but reduce the pre-weaning feeding cost.

Milk replacer is a type of artificial milk made of non-milk protein sources and is designed to meet the nutritional requirements of breast milk as per established standards. Compared to whole milk, the quality of milk replacer is not easily affected by external factors such as diet and season (Bernabucci et al., 2015; Toral et al., 2015). Calves fed milk replacers had a higher starter intake and longer-lasting effects on the rumen environment compared to those fed whole milk or pasteurized waste milk (Zhang et al., 2019). Exiting evidence also showed that milk replacers increase the survival rate of the Awassi lamb (Emsen et al., 2004). During the early stages of development, the gut microbiota is important to the host's health, as a stable gut bacterial community is a prerequisite for the host to perform normal physiological functions, metabolism, and immune functions (Gensollen et al., 2016; Li et al., 2021), while an imbalance may result in gastrointestinal diseases (Wang et al., 2019). Whether the gut bacterial community changes with the milk replacer is unknown.

Abrupt weaning, usually done at 6 weeks of age, is a source of stress for young animals and may lead to a reduction in body weight (de Passillé et al., 2011; Ungerfeld et al., 2011), diarrhea (Khan et al., 2007), and compromised intestinal barrier function (Li et al., 2018). Abrupt weaning makes young animals particularly vulnerable to infectious diseases as the immune system is not yet fully developed (Godbout and Glaser, 2006). Proper additives are a promising approach to protecting an animal from weaning stress (Kim et al., 2020; Mattioli et al., 2020). Ethoxyquin is widely used in animal feeds to protect against lipid peroxidation (Błaszczyk et al., 2013). Previous studies have demonstrated that feeding ethoxyquin can improve cows' lactation performance and antioxidant status, as well as partially mitigate the negative effects of feeding oxidized fat (Váquez-Añón et al., 2008; Boerman et al., 2014). Whether feeding ethoxyquin during the weaning period could help combat weaning stress is worth exploring.

We hypothesized that (1) a milk replacer could replace whole milk in dairy calves and (2) feeding ethoxyquin could mitigate negative effects during the weaning period. The objectives of this study were not only to determine the effects of milk, milk replacer, and milk replacer plus ethoxyquin on the growth performance and weaning stress of dairy calves but also to profile the changes in the gut microbiota.



Materials and methods


Experimental design and animal management

A total of 36 male Holstein calves were enrolled in this experiment. They were paired into 12 blocks based on their body weight and the date of their birth before being randomly assigned to one of three treatment groups within each block. The three treatments were control group (C, fed fresh milk), milk replacer group (MR, fed the milk replacer), and milk replacer plus ethoxyquin group (MRE, fed the milk replacer plus ethoxyquin). The ethoxyquin (Endox®5) was purchased from Kemin (China) Technologies Co. Ltd., Zhuhai. The dose of ethoxyquin used was 350 mg/kg of starter intake, and the feeding commenced on day 35.

The calves were given a total of 6 L of colostrum, with 4 L administered within the first hour after birth, and the remaining 2 L administered 5 h later. The calves were removed from their dam within 3 h of birth. The nutrient content of the milk replacer (Swot Technology Co., Ltd., Hangzhou) is presented in Table 1. Before feeding, the milk replacer was reconstituted with warm water (39°C) to 12.5% solids. The amount of milk or milk replacer fed to the calves was 12% v/w of their body weight, and the liquid feed was offered to them three times a day. They were fed from bottles at first but were then trained to drink from buckets. The day of birth was considered 1 day of age (DOA). After 38 days, the allowance of liquid feed was reduced by 50% each day, and the frequency of feeding was reduced to two times per day. At 42 days of age, the liquid feed was given one time per day. Weaning ended on day 45.


TABLE 1 The nutrient content of milk replacer.

[image: Table 1]

The pellets of a starter and alfalfa hay were offered ad libitum to the calves in individual buckets beginning at 7 DOA and 10 DOA, respectively. The amount of starter pellets intake was measured weekly to calculate the dose of ethoxyquin used. The chemical composition of the starter and alfalfa hay is shown in Table 2. All the calves were housed in individual hutches and managed similarly, with used sand as the bedding material. The sand was replaced one time a week to keep the bedding material clean. During the experiment, the windows of the hutches were opened for ventilation. The overall timeline of the experimental protocol is summarized and presented in Figure 1.


TABLE 2 The chemical composition of the feed.
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FIGURE 1
 Overall timeline of the experimental protocol showing the change of treatments, starter, weaning and sample collection. C, calves fed fresh milk; MR, calves fed milk replacer; MRE, calves fed milk replacer plus ethoxyquin at 350 mg/kg group.




Intake and growth measures

The calves were weighed immediately after birth and weekly thereafter. The intake of starter pellets was recorded for each calf weekly.



Blood sampling and analysis

Blood samples were collected at approximately 10 a.m. via the jugular venipuncture and divided into two tubes. One of the tubes contained K2-EDTA, and the samples were centrifuged at 3,500 g and 4°C for 15 min to obtain plasma. The sample in the other tube was allowed to clot at room temperature for 30 min to obtain serum. After centrifugation, all of the supernatants were then stored at −80°C for further analyses.

The plasma was analyzed for glucose, non-esterified fatty acids (NEFA), urea nitrogen (BUN), total protein (TP), and albumin (ALB) using commercial kits (Jiancheng Bioengineering Institute, Nanjing, China). The serum was used for analyzing the antioxidative status and immunity parameters. The total antioxidant capacity (T-AOC) was analyzed using the ferric antioxidant reducing power (FRAP) (Wang and Zuo, 2015). The activity of glutathione peroxidase (GSH-PX), as well as the malondialdehyde (MDA) concentration, were measured using commercial kits (Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer's instructions. The catalase (CAT) activity was determined using a commercial kit (Jiancheng Bioengineering Institute) based on the decomposition of hydrogen peroxide (H2O2). ELISA was used to determine the IgA, IgG, and IgM concentrations in serum (Cow IgA ELISA kit, catalog no. H108; Cow IgG ELISA kit, catalog no. H106; Cow IgM ELISA kit, catalog no. H109; and Jiancheng Bioengineering Institute, Nanjing, China).



Feces collection and volatile fatty acid analysis

The feces were sampled in the last three consecutive days of the experiment so that the samples were represented every 3 h in a 24-h feeding cycle. After sampling, the fecal samples (about 200 g for each calf) were stored in liquid nitrogen immediately.

Before the analysis, all the fecal samples were pooled, mixed, and homogenized using a sterile slap homogenizer. Approximately 4 g of the samples was mixed in 4 mL of distilled water for volatile fatty acid (VFA) extraction and analysis. The concentrations and proportions of VFA (including acetic acid, propionic acid, butyric acid, valeric acid, isobutyric acid, isovaleric acid, and isoacids) were analyzed using gas chromatography (Agilent Technologies 7820A GC system, Santa Clara, USA) according to previously described methods (Li et al., 2019).



Fecal microbiological analysis
 
DNA extraction and PCR amplification

Five samples from the treatment group were used for microbiological analysis. Approximately 1 g of the subsample was used for metagenomic DNA extraction. Microbial DNA was extracted from the fecal samples using the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, U.S.) according to the manufacturer's protocols. The final DNA concentration and purification were determined using a NanoDrop 2,000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, USA), and DNA quality was checked using 1% agarose gel electrophoresis. The V3-V4 hypervariable regions of the bacterial 16S rRNA were amplified with primers 338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT) by a thermocycler PCR system (GeneAmp 9700, ABI, USA). The PCR reactions were conducted using the following program: 3 min of denaturation at 95°C, 28 cycles of 30 s at 95°C, 30 s for annealing at 55°C, and 45 s for elongation at 72°C, followed by a final extension at 72°C for 10 min. PCR reactions were performed in triplicates in a 20-μL mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase, and 10 ng of template DNA. The resulting PCR products were extracted from a 2% agarose gel and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified using QuantiFluor™-ST (Promega, USA) according to the manufacturer's instructions.



Illumina MiSeq sequencing and processing

Purified amplicons were pooled in equimolar amounts and paired-end sequenced (2 × 300) on an Illumina MiSeq platform (Illumina, San Diego, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). Raw FASTQ files were quality-filtered using Trimmomatic and merged using FLASH in accordance with the following criteria: (1) The reads were truncated at any site receiving an average quality score of < 20 over a 50-bp sliding window; (2) sequences whose overlap was longer than 10 bp were merged according to their overlap with a mismatch of no more than 2 bp; (3) sequences of each sample were separated according to barcodes (exactly matching), primers (allowing two nucleotide mismatches); and reads containing ambiguous bases were removed. Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE (version 7.1 http://drive5.com/uparse/) with a novel “greedy” algorithm that performs chimera filtering and OTU clustering simultaneously. The taxonomy of each 16S rRNA gene sequence was analyzed using the RDP Classifier algorithm (http://rdp.cme.msu.edu/) against the database using a confidence threshold of 70%.

The α diversity was analyzed using Mothur1.30.2 (https://www.mothur.org/wiki/Download_mothur). The β diversity analysis was based on the unweighted UniFrac distance and was performed using QIIME1.9.1. The microbiota composition at different levels was determined based on tax_summary and R package version 3.3.1, and the difference between the groups was analyzed using a one-way ANOVA and Tukey's test. The LDA effect size analysis (LEfSe) was conducted to screen differentially abundant bacterial taxa with an LDA score of >3.0.




Statistical analysis

All the gathered data were analyzed using the MIXED procedure of SAS version 9.1 (SAS Institute Inc., Cary, NC). The repeated measures were used for the body weight (BW), average daily gain (ADG), and starter intake, and the model contained the effects of treatment, time, and the interaction of treatment and time. The initial BW was used for a covariate analysis. The linear model was used for fecal VFA concentrations and blood parameters. The results were expressed as least-squares means and standard errors of the mean. The correlations between fecal microbiota and performance, rumen fermentation, and blood parameters were calculated using Spearman's correlation coefficient. A heatmap diagram was drawn to visualize the data and identify the relationships between the variables. Statistical significance was determined for the treatment difference with a P ≤ 0.05, while a P-value of 0.05 < P ≤ 0.10 was considered indicative of a trend.




Results

In total, five calves (1 in the C group, 3 in the MR group, and 1 in the MRE group) developed abomasal bloating. Consequently, they were removed from the experiment.


BW, ADG, and starter intake of the calves

The overall effects on BW, ADG, and starter intake are shown in Table 3. The results indicated a decrease in BW with MR treatment (P = 0.02), while MRE treatment led to an increase in starter intake (P < 0.01). Significant time effects were observed for both BW and starter intake (P < 0.01). The interaction between week × treatment was observed for both BW and starter intake (P < 0.01), and we detected a trend for the week × treatment interaction for ADG (P = 0.09). Compared to the C group, the calves in the MR group showed a decrease in BW at weeks 4 and 7, while both the MR and MRE groups showed a decrease in BW at weeks 5 and 6 (Figure 2, P < 0.05). In particular, the BW of the MR group at week 7 was significantly lower than that of both the C and MRE groups (P < 0.05). Additionally, at weeks 5 and 6, the starter intake was higher in the MRE group compared to the C and MR groups (P < 0.05).


TABLE 3 Effects of milk, milk replacer and milk replacer plus ethoxyquin on growth of Holstein calves (N = 11,9, and 11 in C, MR, and MRE, respectively).
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FIGURE 2
 Growth performance of Holstein calves. C, calves fed fresh milk; MR, calves fed milk replacer; MRE, calves fed milk replacer plus ethoxyquin. (A) Body weight; (B) Starter pellets intake. Values were means ± SEM. abThe mean values with different superscripts are different at P < 0.05. N = 11.9, and 11 in C, MR, and MRE, respectively.




Blood antioxidant ability and immunity parameters

The blood antioxidant ability and immunity parameters are shown in Table 4. The NEFA concentration was higher in the MRE group compared to the C and MR groups (P < 0.05), and the TP concentration tended to elevate (P = 0.06). There were no changes in the concentrations of glucose, BUN, or ALB. For antioxidant ability, the T-AOC was higher in the MRE group than in both the C and MR groups (P < 0.05). GSH-PX, CAT, and MDA also tended to increase (P = 0.07, 0.07, and 0.09, respectively). No difference was found in the immunity parameters (IgA, IgG, and IgM).


TABLE 4 Effects of milk, milk replacer and milk replacer plus ethoxyquin on blood metabolites of Holstein calves (N = 11.9, and 11 in C, MR, and MRE, respectively).
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Fermentation parameters

As shown in Table 5, the concentration of acetic acid tended to decrease, and the concentration of valeric acid was increased in the MRE group compared to the C and MR groups (P = 0.08 and 0.05, respectively). Moreover, the ruminal isoacids (expressed as the percentage of total VFA) tended to increase (P = 0.07).


TABLE 5 Effects of milk, milk replacer and milk replacer plus ethoxyquin on fecal fermentation profiles of Holstein calves (N = 11,9, and 11 in C, MR, and MRE, respectively).

[image: Table 5]



Microbial community composition

The alterations in the fecal microbiota were investigated. The coverage for each sample was >99%, indicating sufficient sequencing depth to detect most of the fecal bacteria of the calves in this study. The total OTUs in the C, MR, and MRE groups were 958, 955, and 1,061, respectively (Figure 3A). Four indicators were used to reflect the microflora's richness (Chao, ACE) and diversity (Shannon, Simpson). As shown in Table 6, the richness was decreased in the MRE group compared to the C group (P < 0.05), with no difference in diversity. The β diversity was displayed in a PCA scatterplot and shown in Figure 3B, indicating a clear shift between the C and MRE groups.


[image: Figure 3]
FIGURE 3
 Analysis of the diversity, composition, and taxonomic biomarkers of fecal microbiota. C, calves fed fresh milk; MR, calves fed milk replacer; MRE, calves fed milk replacer plus ethoxyquin. N = 5 in each group. (A) Venn diagram presenting the operational taxonomic units (OTUs) from each group. (B) β diversity shown in a Principal component analysis (PCA) scatterplot. (C) A bar graph of microbial composition at both the phylum and genus levels. (D) A box plot of the significant phylum among groups. (E) A box plot of the significant genera among groups. (F) Histogram of Linear discriminant analysis (LDA) scores representing the taxonomic biomarkers by LDA effect size (LEfSe) analysis. LDA score (log10) >2 suggests the enriched taxa in cases. The data were analyzed by one-way ANOVA and Tukey's test. *P < 0.05, **P < 0.01.



TABLE 6 Effects of milk, milk replacer and milk replacer plus ethoxyquin on fecal bacterial diversity at OTU level of Holstein calves (N = 5).
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The differences in microbial compositions at the phylum and genus levels are shown in Figure 3C. At the phylum level, the abundance of Firmicutes was decreased and that of Bacteroidota was increased in the MRE group compared to the C group (P < 0.05, Figure 3D), and the ratio of Firmicutes to Bacteroidota was lower in both the MR and MRE groups. The abundance of Jeotgalicoccus was significantly reduced in both the MR and MRE groups, and the abundance in the MRE group was the lowest (Figure 3E, P < 0.05). The abundance of Alistipes was found to be decreased, while the abundance of Alloprevotella was found to be increased in the MRE group compared to the C group (P < 0.01). The abundance of Bacteroides was increased in both the MR and MRE groups compared to the C group (P < 0.05 and P < 0.01, respectively). Moreover, the abundance of Turicibacter was decreased in both the MR and MRE groups (P < 0.05 and P < 0.01, respectively). The MRE significantly reduced the abundance of Ruminococcaceae compared with the C and MR groups (P < 0.05).

As shown in Figure 3F, the taxonomic biomarkers were Jeotgalicoccus, Christensenellaceae_R-7_group, Jeotgalibaca, Alistipes, Dorea, Clostridium_sensu_stricto_1, Facklamia, and Ruminococcaceae in the C group. In the MRE group, the predominant bacteria were Bacteroides, Prevotella, Collinsella, Ruminococcus_gauvreauii_group, Syntrophococcus, Subdoligranulum, and Erysipelotrichaceae_UCG-003. Additionally, no taxonomic biomarkers were found in the MR group under this condition.



Relationship between bacterial and phenotypic variables

The correlations between fecal microbes, performance, and blood parameters were examined to further identify the underlying mechanisms. As shown in Figure 4, the concentration of MDA was positively correlated with Bacteroides and Prevotella. Alistipes showed a negative correlation with GSH-PX. Moreover, Succiniclasticum showed a positive correlation with CAT, T-AOC, NEFA, and isoacid proportions, while Ruminococcus was positively correlated with only isoacid proportions. Lachnospiraceae and Ruminococcaceae were positively linked with SOD. The results showed that the genera Psychrobacter, Atopostipes, Jeotgalibaca, Corynebacterium, Aerococcaceae, Bifidobacterium, Coprococcus, and Facklamia were positively related to the ADG.


[image: Figure 4]
FIGURE 4
 Heatmap diagram of correlations between fecal bacterial and performance and blood parameters at the genus level. Red was positively correlated and blue was negatively correlated. C, calves fed fresh milk; MR, calves fed milk replacer; MRE, calves fed milk replacer plus ethoxyquin. N = 5 in each group. Correlation significance P-value was indicated by “*”. *P < 0.05, **P < 0.01. ADG: average daily gain; SOD, superoxide dismutase; NEFA, nonesterified fatty acid; GSH-PX, glutathione peroxidase; MDA, malonaldehyde; T-AOC, total antioxidant capacity; CAT, catalase.





Discussion

This experiment evaluated the effects of milk, milk replacer, and ethoxyquin on growth performance, weaning stress, and fecal microbiota in dairy calves.

In this study, we found that the calves fed milk demonstrated superior growth performance and higher weaning weights.

The milk-fed calves showed better overall BW than those fed milk replacers (Zhang et al., 2019; Qadeer et al., 2021; Wang et al., 2022). The authors believe that this change might be due to the lower fat and protein contents and poor utilization of non-milk proteins. Moreover, milk might have better bioavailability of protein and energy along with minerals, enzymes, and growth factors (Lee et al., 2009). At the beginning and first few weeks, the BW of the dairy calves was not changed, while the milk replacer decreased the BW during weeks 4–7. A similar result was found in the study by Zhang et al. (2019), in which the BW of calves fed MR was significantly lower than that of those fed milk at 58 days of age. The nutrient contents of milk replacers were different in this study and that by Zhang et al. (2019). Previous studies demonstrated that the nutritional composition and the number of milk replacers provided significantly affect the BW of calves (Geiger et al., 2014; Chapman et al., 2016; Qadeer et al., 2021), suggesting that these factors are crucial.

The starter intake in the first 2 months was significantly associated with milk, fat, and protein production in the first lactation and lifetime production (Heinrichs and Heinrichs, 2011). Starter intake has been reported to be higher in milk-fed calves than those fed milk replacers, thus contributing to a higher growth rate (Qadeer et al., 2021). However, there was no difference in starter intake between the calves fed milk and those fed milk replacers in this study. The ethoxyquin helped to narrow the differences in BW and ADG between the calves fed milk and milk replacers. It might be due to the increased starter intake, as it could result in the compensation of nutrients to meet growth requirements. Feeding cows with ethoxyquin increased their DMI during mid and late lactation (Váquez-Añón et al., 2008).

Moreover, the higher consumption of starter intake may improve early rumen microbial development, leading to greater rumen capacity and metabolic activity (Anderson et al., 1987; Khan et al., 2011). Smith et al. (2003) reported that feeding antioxidants mixed with ethoxyquin improved the organic matter's digestibility. We speculated that the digestibility of DM and CP would be increased, and more research is needed to verify this fact.

In this study, the milk replacer did not change the blood metabolites, while the milk replacer plus ethoxyquin elevated the plasma concentration of NEFA. Feeding branched-chain VFA could decrease NEFA concentration in dairy cows (Liu et al., 2009), and a greater concentration of ruminal isovalerate might induce lower NEFA in calves (Zhang et al., 2019). Ethoxyquin increased the starter intake in this study, indicating that the rumen fermentation and bacterial community would be altered (Zhang et al., 2019). Moreover, the plasma NEFA is usually derived from fat stores as a response to energy mobilization; however, in this study, the BW and starter intake were increased in the MRE group compared to the MR group, indicating that an increase in NEFA by ethoxyquin would be due to the rumen metabolism but not the fat mobilization. A previous study demonstrated that antioxidants, such as vitamin E, can potentially prevent the “trans-10 shift” during biohydrogenation (Pottier et al., 2006). The ethoxyquin supplementation would preserve the oxidation of unsaturated fatty acids before absorption (Andrews et al., 2006) and increase the cis-18:1 in milk (Váquez-Añón et al., 2008), suggesting lower ruminal hydrogenation and trans-isomerization of 18:1 in some cases. The question of whether and how the ethoxyquin supplementation altered the rumen fermentation and microbiota profile will be evaluated in future studies.

Weaning is a potent stressor for dairy calves because of the extreme dietary shift, which induces elevated blood reactive oxygen species (ROS) production (Bordignon et al., 2019). Maintaining a balance between the defensive ability (enzymatic system and non-enzymatic antioxidants) and ROS production is important. Any disruption in this balance can lead to oxidative stress (Lykkesfeldt and Svendsen, 2007). The observed increase in antioxidant ability was expected, as ethoxyquin is one of the well-known feed antioxidant for both domestic animals and fish. It is widely used in animal feed due to its high antioxidant capacity and low production costs (Błaszczyk et al., 2013). Greater SOD and GSH-PX activities resulted from ethoxyquin supplementation in lactating primiparous cows (Váquez-Añón et al., 2008). As suggested by the authors, it is possible that ethoxyquin reduced a load of peroxides by removing reactive oxygen molecules, thereby relieving the endogenous antioxidant defense system. The elevated antioxidative ability we found in this study may have helped to mitigate the weaning impact on the calves.

In this study, the concentration of acetic acid was increased in the MR and MRE groups. The isoacids are the sum of isobutyric acid, isovaleric acid, and valeric acid. Branched-chain VFAs are markers of protein fermentation and are primarily derived from the fermentation of branched-chain amino acids such as valine and leucine (Smith and Macfarlane, 1998). In a study by Kumar et al. (2021), a higher concentration of milk replacer induced lower acetic acid and valeric acid proportions. Thus, we presumed that the higher concentrations of milk replacer-derived proteins and peptides would reach the intestine.

Despite the fecal fermentation, the microbiota was also evaluated in this study. The composition and balance of the microbiota are closely related to the nutritional and physiological functions of the host. Milk replacer has been shown to increase the diversity and richness of the microflora in the ileum (Wang et al., 2021). The results of Badman et al. (2019) proved that the differences in the nutritional composition of bovine milk replacers had a major impact on microbiota composition, diversity, and succession in pre-weaned dairy calves, further influencing the health of the gut and the whole animal. In this study, milk replacers did not affect the richness of the microflora, and milk replacer plus ethoxyquin decreased the richness with no difference in diversity. Combining the heatmap diagram and PCA, the results suggested that ethoxyquin might alter the composition of a milk replacer containing less widely utilized substrates for microbial fermentation.

Despite the genus mentioned above, Firmicutes, Bacteroidetes, Proteobacteria, and Actinomycetes usually account for more than 90% of gut microbes (Sankar et al., 2015). Firmicutes, an important indicator of intestinal microflora's composition, can be converted into short-chain fatty acids by fermenting polysaccharides to provide energy (Mariat et al., 2009). Firmicutes were also shown to promote energy absorption and fat deposition (Turnbaugh et al., 2006). We found that the abundance of firmicutes decreased in the MRE group compared to the C group, which suggested that the energy absorption and fat deposition would be lower, further favoring the elevated NEFA concentration. A previous study showed an increase in the abundance of Bacteroidetes in obese animals fed high-fiber diets (de Wit et al., 2012). The children who consumed a diet rich in fiber had higher proportions of Bacteroidetes and fewer Firmicutes than those fed a diet that included large amounts of protein, fat, sugar, and starch (De Filippo et al., 2010). However, we are unsure of why ethoxyquin can cause these changes.

Moreover, the ratio of Firmicutes/Bacteroidetes was significantly decreased. A previous meta-analysis revealed that a higher Firmicutes/Bacteroidetes ratio suggested more energy extraction from food by the microbiota (Suzuki and Worobey, 2014). Thus, we speculated that milk replacer and milk replacer plus ethoxyquin might alter the energy extraction from feed through microbiota, which could, in some cases, explain the decreased BW and ADG in this study. Moreover, we found that the abundance of Bifidobacterium was strongly correlated with ADG. Bifidobacterium is often among the first colonizers of gut environments (Malmuthuge et al., 2015) and is known to be beneficial to physiological conditions within the gut, aiding intestinal development and preventing intestinal dysbiosis (Hidalgo-Cantabrana et al., 2017).

The VFAs are important metabolites of the microbiota. Generally, acetic acid, propionic acid, and butyric acid are the primary fermentation products of Ruminococcus albus, Prevotella ruminicola, and Butyrivibrio fibrisolvens, respectively (Emerson and Weimer, 2017; Liu et al., 2017). The lower abundance of Ruminococcaceae in the MRE group tend to decrease the concentration of acetic acid. A previous study showed that the fermentation of branched-chain amino acids is mainly carried out by members of the genera Clostridium, Peptostreptococcus, and Bacteroides (Smith and Macfarlane, 1998), and the abundance of Bacteroides was found elevated in the calves fed milk replacer plus ethoxyquin in this study. Both Ruminococcus albus and Butyrivibrio fibrisolvens species are the main consumers of branched-chain VFAs (Feng, 2004). We also found that the abundance of Ruminococcaceae was lower in the MRE group, and the abundance of Ruminococcus, Succiniciasticum, and Parabacteroides were positively related to the isoacids proportion. Therefore, the decreased abundance of these bacteria might explain the greater proportion of isoacids. Moreover, previous studies demonstrated that isoacids could increase the number of cellulolytic bacteria (fibrobacter succinogenes, Ruminococcus flavefaciens, and so on) (Bryant and Doetsch, 1954; Dehority et al., 1967). Some in vitro studies have shown that isoacids can accelerate the degradation of DM and NDF (Soofi et al., 1982; Roman-Garcia et al., 2021). They tended to increase the proportion of isoacids, further suggesting that milk replacer and milk replacer plus ethoxyquin might influence the degradation and usage of feedstuffs. These might explain the increased starter intake in the MRE group.

The concentration of NEFA, the T-AOC, and the enzyme activity of CAT was positively correlated with Succiniclasticum, which is involved in the production of propionate (van Gylswyk, 1995). A lower abundance of Ruminococcaceae was detected in rats that were fed a high-fat diet (Zhao et al., 2017). The serum indicators of inflammation, such as TNF-α and IL-6, significantly increased. In this study, we also found that the antioxidative ability was negatively related to Ruminococcaceae, and the lower abundance of Ruminococcaceae further indicated a better health condition with ethoxyquin supplementation. Moreover, Alistipes, a potential opportunistic pathogen in diseases and highly relevant to dysbiosis and inflammation (Kong et al., 2019; Parker et al., 2020), was found to decrease and be negatively correlated with GSH-PX. These results also suggested that ethoxyquin improved the bacterial community.



Conclusion

The results of this study suggest that milk replacers may not be sufficient to promote optimal growth performance in Holstein dairy calves during the early stages of life and that The addition of ethoxyquin could increase starter intake, thus narrowing the differences between the milk-fed and milk-replacer-fed calves. The results also suggested that milk replacer plus ethoxyquin enhanced the defensive ability and improved microbial composition to mitigate the negative effects of weaning.
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Necrotic enteritis (NE), especially subclinical NE (SNE), without clinical symptoms, in chicks has become one of the most threatening problems to the poultry industry. Therefore, increasing attention has been focused on the research and application of effective probiotic strains as an alternative to antibiotics to prevent SNE in broilers. In the present study, we evaluated the effects of Bacillus subtilis DSM29784 (BS) on the prevention of subclinical necrotic enteritis (SNE) in broilers. A total of 480 1-day-old broiler chickens were randomly assigned to four dietary treatments, each with six replicates pens of twenty birds for 63 d. The negative (Ctr group) and positive (SNE group) groups were only fed a basal diet, while the two treatment groups received basal diets supplemented with BS (1 × 109 colony-forming units BS/kg) (BS group) and 10mg/kg enramycin (ER group), respectively. On days 15, birds except those in the Ctr group were challenged with 20-fold dose coccidiosis vaccine, and then with 1 ml of C. perfringens (2 × 108) at days 18 to 21 for SNE induction. BS, similar to ER, effectively attenuated CP-induced poor growth performance. Moreover, BS pretreatment increased villi height, claudin-1 expression, maltase activity, and immunoglobulin abundance, while decreasing lesional scores, as well as mucosal IFN-γ and TNF-α concentrations. In addition, BS pretreatment increased the relative abundance of beneficial bacteria and decreased that of pathogenic species; many lipid metabolites were enriched in the cecum of treated chickens. These results suggest that BS potentially provides active ingredients that may serve as an antibiotic substitute, effectively preventing SNE-induced growth decline by enhancing intestinal health in broilers.
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1. Introduction

Necrotic enteritis (NE), a ubiquitous poultry disease, is a severe intestinal disease caused by Clostridium perfringens (CP). Birds with acute NE may experience sudden death, with up to 50% mortality (Caly et al., 2015). However, the more common form of NE is subclinical as it may persist in broiler flocks without overt clinical manifestation; hence, there is a general consensus that the subclinical form of NE (SNE) is more harmful than the clinical form (Olkowski et al., 2008). In addition, due to the large potential economic costs associated with SNE and the high risk of pathogen transfer to the food chain and public health concerns, industry experts perceive this problem as a major issue (Van Immerseel et al., 2004). Antibiotics have been used to prevent coccidiosis and NE for many decades (Diarra and Malouin, 2014), however, growing concerns about drug residues and antibiotic resistance, as well as their potential harmful effects on the homeostasis of gut microbiota, restrict their usage (Silva et al., 2009). Meanwhile, halting the administration of antibiotics causes the animals to be more susceptible to infections, such as NE, which has a significant negative impact on production yields (Gadde et al., 2017). Therefore, identifying an approach that may gradually replace antibiotics as an effective method to control disease infection in poultry, while maintaining good production yields and the health of the birds, is of high importance.

Probiotic application for SNE prevention is becoming a common method in the post-antibiotic era (Eeckhaut et al., 2016). Numerous studies have shown that live probiotic bacteria can support the host’s physiological and immunological development, improve disease resistance, compete with pathogens for nutrients and adhesion, produce metabolites that can directly inhibit bacterial diseases, and support the growth of potentially beneficial microbial organisms in the intestinal tract (Ducatelle et al., 2015; Elshaghabee et al., 2017). In the poultry industry, Bacillus has exhibited the greatest potential among feed probiotics due to its ability to produce spores that are resistant to the high temperatures used in modern production of pelleted poultry feed, as well as to the low pH, bile, and enzymes present in the upper digestive tract of chickens (Elshaghabee et al., 2017). Bacillus subtilis (BS) is a gram-positive aerobic bacterium that is widely used in the production of heterologous proteins (Earl et al., 2008). It secretes a variety of enzymes to degrade various substrates, enabling bacteria to survive in the changing environment. In addition, BS is an ideal multi-functional probiotic that can potentially prevent pathogen growth and promote nutrient absorption (Olmos et al., 2020). BS DSM29784 (referred to here as BS) not only improves the growth performance of turkeys, but also improves their intestinal health (Mohammadigheisar et al., 2019) as well as that of chickens (Rhayat et al., 2017; Neijat et al., 2019b). Specifically, a 1 × 109 cfu /kg BS diet may optimize growth performance compared to other doses under farm conditions (Mohammadigheisar et al., 2019). Our team has previously reported that supplementing with probiotic BS can serve as an effective substitute for broiler antibiotics to reduce the feed conversion rate and improve gut health (Verdes et al., 2020). Owing to the ability of BS to inhibit CP growth in vitro (unpublished results), it is further speculated to be an effective feed additive to control SNE in broilers.

The animal intestinal microbiota plays a key role in the collection, storage, and consumption of energy obtained from the diet (Krajmalnik-Brown et al., 2012). These functions not only improve the health but can also increase the weight of the animal (Krajmalnik-Brown et al., 2012). Interestingly, FAO (2013) reported that probiotic application for animal nutrition might function as a gut ecosystem enhancer (Organization F. A, 2013). Moreover, the interaction between the gut microbiota and the immune system mediates long-term microbial colonization in the gut (Wandro et al., 2018). The microbiota can then interact directly with the immune system, or indirectly via release of metabolites that can be directly absorbed by immune cells and epithelial cells (Wikoff et al., 2009; Dodd et al., 2017). Therefore, metabolic activity is an important feature of the intestinal flora and a potential mechanism of host flora interaction (Zarrinpar et al., 2018). For instance, short chain fatty acids (SCFAs) produced by bacteria can affect the health and integrity of intestinal epithelia and immune cells (Willemsen et al., 2003; Chang et al., 2014; Kelly et al., 2015). Moreover, early exposure to microorganisms and their metabolites is a normal part of the development process, which has a significant, yet underexplored, impact on the immune system (Wandro et al., 2018).

Although few studies have used metabolites alongside bacterial community profiling to explore the effect of probiotics on preventing SNE development, the current study aimed to evaluate the effect of dietary supplementation of BS on SNE prevention in broilers. To this end, we systematically studied the protective role of BS in the gut immune response during SNE infection caused by the major pathogen CP, by combining broiler models and multiomics analyses. Moreover, we investigated whether oral supplementation with BS effectively prevents SNE-related pathogenesis, and performance damage, as has been demonstrated for antibacterial agents. Furthermore, we analyzed the cecal metabolome and microbiome profiles in SNE broilers and controls. Specifically, we investigated whether changes in metabolites and the composition of gut microbiota are associated with SNE infection.



2. Materials and methods

All procedures were carried out in accordance with the Chinese Animal Welfare Guidelines and approved by the Institutional Animal Care and Use Committee of Zhejiang University (Permission number: ZJU2019-480-12).


2.1. Bacterial strain preparation and experimental diets

The probiotic bacteria used in the present study was BS, which was provided by the Chinese Academy of Sciences. This strain was cultured in Luria-Bertani broth (Fisher Scientific, Ottawa, ON, Canada) and incubated at 37°C overnight in a shaking incubator at 180 rpm. CP type-A strain (China Veterinary Culture Collection Center, Being, China) was used for infection in this present study. CP was cultured in a Reinforced Clostridial Medium (Huankai, Guangdong, China) in an anaerobic environment at 37°C for 24 h, and subsequently used for challenge. The two bacterial pellets were collected after incubation at 5,000 ×g for 10 min at 4°C, respectively. After washing twice with sterile phosphate buffer saline (pH 7.3), the prepared Bacillus powder (2 × 109 cfu/g) was diluted with starch and added to the basic feed to a final concentration of 109 cfu/kg. The same amount of starch was added to compensate for the differences in dietary nutrients for each group. The coccidiosis quadrivalent live vaccine for chickens was purchased from Foshan Zhengdian Biotechnology Co., Ltd. (Guangdong, China) (Wang Y. et al., 2021).



2.2. BS extract antimicrobial activity

BS has a unique potential to secrete highly active bactericidal compounds. Therefore, the inhibitory effect of BS cell-free extract on CP was tested. Briefly, approximately 100 ml of liquid seed medium was inoculated with 1% freshly grown BS suspension. The inoculated seed medium was cultured in a shaking incubator at 180 rpm at 37°C for up to 24 h. After incubating for 24 h, the fermentation broth was centrifuged at 4000 ×g for 15 min, and the cell-free supernatant was further filtered through a 0.45-μm polysulfonate membrane filter. The filtered cell-free supernatant was considered to be the crude bactericidal extract, and the agar well diffusion assay was used to test against selected strains. Cultures were incubated overnight with CP (1 × 108 cfu) on 150 ml tryptose-sulfite-cycloserine agar medium (Huankai, Guangdong, China). A sterile cork borer with a diameter of 10 mm was used to cut the agar well. Next, the cell-free supernatants (200 μl) were added to the wells in the plate and incubated overnight at 37°C (Xu et al., 2018). ER (100 μg/ml) and sterile Reinforced Clostridial Medium were used as positive and negative controls, respectively.



2.3. Experimental design and bird husbandry

A total of 480 Lingnan Yellow feathered-broilers with similar initial weights were randomly allotted to four groups with six replicates per group and 20 chicks per replicate (10 males and 10 females). All chicks were housed in 24 floor pens (2 m × 4 m) covered with fresh wood shavings. Fresh water and diet were provided ad libitum. The chicks were kept under a 2 l-1D light–dark cycle every day. Broilers in the negative (Ctr) and positive (SNE) control groups were fed the basal diet. Broilers in the BS group were fed a basal diet containing Bacillus concentration of 109 cfu/kg. Broilers in the ER group were fed a basal diet containing 10 g/t of enramycin (ER; Schering-Plough, Shanghai, China). The temperature of the room was maintained at 33–35°C for the first 3 d and then reduced by 2–3°C per week to a final temperature of 25°C and 60–65% humidity. The experimental diet was designed according to the requirements of the National Research Council. The composition and nutritional level of the basic diet are shown in Table 1.



TABLE 1 Composition and nutrient level of the basal diet (% as fed basis).
[image: Table1]



2.4. SNE broiler model

The SNE broiler model was established as previously described but with a small modification (Wang Y. et al., 2021). On day 15, the SNE-challenged groups, in addition to the negative control group, received a 20-fold dose coccidiosis vaccine per bird by oral gavage. Each bird in each group was then gavaged with 1 ml of CP (2 × 108 cfu/ml) per day on days 18–21 (also, no food will be provided in the night before previous night during the period of 18–21 days). Meanwhile, the birds in the negative control group instead received equivalent sterile phosphate-buffered saline (PBS) on day 15, and days 18–21. All samples were collected on day 35.



2.5. Measurement of growth performance and sample collection

On days 1, 21, 42, and 63 of the experiment, birds were weighed per whole replicate. The variables of growth performance [final body weight (BW), average daily feed intake (ADFI), average daily gain (ADG), and feed:gain ratio (F:G)] were measured (Wang Y. et al., 2021). In detail, dead birds were recorded and weighed to adjust the estimates of gain, intake, and feed conversion ratios as appropriate. The average daily gain, average daily feed intake (ADFI), and feed:gain ratio (F:G) were calculated (Wang Y. et al., 2021).

Sample collection was performed in accordance with our previously described methods (Wang Y. et al., 2021). Before sample collection, all broilers were given sufficient water while no diet was provided for 12 h before analysis. On day 35, two birds (close to average BW) per replicate were selected and weighed. The right vein was punctured, and 10 ml blood was collected into a procoagulant vacuum tube and centrifuged (3,500 ×g, 10 min at 4°C). Pure serum samples were pipetted and transferred into 1.5-mL sterilized Eppendorf tubes, and stored at −80°C for further analysis. The chicks were then euthanized by a well-trained team. First, the small intestine from each bird was removed, opened, and subjected to lesion scoring, by the same trained personnel, according to previously described methods (Johnson and Reid, 1970). Next, a 0.5 cm sample of the jejunum wall was fixed in 2.5% glutaraldehyde (pH 7.4) and 4% paraformaldehyde, respectively. Additionally, the mucosa of 10 cm sections of the jejunum and duodenum, were gently scraped off and collected. The cecal contents were also collected and snap-frozen (Wang Y. et al., 2021).



2.6. DNA extraction, 16S rRNA sequencing, and microbial composition analysis

According to our previously described methods (Wang Y. et al., 2021), the microbial genome DNA was extracted from cecal content samples (TIANamp Stool DNA Kit DP328, TIANGEN, JP). The DNA extract was stored at 20°C until further analysis. The extracted DNA was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis. Bacterial 16S rRNA gene sequences (V3–V4 region) were amplified using the Premix Ex Taq™ Hot Start Version (Takara, Dalian, China) and the following universal primers: 319F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Each polymerase chain reaction (PCR) mixture was prepared in a final volume of 50 μl containing 12.5 μl of the master mix, 1 μM of each primer, 50 ng of template DNA, and PCR-grade water. PCR reactions were performed using a gradient PCR instrument (L96G; LongGene, Hangzhou, China). MiSeq Illumina sequencing was further performed using the sequencing reaction (Illumina Inc., San Diego, CA, United States) for paired-end reads. The paired-end reads were then assembled and merged using FLASH and then assigned to each sample according to the unique barcodes. High-quality tags were clustered into operational taxonomic units (OTUs) using Usearch in QIIME software based on 97% sequence similarity, and these OTUs were further subjected to analysis using the Greengene database with the RDP algorithm. Alpha and beta diversity was assessed, and partial least squares discriminant analysis (PLS-DA), as well as the unweighted pair-group method with arithmetic mean (UPGMA) analysis were conducted using QIIME. Linear discriminant analysis (LDA) effect size (LEfSe) analyses were performed using the LEfSe tool (Wang K. et al., 2017). The associations between biomarker genera in the two groups and selected predictive functions were determined by Spearman’s correlation analysis (SPSS 23.0). The raw data from the high-throughput sequencing were deposited in the NCBI database1 with the BioProject ID PRJNA714475.



2.7. Untargeted metabolome profiling using gas chromatography–mass spectroscopy

According to our previously described methods (Wang Y. et al., 2021), frozen cecal digest (0.5 g) were lyophilized for 24 h and then transferred into 1 ml of polyethylene tubes. The digest was then mixed with 100 μl of methoxyamine hydrochloride in pyridine (20 mg/ml) and vortexed vigorously for 30 s. The sample was heated at 37°C for 90 min, after which 200 μl of a 1% trimethylchlorosilane solution of bis(trimethylsilyl)-trifluoroacetamide was added. The samples were heated at 70°C for 60 min and then kept at room temperature for 30 min. Subsequently, the samples were centrifuged at 10,000 ×g for 10 min at 4°C, and 100 μl of the supernatant of each sample was transferred into a GC vial. After adding 400–500 μl n-hexane, the samples were used for gas chromatography–mass spectroscopy (GC–MS) in the automatic sampling mode.

Each 1 μl sample was injected into the Agilent 6890A/5973C system equipped with a fused silica capillary column (30.0 m × 0.25 mm i.d.) packed with 0.25 μm HP-5MS. Helium was used as the carrier at a constant flow rate of 1.0 ml/min. Each 1 ml sample was injected into the device. The column temperature was maintained at 70°C for 2 min, increased to 200°C at a rate of 10°C/min, increased to 280°C at a rate of 5°C/min, and then maintained for 6 min. Mass detection was performed in the full scan mode, with a detection range of 50–650 (m/Z). GC–MS raw data files were converted into mzXML format and analyzed using the XCMS toolbox with the R statistical language (v3.4.1); post editing was performed using Excel 2010 software. The results were organized into a two-dimensional data matrix, including retention time (RT), mass charge ratio (MZ), sample amount, and peak intensity (Yuan et al., 2019).

The processed data were first subject to principal component analysis (PCA) using SIMCA 14.1 (Umetrics, Malmo, Sweden) after unit variance scaling to evaluate the similarities and differences between each sample. PLS-DA was then performed using the SIMCA-P software (version 12.0; Umetrics AB, Umeå, Sweden) for group classification and discrimination analysis. The heat map was generated using HemI (Heatmap Illustrator)2 (Deng et al., 2014), and metabolite classification was performed using ClassyFire3 (Djoumbou Feunang et al., 2016). The metabolite list for each comparison was separately subject to pathway analysis, which was performed using MetaboAnalyst4 (Chong et al., 2018) according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database.5 Significantly varied pathways were identified with a cut-off p < 0.05.



2.8. Jejunum morphology and histomorphological measurements

The paraffin sections were subjected to hematoxylin and eosin (H&E) staining for histopathology analysis. Transmission electron microscopy and scanning electron microscopy was performed for the jejunal tissue according to our previous described protocols (Wang Y. et al., 2021). Morphometric measurements of jejunum villi were performed according to a previous described method (Awad et al., 2009).



2.9. Total RNA extraction and quantitative real-time PCR

According to previously described methods (Wang Y. Y. et al., 2021), total RNA was extracted from powdered frozen intestinal mucosa (RNAiso Plus reagent, TAKARA, Tokyo, Japan) and reverse-transcribed using M-MLV reverse transcriptase (Takara Bio). Real-Time PCR was performed using SYBR® Green Premix Ex Taq™ (Takara) and the ABI 7500 Fast Real-Time PCR system (Applied Biosystems, Carlsbad, CA, United States). The primers used are shown in Table 2. Results were normalized to the abundance of β-actin transcripts and relative quantification was calculated using the 2−ΔΔCT method.



TABLE 2 Sequences of real-time PCR primers.
[image: Table2]



2.10. Biochemical determinations

The activities of sucrase, amylase, and maltase in the duodenal mucosa were measured through colorimetric methods with a spectrophotometer. The assays were conducted using assay kits according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering, Nanjing, China). The absorbance was measured using an Infinite M200 Pro NanoQuant.



2.11. Enzyme linked immunosorbent assay

The levels of interleukin (IL)-1β (No. H002), IL-6 (No. H007), secretory immunoglobulin A (sIgA), interferon-gamma (IFN-γ; H052), tumor necrosis factor α (TNF-α; No. H052-1), and immunoglobulin G (IgG) were determined colorimetrically using ELISA kits (Nanjing Jiancheng Institute of Bioengineering), according to the manufacturer’s instructions.



2.12. Immunofluorescence staining

Staining was performed in three independent replicates to confirm the results. Tissue sections were deparaffinized in xylene, rehydrated with a series of graded ethanol, and washed in distilled water and PBS. The tissue sections were subsequently placed in a repair box filled with EDTA antigen repair buffer (ph8.0) and then repaired in a microwave oven. After natural cooling and washing with PBS, 3% bovine serum albumin (Solarbio, Beijing, China) was added to evenly immerse the tissue, which was then at 37°C for 30 min. After removal of the sealing liquid, tissue sections were incubated with IgA (goat polyclonal, working dilution 1:500; ab112814; Abcam, Cambridge, United Kingdom) antibodies at 4°C overnight. After being washed in PBS, sections were exposed to secondary antibody goat anti-rabbit IgG [H + L] (Jackson ImmunoResearch, West Grove, PA, United States; 111-545-003) at 37°C for 1 h. Finally, the sections were stained with 4′,6-diamidino-2-phenylindole (DAPI) solution (Servicebio, Wuhan, China; G1012) for 10 min under dark conditions at room temperature, and a Nikon Eclipse TI-SR fluorescence microscope and Nikon DS-U3 imaging system were used to analyze the samples.



2.13. Statistical analyses

The metabolic profile data were processed using the SIMCA software (version 13.0; Umetrics ab). PCA, projections to PLS-DA, and orthogonal PLS-DA were used to process the cecum metabolomic data. The effect of variables was assessed with the projection (VIP > 1) and Welch’s t-test (p < 0.05) values to obtain the profile of each metabolite.

In addition, other data were subjected to one-way analysis of variance in SPSS (version 22.0; IBM Corp., Armonk, NY, United States) and expressed as the mean ± standard error of the mean (SEM). Analyses of 16S rRNA gene sequencing data were conducted using the Benjamini & Hochberg -based algorithm to correct the p value to reduce the false positive rate. Differences between treatment means were examined using Tukey’s multiple range test. Statistical significance was set at p < 0.05.




3. Results


3.1. BS supplementation prevents SNE-induced growth decline in broilers

As shown in Table 3, higher F:G and mortality were observed in SNE on days 1–21 (p < 0.05) compared to those of the Ctr group, whereas no significant differences were observed between BS and ER treatments. On days 22–63, the SNE group presented lower BW and ADG than those of the other three groups (p < 0.05). Lower ADFI and higher mortality were found in the SNE group (p < 0.05) compared to those of the Ctr group, while no significant difference was observed between the BS and ER groups. The Ctr and ER groups showed significantly lower F:G compared with that of the SNE treatment group (p < 0.05), whereas no significant differences were found between SNE and BS groups. No significant differences were observed in overall F:G among all groups, whereas significantly lower ADG, ADFI, and higher mortality were observed in the SNE group compared with those in the other three groups on days 1–63 (p < 0.05).



TABLE 3 Effects of Bacillus subtilis DSM29784 treatment group on the growth performance of broilers.
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3.2. The BS fermentation supernatant directly inhibits Clostridium perfringens growth

An in vitro bacterial inhibition assay was performed to assess the direct effect of BS fermentation supernatant on CP growth. BS had a significant inhibitory effect; however, the antibacterial effect, compared to that of the Ctr group, was not as strong as that elicited by 100 μg/ml ER (Figures 1A,B). The results show that BS fermentation supernatant has a direct effect on CP growth and proliferation in vitro.
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FIGURE 1
 (A) In vitro antibacterial activity of BS fermentation supernatant (BSF) against Clostridium perfringen (CP). CP (1 × 108 CFU/ml) were cultured in Trptose-sulfite-Cycloserine agar medium and treated with BSF, ER (100 μg/ml) and sterile Reinforced Clostridial Medium was used as a positive control and negative control, respectively, at 37°C. The size of the inhibition zone was observed (B) and analyzed statistically with a line chart. The OD600 kinetics were determined to analyze the effect of BSF against CP. (C) Schematic outline of the experimental design. SNE, subclinical necrotic enteritis. (D) Lesion scores of broilers. (a, b) Mean values with unlike letters between different groups are significantly different (p < 0·05). SEM, standard error of mean. Each value represents the mean ± SEM of 12 replicates (n = 12). The abbreviation of Ctr, SNE, BS and ER have the same meaning as Table 3. BSF, BS cell-free extract.




3.3. BS supplementation attenuates intestinal lesions in broilers

We replicated the SNE model induced by the coccidiosis vaccine plus CP (Figure 1C). Intestinal lesions scored in the small intestine on day 35 are presented in Figure 1D. Birds in all treatments had low lesion scores, indicating that the challenge was subclinical. The SNE group had a higher lesion score than that of the other three groups (p < 0.05), and no significant difference was observed among the Ctr, BS, and ER groups (p > 0.05).



3.4. BS supplementation ameliorates SNE-induced intestinal mucosal injury

H&E staining showed that the jejunum mucosa structure in the Ctr group was integrated, the intestinal villi were ordered, and the gland structure was clear and complete. However, the SNE treatment group showed an incomplete jejunum mucosa, with sparsely distributed villi of a relatively short length. With BS and ER pretreatments, the intestinal mucosal structure was significantly improved, and intestinal villi were higher (p < 0.05) with a denser arrangement (Figure 2A). Moreover, the Ctr group exhibited a higher villus height/crypt depth ratio than that of the SNE treatment group, as was also observed in the BS and ER groups (Table 4). We performed scanning electron microscopy (Figure 2B) and transmission electron microscopy (Figure 2C) to further examine the intestinal structure after the different treatments. The results showed that the Ctr group had complete jejunum villi, which formed full and closely arranged structures. The jejunum villi in the SNE group were severely damaged, whereas those in both the BS and ER groups showed greater improvement. These observations suggest that BS effectively prevented jejunal mucosal injury caused by SNE infection (p < 0.05).
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FIGURE 2
 (A) Histopathology of the intestinal mucosa analyzed by H&E staining (top, scale bars = 80 μm). (B) Scanning electron micrograph (bottom, scale bars = 200 μm) and (C) transmission electron micrographs (bottom, scale bars = 0.5 μm) of jejunal brush border in broilers. TJ, tight junction; AJ, adherens junction; DS, desmosomes. Asterisk shows the pathology. Blue arrows show the features of necrotic cell death. The abbreviation of Ctr, SNE, BS and ER have the same meaning as Table 3.




TABLE 4 The jejunum histomorphology of broilers infected with Clostridium perfringens.
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3.5. BS supplementation increases the expression of genes related to intestinal tight junctions

As shown in Figure 3, compared with the Ctr group, the mRNA expression of CLDN1 (claudin-1) and OCLN (occludin) in the jejunum of the SNE group were significantly reduced (p < 0.05). Meanwhile, BS pretreatment markedly upregulated the relative expression of CLDN1 (70.95%, p < 0.05) and OCLN (44.47%, 0.05 < p < 0.1) in comparison with that in the SNE group. Notably, no significant differences in CLDN1 or OCLN expression were observed among the Ctr, BS, and ER groups (p > 0.05). In addition, no significant difference was observed in the expression of MUC2 among the treatment groups (p > 0.05).
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FIGURE 3
 Changes on relative gene expression in the jejunum. (a, b) Mean values with unlike letters between different groups are significantly different (p < 0·05). ns, not significant; SEM, standard error of mean. Each value represents the mean ± SEM of 12 replicates (n = 12). The abbreviation of Ctr, SNE, BS and ER have the same meaning as Table 3.




3.6. BS supplementation alters the number of IgA+ B cells and immunoglobulins in the jejunum of broilers

As shown in Figure 4, compared with the SNE group, the BS group had a higher number of IgA+ B cells in the lamina propria of the jejunum (p < 0.05), while no significant differences were observed among the Ctr, BS, and ER groups (p > 0.05). In addition, similar results were observed in the levels of sIgA in the jejunum. No difference was detected in IgG levels in the jejunum of the four experimental groups (p > 0.05).
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FIGURE 4
 (A) IgA+ B cell abundance within the lamina propria in the jejunum under original magnification (×10 and ×40). (B) Relative quantification of the immunofluorescence results. (C) Changes in sIgA (D) and IgG levels in the jejunum. (a, b) Mean values with unlike letters between different groups are significantly different (p < 0·05). ns, not significant. SEM, standard error of mean. Each value represents the mean ± SEM of 12 replicates (n = 12). The abbreviation of Ctr, SNE, BS and ER have the same meaning as Table 3.




3.7. BS supplementation alters digestive enzyme activity and immune response in broilers

SNE significantly decreased maltase activity in the duodenum (p < 0.05) compared with that of the Ctr group. Furthermore, BS and ER markedly increased maltase activity compared to that in the SNE group (p < 0.05), whereas no difference was observed in the activities of sucrase and amylase (Figure 5). Cytokine secretion in the serum and jejunum mucosa is shown in Table 5. Proinflammatory cytokine secretion in the jejunum mucosa results revealed that the TNF-α level in SNE was markedly increased by 129.69 and 50.72% compared to that in Ctr and ER, respectively, while no significant differences were observed when compared to that of the BS group. In addition, the SNE group had higher serum levels of IFN-γ and TNF-α than the other three groups (p < 0.05), and no significant differences were observed between the BS and ER groups. No significant changes were observed in IL-1β or IL-6 levels in either the jejunum or serum.
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FIGURE 5
 Duodenal mucosa biochemistry parameters of broiler chickens. Values are means (n = 10), with standard error of mean represented by vertical bars. (a, b, c) Mean values with unlike letters between different groups are significantly different (p < 0·05). SEM, standard error of mean. Each value represents the mean ± SEM of 12 replicates (n = 12). The abbreviation of Ctr, SNE, BS and ER have the same meaning as Table 3.




TABLE 5 Effects of Bacillus subtilis DSM29784 treatment group on the cytokine secretion in serum and jejunum of broiler.
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3.8. BS supplementation induces a shift in the gut microbiota composition

Rarefaction curve analysis of OTUs in all samples approached the plateau (Figure 6A), indicating that the sampling depths were sufficient to capture the overall microbial diversity. Next, alpha diversity analysis was conducted using diversity indices (Shannon and Simpson) and richness estimates (Chao 1 and ACE). As can be seen in Figure 6B, the richness estimate increased significantly in the SNE group compared to that in the BS group (p < 0.05), whereas the diversity indices were similar among the three groups, except for the higher Shannon index in the SNE group than that in the ER group (p < 0.05). To examine the alteration in the composition of the gut microbiota, analysis of PCoA scatter plots was conducted and indicated a significant difference in the composition of the gut microbiota among the three groups (Figure 6C). The dissimilarity of the cecal microbiome presented was also confirmed by the separately clustered gut microbiota of the three groups shown in PLS-DA (Figure 6D) and UPGMA analysis (Figure 6E). In addition, the BS group was separated from the SNE group, and BS exhibited a tendency to cluster toward the ER group (Figures 6D,E), suggesting that BS administration attenuated the SNE-induced gut microbiota dysbiosis.
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FIGURE 6
 The cecal bacterial community of broilers among SNE, BS and ER treatments. (A) Rarefaction curve for total OTUs. (B) α-Diversity of gut microbiota was analyzed among SNE, BS and ER treatment groups by determination of principal dimension Simpson indices. (C) Three dimensional figures at the operational taxonomic unit (OTU) level obtained from PCoA based on the Bray–Curtis phylogenetic distance metric. (D) Partial least squares discriminant analysis of gut microbiota at the OTU level. (E) Unweighted pair-group method with arithmetic means (UPGMA) analysis based on the unweighted UniFrac. SEM, standard error of mean. Each value represents the mean ± SEM of 8 replicates (n = 8). The abbreviation of Ctr, SNE, BS and ER have the same meaning as Table 3.


Next, the relative microbial taxa abundances were compared among the three groups using analysis of variance. The top 20 most abundant microbial taxa at the phylum, family, and genus levels are shown in Figure 7A. At the phylum level, the abundance of Bacteroidetes, Proteobacteria, Actinobacteria, and Epsilonbacteraeota was increased, while that of Firmicutes and Tenericutes was decreased (p < 0.05) in the BS group compared with the SNE group. The ratio of Bacteroidetes to Firmicutes was higher in the BS (0.585) and ER (0.589) groups than in the SNE (0.324) group, although the difference was not significant, indicating that BS, similar to ER, profoundly benefited gut microbiota. At the family level, Lactobacillaceae (p < 0.05), Enterococcaceae (p < 0.05), and Bifidobacteriaceae (p < 0.05) were more abundant in the BS group than in the SNE group, whereas Ruminococcaceae, uncultured_bacterium_o_Mollicutes_RF39 (p < 0.05), and Christensenellaceae (p < 0.05) were more abundant in the SNE group. At the genus level, the BS group had a higher abundance of Lactobacillus (p < 0.05) and a lower abundance of Ruminococcaceae_UCG014 (p < 0.05) than that in the SNE group.
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FIGURE 7
 Structural changes in intestinal microbiota following dietary Bacillus subtilis DSM 29784 supplementation. (A) Relative abundance of microbial community in the cecum at the phylum, family, and genus levels. (B) LEfSe score plot of the discriminative microbial taxa (LDA score >4) that are more enriched in the BS (red), ER (green) and SNE (blue) groups. (C) Resulting bar plots display relative abundances of the phyla that are significantly altered, obtained from LEfSe analysis [o: order, f: family level, g: genus, s, species]. SEM, standard error of mean. Each value represents the mean ± SEM of 8 replicates (n = 8). The abbreviation of Ctr, SNE, BS and ER have the same meaning as Table 3.


LEfSe was performed to explore the differences in bacterial content among the three groups (Figures 7B,C, LDA score >4). Lactobacillales were enriched in BS, but not in the other groups, suggesting that BS increased the number of beneficial bacteria. In addition, ER increased the abundance of Bacteroidaceae and Bacteroides, while the relative abundance of Ruminococcaceae UCG 014 and Alistipes sp. N15 MGS 157 increased in the SNE group.



3.9. BS supplementation alters cecal metabolic composition

To explore the effect of BS supplementation on cecal microbiota, the cecal metabolite concentrations in the three groups were analyzed. Multivariate analysis between different groups was performed using PCA and PLS-DA. The results of the unsupervised PCA analysis indicated that the metabolome profiles of the three groups were separated from one another (R2X [1] = 0.446, R2X [2] = 0.169). However, the score plot also showed that the BS group clustered between the SNE and ER groups, with a tendency toward the ER group (Figure 8A). In addition, PLS-DA analysis was performed between the groups (BS vs. SNE, BS vs. ER, ER vs. SNE) (Figure 8B). Broilers in the SNE group compared to those in BS or ER groups were separated into distinct clusters according to their metabolic differences (BS vs. SNE: R2X = 0.663, R2Y = 0.949, Q2 = 0.894; ER vs. SNE: R2X = 0.795, R2Y = 0.991, Q2 = 0.898), while the BS group exhibited a tendency to cluster toward the ER group. Additionally, the PLS-DA permutation test demonstrated that the PLS-DA model was valid for the present study (Figure 8C). Overall, the results showed that the SNE model group had a metabolic composition distinct from that in the ER positive control group and the SNE model pretreated with BS.
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FIGURE 8
 (A) Principal component analysis (PCA) score plots. (B) Projections to latent structure-discriminant analysis (PLS-DA) score plots of metabolic profiles obtained by BS vs. SNE [R2X = 0.663, R2Y = 0.949, Q2 = 0.894], ER vs. BS [R2X = 0.44, R2Y = 0.88, Q2 = 0.22] and ER vs. SNE [R2X = 0.795, R2Y = 0.991, Q2 = 0.898]; (C) permutation test of PLS-DA obtained by BS vs. SNE [left], ER vs. BS [middle] and ER vs. SNE [right]. SEM, standard error of mean. Each value represents the mean ± SEM of 7 replicates (n = 7). The abbreviation of Ctr, SNE, BS and ER have the same meaning as Table 3.


One of the primary aims of this study was to investigate the role of BS in the development of SNE. Subsequently, the metabolites that contributed to the change in the metabolic composition among the groups were selected based on the thresholds of VIP score >1 and p < 0.05. As depicted in Figure 9A, 97 differentially-abundant metabolites were identified from the comparison between the BS and SNE groups. In the BS group, 44 compounds (malic, lactic, pyruvic, and glyceric acids, among other compounds) were increased, and 53 compounds (2-hydroxyglutaric, linoleic, tetracosanoic, and nonadecanoic acids and tyrosine, among other compounds) were decreased in the BS group compared to those in SNE. Further metabolic pathway enrichment analysis demonstrated that broilers fed BS significantly altered their ABC transporters; carbon metabolism; and biosynthesis of aminoacyl-tRNA, amino acids, and unsaturated fatty acids, alanine, aspartate, glutamate, valine, leucine, and isoleucine; glyoxylate and dicarboxylate metabolism; pantothenate and CoA biosynthesis; and fatty acid biosynthesis (p < 0.00001, rich factor >0.15, Figures 9B,C).
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FIGURE 9
 (A) Heat map of the significantly differentially-abundant metabolites between the BS group and the SNE group (VIP >1 and p < 0.05). A row presents the data obtained from a metabolite, and a column represents one sample. Red and green correspond to the increased and decreased levels of the metabolites, respectively; Bubble (B) and bar (C) charts of top 20 most enriched KEGG pathways. p-values are determined using two-tailed Student’s t-tests. SEM, standard error of mean. Each value represents the mean ± SEM of 7 replicates (n = 7). The abbreviation of SNE and BS have the same meaning as Table 3.




3.10. Correlation between the cecal metabolome and gut microbiome

To investigate the relationships between cecal metabolites and gut microbiota, Spearman correlation analysis was performed between cecal metabolites and cecal microbiota in SNE vs. BS (Figure 10). Beneficial bacteria such as Lactobacillales and Bifidobacterium were primarily correlated with metabolites that were higher in the cecum of the BS group, while they were negatively correlated with metabolites that were higher in the cecum of the SNE group. Specifically, the relative abundance of Lactobacillales was positively correlated with methylsuccinic, lactic, pyruvic, and malic acids, D-glucitol, glycerol, 2-hydroxyisocaproic, fumaric, and alpha-hydroxyisobutyric acids, uracil, glycerol 3-phosphate, L-hydroxyproline, L-proline, and glyceric acid. Meanwhile, Lactobacillales was negatively correlated with sedoheptulose, 2-hydroxyglutaric, linoleic, pyroglutamic, tetracosanoic, and nonadecanoic acids, tyrosine, and D-arabinose. The relative abundance of Bifidobacterium was positively correlated with malic and pyruvic acids, and 3-pyridinol, and negatively correlated with 2-hydroxyglutaric acid. Moreover, the relative abundance of Alistipes was negatively correlated with 3-methyladipic, cis-11-eicosenoic, stearic, eicosanoic, and heptadecanoic acids, 2-deoxy-pentitol, palmitic, docosanoic, and heneicosanoic acids, 5-alpha-cholestanol, and tricosanoic acid, and negatively correlated with fumaric acid. The relative abundance of Christensenellaceae and Christensenellaceae_R-7_group was positively correlated with methylsuccinic, lactic, and malic acids, D-glucitol, glycerol, 2-hydroxyisocaproic, fumaric, and alpha-hydroxyisobutyric acids, and uracil; meanwhile, they were negatively correlated with 2-hydroxyglutaric, linoleic, pyroglutamic, and tetracosanoic acids, tyrosine, nonadecanoic, tricosanoic, and eicosanoic acids, D-arabinose, and 2-deoxy-pentitol.
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FIGURE 10
 Correlations between significantly altered cecal metabolites and the bacterial strains between the BS-treated and SNE group. *p > 0.01 and p < 0.05, ***p < 0.01. SEM, standard error of mean. Each value represents the mean ± SEM of 7 replicates (n = 7).





4. Discussion

Bacteriocins are ribosomally synthesized and are potent antimicrobial peptides mainly produced by Bacillus spp. (Khochamit et al., 2015). Historically, some Bacillus species have been considered safe for use in food and industry and as important vectors of ecological balance in animal models (Pedersen et al., 2002). Specifically, BS natto can inhibit pathogens such as Salmonella typhimurium and dysentery bacteria, which may be due to the production of bacitracin, polymyxin, 2,6-pyridinedicarboxylic acid, and other antibiotics (Zhang et al., 2020). Compared with other drugs, the antibacterial compound derived from BS natto has a broad antibacterial spectrum and is safe to the human body. Furthermore, previous studies have reported that BS inhibits the growth and virulence of Staphylococcal (Gonzalez et al., 2011; Piewngam et al., 2018). Similar results were obtained in the present study, and the antibacterial activity assay revealed that the BS fermentation supernatant directly inhibited CP growth. The findings of this study provide a theoretical basis for future in vivo animal experiments; however, the antimicrobial compounds require further investigation and characterization.

SNE is associated with huge economic losses owing to significantly worsened performance and intestinal necrosis, however, has a low associated mortality (Skinner et al., 2010). Previous statistical analyses showed that SNE is strongly correlated with feed conversion rate increase and growth retardation in broilers (Kaldhusdal and Hofshagen, 1992). Therefore, the use of feed additives to prevent SNE has been explored to reduce economic losses (Keerqin et al., 2021). In the animal industry, probiotics have been used to improve animal health and prevent various intestinal diseases, mostly since the prohibition of antibiotic growth promoters in animal husbandry (Mingmongkolchai and Panbangred, 2018). In this study, we found that dietary supplementation with BS led to higher BW and ADG in SNE-infected broilers. The growth-promoting effect of probiotics reported here is consistent with the results of other studies reporting the use of probiotics in broilers (Neijat et al., 2019a,b; Wang Y. Y. et al., 2021).

Nutrient absorption occurs primarily in the small intestine, particularly along the length of villi. Thus, the villi height directly determines the surface area absorbed by the intestine, which in turn affects the growth and development of animals (Salim et al., 2013). In contrast, shorter villi and deeper crypts may lead to decreased disease resistance and growth performance, malabsorption of nutrients, and increased gastrointestinal secretion (Mohammadagheri et al., 2016). As such, the villi length/crypt depth ratio is considered an important parameter for evaluating gut health and also implies that the epithelium is sufficiently mature and functionally active (Jayaraman et al., 2013). In the present study, BS effectively improved the morphology of the jejunum, including villi length and the villi length/crypt depth ratio, in SNE birds. Zhao et al. (2020) found that the addition of Bacillus licheniformis H2 increases the villi height: crypt depth ratio and villi height in the ileum (Zhao et al., 2020). We also showed that BS improves intestinal development and digestion primarily by increasing the villi height: crypt depth ratio in the jejunum (Wang Y. Y. et al., 2021). This evidence suggests that the well-developed small intestine may be related to the preventive effect of SNE.

Many luminal and systemic factors can independently influence barrier function and cause leakage of plasma proteins and watery diarrhea (Camilleri, 2019). For instance, tight junctions can facilitate paracellular permeability, which is an essential component of intestinal mucosal barriers (Kucharzik et al., 2001). These factors also comprise several unique proteins, including claudin-1, occludin, and Muc-2 (Wang et al., 2018). In this study, the relative abundance of jejunal transcripts of CLDN1 and OCLN increased in BS and ER pretreatments compared with that in the SNE group. This result indicates that BS, similar to enramycin, could improve the intestinal physical barrier of SNE broilers.

Avian IgA exists in most intestinal cells, similar to mammalian IgA in mammals, and releases sIgA into the intestinal cavity through epithelial transport (Lindner et al., 2012). IgA protects the mucosal surface from viruses, toxins and bacteria by neutralizing or preventing the binding of pathogens to the mucosal surface (Lammers et al., 2010). Hence, sIgA determines the composition of the intestinal microbiota and affects the development of systemic immunity, thus, making it critical for the maintenance of mucosal homeostasis (Lammers et al., 2010). In the present study, SNE infection significantly reduced the number of IgA+ B cells and sIgA content, while BS pretreatment significantly improved, indicating that BS can enhance Igs to prevent SNE in broilers.

Inflammation is the main immune response of the body; however, an excessive immune response leads to a sharp rise in cytokines and production of the inflammatory cytokine storm, leading to immune system disorders and causing irreversible damage to host organs (Liu et al., 2020). In the present study, the levels of proinflammatory cytokines (IFN-γ and TNF-α) and chemokines (IL-1β and IL-6), which are key mediators in regulating the immune response, were measured. BS supplementation attenuated the concentration of IFN-γ in the jejunum and TNF-α in both the jejunum and serum. These results are in agreement with previous results of Wang H. S. et al. (2017) and Wang K. et al. (2017), who showed that feeding Lactobacillus johnsonii BS15 reduces the concentration of proinflammatory cytokines induced by SNE in the intestines of birds (Wang H. S. et al., 2017). The results indicated that dietary BS supplementation might reduce the adverse effects of inflammation on organs and maintain animal health.

In addition, the improvement of the intestinal epithelial integrity and mucosal immune function may further affect the intestinal microenvironment and improve nutrient digestibility (Jiang et al., 2009). Sucrase, maltase, and amylase play an important role in the fermentation process of related nutrients and ultimately affect the production performance and health of animals. In this study, BS was identified as a potential replacement for antibiotics in promoting maltase activity. Similar results were observed by Wang and Gu (2010), who reported that Bacillus coagulans may promote the growth of chickens and improve the digestibility of feed by secreting protease, α-amylase, xylanase, lipase, and other enzymes (Wang and Gu, 2010). Compared with SNE treatment, the increased maltase activities induced by BS and ER treatment could contribute to the higher ADG and BW in these treatments.

Maintenance of the host-microbiota balance is the key for homeostasis in animals (Wu et al., 2020). Changes in the microbiome and metabolome, as well as their interactions with the immune, endocrine, and mucosal systems, are related to a variety of diseases and vice versa. Diseases and pathological conditions often lead to an imbalance in intestinal microbiota and changes in microbial metabolites, leading to imbalances in metabolism and the immune system (Belkaid and Hand, 2014; Schmidt et al., 2018; Blacher et al., 2019). Nurmi and Rantala (1973) proposed that supplementation with probiotics might restore the protective gut microbiota and facilitate competitive exclusion (Nurmi and Rantala, 1973). To date, many studies have demonstrated the competitive exclusion of Bacillus in reducing the colonization of avian pathogens, such as reducing the counts of Salmonella enteritidis (La Ragione and Woodward, 2003), CP (Jayaraman et al., 2013; Jeong and Kim, 2014), Enterobacteriaceae (Jeong and Kim, 2014), Campylobacter (Guyard-Nicodème et al., 2016), and Salmonella (Vila et al., 2009; Knap et al., 2011) in the intestine. Moreover, in poultry nutrition, Lactobacillus and Bifidobacterium are generally considered beneficial as they promote intestinal health, improve the immune response of broiler systems, and enhance the health and performance of chickens (Salim et al., 2013). Alternatively, Alistipes spp. was recently identified as one of the top ten most abundant genera associated with human colorectal carcinoma (Feng et al., 2015). Moreover, Moschen et al. (2016) reported that facultative pathogenic Alistipes spp. induces colitis and site-specific tumors in IL10−/− mice (Moschen et al., 2016). Kang et al. (2019) further reported that the abundance of Alistipes positively correlates with inflammatory genes, such as those coding for IL-6 (Kang et al., 2019). Ruminococcaceae are primairly responsible for fermenting dietary fiber and other plant components, such as inulin and cellulose, to produce SCFAs, which can be used as energy by the host (Scheppach and Weiler, 2004) and elicit anti-inflammatory effects in the intestine (Kles and Chang, 2006). In the present study, BS supplementation increased the abundance of Lactobacillus and Bifidobacteriaceae, while the abundance of Ruminococcaceae and Alistipes spp. was enhanced in the SNE group. The increased abundance of Ruminococcaceae found in the SNE group may be due to excessive inflammation in the intestine. Meanwhile, the increased abundance of beneficial bacteria in the BS group may have inhibited the growth of pathogens, such as Erysipelotrichaceae and Escherichia-Shigella. In summary, our results indicate that the addition of BS promotes the growth of beneficial bacteria while inhibiting the colonization of harmful bacteria to prevent the imbalance of intestinal flora and inflammatory injury caused by SNE.

A few studies have been performed on the metabolomic patterns in NE animal models. However, bacterial metabolites are essential elements in the interaction between the microbiota and the host (Russo et al., 2019). Metabolomics can identify different patterns of small molecules produced in the metabolic process of host and microbial cells, which may help to identify biomarkers of microbial patterns and disorders (Tuohy et al., 2009; Cevallos-Cevallos et al., 2011; Ponnusamy et al., 2011). The systemic effects of the gut microbiota are attributed to the less studied SCFAs, which are produced in the gut as the final products of fiber fermentation (Cook and Sellin, 1998). Volatile fatty acids, together with branched chain fatty acids, lactic acid, and other acids, play an important role in the gastrointestinal tract of birds by inhibiting the growth of various pathogenic bacteria (Svihus et al., 2013). This is achieved through the pH reduction caused by the acids, leading to inhibition of metabolic reactions, thereby reducing bacterial growth (Cherrington et al., 1991; Youssef et al., 2020). Therefore, high volatile fatty acids in the gut are generally considered healthy for the intestines (Timbermont et al., 2011). The current study showed that BS supplementation markedly increased the concentrations of lactic acid; hence, the production of acids may alleviate the intestinal mucosal damage caused by CP.

Increasing evidence shows that release of microbiota metabolites may affect the health of the host. In fact, recent studies have shown that the contribution of intestinal microbiota to host immune regulation is primarily due to microbial metabolism (Huttenhower et al., 2012; Li et al., 2014). Our results revealed that intestinal metabolites fluctuated with the structure of the intestinal microbiota. Pretreatment with BS regulated the levels of 97 metabolites, including benzenoids, lipids, nucleotides, organic acids, and organic nitrogen/oxygen compounds. These metabolites are primarily involved in several important metabolic pathways, including ABC transporters, carbon metabolism, as well as amino acid, fatty acid, and unsaturated fatty acid biosynthesis. Butyrate is an anti-inflammatory microbial metabolite that is important for intestinal homeostasis (Riviere et al., 2016). Moreover, butyric acid-producing bacteria coexist with Bifidobacteria (Riviere et al., 2016). This was also shown in our finding that malic acid, which is positively correlated with Bifidobacteria, was more abundant in the BS group. The results of the present study imply that many microorganisms may be involved in the alteration of intestinal metabolomics, thus affecting intestinal health. These findings indicate that the observed alternations in cecal metabolites upon coccidiosis vaccine plus CP coinfection were likely derived from the gut microbiota. Collectively, the strong correlations observed between the gut microbial changes and shifted metabolic levels indicated that SNE may have resulted in significant changes in the gut microbiota, leading to marked shifts in host metabolite abundance. These shifts result in the dysregulation of the host immune response leading to poorer growth properties in broilers.

In summary, we found that BS pretreatment significantly prevented the SNE-induced decrease in broiler growth performance. This may be because BS pretreatment increased villi height and maltase activity while decreasing the mucosal inflammatory response. In addition, BS pretreatment might modulate intestinal microbial composition and the gut metabolic profile as part of the microbial function. These findings provide a better understanding of the mechanism by which BS or ER promotes the prevention of SNE, which could provide useful insights for the development of an effective and safe alternative to antibiotics in the poultry industry.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/supplementary material.



Ethics statement

The animal study was reviewed and approved by all procedures were carried out in accordance with the Chinese Animal Welfare Guidelines and approved by the Institutional Animal Care and Use Committee of Zhejiang University (permission number: ZJU2019-480-12).



Author contributions

XZha and YW conceived and designed the experiments. YW, QW, YX, XZho and AF performed the experiments. YW analyzed the data, made the figures, and wrote the paper. YW, XZha and GC revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Key R&D program of Zhejiang Province (project: 2023C02026), China Agriculture Research System of MOF and MARA (project: CARS-41, Beijing, China), and the project of Hangzhou Agricultural and social development key research and development (project: 2022ZDSJ0157).



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.



Abbreviations

ADFI, Average daily feed intake; ADG, Average daily gain; BS, Bacillus subtilis DSM 29784; BW, Body weight; cfu, Colony-forming units; CP, Clostridium perfringens; ELISA, Enzyme-linked immunosorbent assay; ER, Enramycin; F:G, feed:gain ratio; H&E, Hematoxylin and eosin; IFN-γ, Interferon-gamma; IgG, Immunoglobulin G; IL, Interleukin; KEGG, Kyoto Encyclopedia of Genes and Genomes; LDA, Linear discriminant analysis; MUC2, mucin 2; NE, Necrotic enteritis; PBS, Phosphate-buffered saline; PCA, Principal component analysis; PCR, Polymerase chain reaction; SEM, Scanning electron microscopy; sIgA, secretory immunoglobulin A; SNE, Subclinical necrotic enteritis; SPSS, Statistical Product and Service Solutions; TEM, Transmission electron microscopy; TNF-α, Tumor necrosis factor α; VIP, Variable importance in projection.


Footnotes

1   https://www.ncbi.nlm.nih.gov/sra


2   http://hemi.biocuckoo.org/


3   http://classyfire.wishartlab.com/


4   http://www.metaboanalyst.ca


5   https://www.kegg.jp/




References

 Awad, W. A., Ghareeb, K., Abdel-Raheem, S., and Bohm, J. (2009). Effects of dietary inclusion of probiotic and synbiotic on growth performance, organ weights, and intestinal histomorphology of broiler chickens. Poultry Sci. 88, 49–56. doi: 10.3382/ps.2008-00244 

 Belkaid, Y., and Hand, T. W. (2014). Role of the microbiota in immunity and inflammation. Cells 157, 121–141. doi: 10.1016/j.cell.2014.03.011 

 Blacher, E., Bashiardes, S., Shapiro, H., Rothschild, D., Mor, U., Dori-Bachash, M., et al. (2019). Potential roles of gut microbiome and metabolites in modulating ALS in mice. Nature 572:474. doi: 10.1038/s41586-019-1443-5 

 Caly, D. L., D'Inca, R., Auclair, E., and Drider, D. (2015). Alternatives to antibiotics to prevent necrotic enteritis in broiler chickens: a Microbiologist's perspective. Front. Microbiol. 6:1336. doi: 10.3389/fmicb.2015.01336 

 Camilleri, M. (2019). Leaky gut: mechanisms, measurement and clinical implications in humans. Gut 68, 1516–1526. doi: 10.1136/gutjnl-2019-318427 

 Cevallos-Cevallos, J. M., Danyluk, M. D., and Reyes-De-Corcuera, J. I. (2011). GC-MS based metabolomics for rapid simultaneous detection of Escherichia coli O157:H7, salmonella Typhimurium, salmonella Muenchen, and salmonella Hartford in ground beef and chicken. J. Food Sci. 76, M238–M246. doi: 10.1111/j.1750-3841.2011.02132.x 

 Chang, P. V., Hao, L. M., Offermanns, S., and Medzhitov, R. (2014). The microbial metabolite butyrate regulates intestinal macrophage function via histone deacetylase inhibition. Proce. Natl Acad Sci U. S. A. 111, 2247–2252. doi: 10.1073/pnas.1322269111 

 Cherrington, C. A., Hinton, M., Mead, G. C., and Chopra, I. (1991). Organic-acids - chemistry, antibacterial activity and practical applications. Adv. Microb. Physiol. 32, 87–108. doi: 10.1016/S0065-2911(08)60006-5

 Chong, J., Soufan, O., Li, C., Caraus, I., Li, S., Bourque, G., et al. (2018). MetaboAnalyst 4.0: towards more transparent and integrative metabolomics analysis. Nucleic Acids Res. 46, W486–W494. doi: 10.1093/nar/gky310 

 Cook, S. I., and Sellin, J. H. (1998). Review article: short chain fatty acids in health and disease. Aliment. Pharm. Ther. 12, 499–507. doi: 10.1046/j.1365-2036.1998.00337.x

 Deng, W. K., Wang, Y. B., Liu, Z. X., Cheng, H., and Xue, Y. (2014). HemI: a toolkit for illustrating Heatmaps. PLoS One 9:e111988. doi: 10.1371/journal.pone.0111988 

 Diarra, M. S., and Malouin, F. (2014). Antibiotics in Canadian poultry productions and anticipated alternatives. Front. Microbiol. 5:282. doi: 10.3389/fmicb.2014.00282 

 Djoumbou Feunang, Y., Eisner, R., Knox, C., Chepelev, L., Hastings, J., Owen, G., et al. (2016). ClassyFire: automated chemical classification with a comprehensive, computable taxonomy. J. Cheminformatics 8:61. doi: 10.1186/s13321-016-0174-y 

 Dodd, D., Spitzer, M. H., van Treuren, W., Merrill, B. D., Hryckowian, A. J., Higginbottom, S. K., et al. (2017). A gut bacterial pathway metabolizes aromatic amino acids into nine circulating metabolites. Nature 551:648+. doi: 10.1038/nature24661 

 Ducatelle, R., Eeckhaut, V., Haesebrouck, F., and Van Immerseel, F. (2015). A review on prebiotics and probiotics for the control of dysbiosis: present status and future perspectives. Animal 9, 43–48. doi: 10.1017/S1751731114002584 

 Earl, A. M., Losick, R., and Kolter, R. (2008). Ecology and genomics of Bacillus subtilis. Trends Microbiol. 16, 269–275. doi: 10.1016/j.tim.2008.03.004 

 Eeckhaut, V., Wang, J., Van Parys, A., Haesebrouck, F., Joossens, M., Falony, G., et al. (2016). The probiotic Butyricicoccus pullicaecorum reduces feed conversion and protects from potentially harmful intestinal microorganisms and necrotic enteritis in broilers. Front. Microbiol. 7:1416. doi: 10.3389/fmicb.2016.01416 

 Elshaghabee, F. M. F., Rokana, N., Gulhane, R. D., Sharma, C., and Panwar, H. (2017). Bacillus as potential probiotics: status, concerns, and future perspectives. Front. Microbiol. 8:1490. doi: 10.3389/fmicb.2017.01490 

 Feng, Q., Liang, S. S., Jia, H. J., Stadlmayr, A., Tang, L. Q., Lan, Z., et al. (2015). Gut microbiome development along the colorectal adenoma-carcinoma sequence. Nat. Commun. 6:6528. doi: 10.1038/ncomms7528 

 Gadde, U., Oh, S. T., Lee, Y. S., Davis, E., Zimmerman, N., Rehberger, T., et al. (2017). The effects of direct-fed microbial supplementation, as an alternative to antibiotics, on growth performance, intestinal immune status, and epithelial barrier gene expression in broiler chickens. Probiotics Antimicro. 9, 397–405. doi: 10.1007/s12602-017-9275-9 

 Gonzalez, D. J., Haste, N. M., Hollands, A., Fleming, T. C., Hamby, M., Pogliano, K., et al. (2011). Microbial competition between Bacillus subtilis and Staphylococcus aureus monitored by imaging mass spectrometry. Microbiology-Sgm. 157, 2485–2492. doi: 10.1099/mic.0.048736-0 

 Guyard-Nicodème, M., Keita, A., Quesne, S., Amelot, M., Poezevara, T., le Berre, B., et al. (2016). Efficacy of feed additives against campylobacter in live broilers during the entire rearing period. Poultry Sci. 95, 298–305. doi: 10.3382/ps/pev303 

 Huttenhower, C., Gevers, D., Knight, R., Abubucker, S., Badger, J. H., Chinwalla, A. T., et al. (2012). Structure, function and diversity of the healthy human microbiome. Nature 486, 207–214. doi: 10.1038/nature11234 

 Jayaraman, S., Thangavel, G., Kurian, H., Mani, R., Mukkalil, R., and Chirakkal, H. (2013). Bacillus subtilis PB6 improves intestinal health of broiler chickens challenged with Clostridium perfringens-induced necrotic enteritis. Poultry Sci. 92, 370–374. doi: 10.3382/ps.2012-02528 

 Jeong, J. S., and Kim, I. H. (2014). Effect of Bacillus subtilis C-3102 spores as a probiotic feed supplement on growth performance, noxious gas emission, and intestinal microflora in broilers. Poultry Sci. 93, 3097–3103. doi: 10.3382/ps.2014-04086 

 Jiang, Z. Y., Sun, L. H., Lin, Y. C., Ma, X. Y., Zheng, C. T., Zhou, G. L., et al. (2009). Effects of dietary glycyl-glutamine on growth performance, small intestinal integrity, and immune responses of weaning piglets challenged with lipopolysaccharide. J. Anim. Sci. 87, 4050–4056. doi: 10.2527/jas.2008-1120 

 Johnson, J., and Reid, W. M. (1970). Anticoccidial drugs: lesion scoring techniques in battery and floor-pen experiments with chickens. Exp. Parasitol. 28, 30–36. doi: 10.1016/0014-4894(70)90063-9 

 Kaldhusdal, M., and Hofshagen, M. (1992). Barley inclusion and Avoparcin supplementation in broiler diets. 2. Clinical, pathological, and bacteriological findings in a mild form of necrotic enteritis. Poultry Sci. 71, 1145–1153. doi: 10.3382/ps.0711145

 Kang, Y. B., Li, Y., Du, Y. H., Guo, L. O., Chen, M. H., Huang, X. W., et al. (2019). Konjaku flour reduces obesity in mice by modulating the composition of the gut microbiota. Int. J. Obesity. 43, 1631–1643. doi: 10.1038/s41366-018-0187-x 

 Keerqin, C., Rhayat, L., Zhang, Z. H., Gharib-Naseri, K., Kheravii, S. K., Devillard, E., et al. (2021). Probiotic Bacillus subtilis 29,784 improved weight gain and enhanced gut health status of broilers under necrotic enteritis condition. Poultry Sci. 100:100981. doi: 10.1016/j.psj.2021.01.004 

 Kelly, C. J., Zheng, L., Campbell, E. L., Saeedi, B., Scholz, C. C., Bayless, A. J., et al. (2015). Crosstalk between microbiota-derived short-chain fatty acids and intestinal epithelial HIF augments tissue barrier function. Cell Host Microbe 17, 662–671. doi: 10.1016/j.chom.2015.03.005 

 Khochamit, N., Siripornadulsil, S., Sukon, P., and Siripornadulsil, W. (2015). Antibacterial activity and genotypic-phenotypic characteristics of bacteriocin-producing Bacillus subtilis KKU213: potential as a probiotic strain. Microbiol. Res. 170, 36–50. doi: 10.1016/j.micres.2014.09.004 

 Kles, K. A., and Chang, E. B. (2006). Short-chain fatty acids impact on intestinal adaptation inflammation, carcinoma, and failure. Gastroenterology 130, S100–S105. doi: 10.1053/j.gastro.2005.11.048 

 Knap, I., Kehlet, A. B., Bennedsen, M., Mathis, G. F., Hofacre, C. L., Lumpkins, B. S., et al. (2011). Bacillus subtilis (DSM17299) significantly reduces salmonella in broilers. Poultry Sci. 90, 1690–1694. doi: 10.3382/ps.2010-01056 

 Krajmalnik-Brown, R., Ilhan, Z. E., Kang, D. W., and DiBaise, J. K. (2012). Effects of gut microbes on nutrient absorption and energy regulation. Nutr. Clin. Pract. 27, 201–214. doi: 10.1177/0884533611436116 

 Kucharzik, T., Walsh, S. V., Chen, J., Parkos, C. A., and Nusrat, A. (2001). Neutrophil transmigration in inflammatory bowel disease is associated with differential expression of epithelial intercellular junction proteins. Am. J. Pathol. 159, 2001–2009. doi: 10.1016/S0002-9440(10)63051-9 

 La Ragione, R. M., and Woodward, M. J. (2003). Competitive exclusion by Bacillus subtilis spores of salmonella enterica serotype Enteritidis and Clostridium perfringens in young chickens. Vet. Microbiol. 94, 245–256. doi: 10.1016/S0378-1135(03)00077-4 

 Lammers, A., Wieland, W. H., Kruijt, L., Jansma, A., Straetemans, T., Schots, A., et al. (2010). Successive immunoglobulin and cytokine expression in the small intestine of juvenile chicken. Dev. Comp. Immunol. 34, 1254–1262. doi: 10.1016/j.dci.2010.07.001 

 Li, J. H., Jia, H. J., Cai, X. H., Zhong, H. Z., Feng, Q., Sunagawa, S., et al. (2014). An integrated catalog of reference genes in the human gut microbiome. Nat. Biotechnol. 32, 834–841. doi: 10.1038/nbt.2942 

 Lindner, C., Wahl, B., Fohse, L., Suerbaum, S., Macpherson, A. J., Prinz, I., et al. (2012). Age, microbiota, and T cells shape diverse individual IgA repertoires in the intestine. J. Exp. Med. 209, 365–377. doi: 10.1084/jem.20111980 

 Liu, J., Liu, G. H., Chen, Z. M., Zheng, A. J., Cai, H. Y., Chang, W. H., et al. (2020). Effects of glucose oxidase on growth performance, immune function, and intestinal barrier of ducks infected with Escherichia coli O88. Poultry Sci. 99, 6549–6558. doi: 10.1016/j.psj.2020.09.038 

 Mingmongkolchai, S., and Panbangred, W. (2018). Bacillus probiotics: an alternative to antibiotics for livestock production. J. Appl. Microbiol. 124, 1334–1346. doi: 10.1111/jam.13690

 Mohammadagheri, N., Najafi, R., and Najafi, G. (2016). Effects of dietary supplementation of organic acids and phytase on performance and intestinal histomorphology of broilers. Vet. Res. Forum. 2010, 189–195. doi: 10.4061/2010/479485 

 Mohammadigheisar, M., Shirley, R. B., Barton, J., Welsher, A., Thiery, P., and Kiarie, E. (2019). Growth performance and gastrointestinal responses in heavy tom turkeys fed antibiotic free corn-soybean meal diets supplemented with multiple doses of a single strain Bacillus subtilis probiotic (DSM29784). Poultry Sci. 98, 5541–5550. doi: 10.3382/ps/pez305 

 Moschen, A. R., Gerner, R. R., Wang, J., Klepsch, V., Adolph, T. E., Reider, S. J., et al. (2016). Lipocalin 2 protects from inflammation and tumorigenesis associated with gut microbiota alterations. Cell Host Microbe 19, 455–469. doi: 10.1016/j.chom.2016.03.007 

 Neijat, M., Habtewold, J., Shirley, R. B., Welsher, A., Barton, J., Thiery, P., et al. (2019a). Bacillus subtilis strain DSM 29784 modulates the Cecal microbiome, concentration of short-chain fatty acids, and apparent retention of dietary components in shaver white chickens during grower, developer, and laying phases. Appl. Environ. Microb. 85, 104–108. doi: 10.1128/AEM.00402-19 

 Neijat, M., Shirley, R. B., Welsher, A., Barton, J., Thiery, P., and Kiarie, E. (2019b). Growth performance, apparent retention of components, and excreta dry matter content in shaver white pullets (5 to 16 week of age) in response to dietary supplementation of graded levels of a single strain Bacillus subtilis probiotic. Poultry Sci. 98, 3777–3786. doi: 10.3382/ps/pez080 

 Nurmi, E., and Rantala, M. (1973). New aspects of salmonella infection in broiler production. Nature 241, 210–211. doi: 10.1038/241210a0 

 Olkowski, A. A., Wojnarowicz, C., Chirino-Trejo, M., Laarveld, B., and Sawicki, G. (2008). Sub-clinical necrotic enteritis in broiler chickens: novel etiological consideration based on ultra-structural and molecular changes in the intestinal tissue. Res. Vet. Sci. 85, 543–553. doi: 10.1016/j.rvsc.2008.02.007 

 Olmos, J., Acosta, M., Mendoza, G., and Pitones, V. (2020). Bacillus subtilis, an ideal probiotic bacterium to shrimp and fish aquaculture that increase feed digestibility, prevent microbial diseases, and avoid water pollution. Arch. Microbiol. 202, 427–435. doi: 10.1007/s00203-019-01757-2 

 Organization F.A (2013). Poultry Development Review. Role of Poultry in Human Nutrition. Food and agriculture organization.

 Pedersen, F. A., Bjornvad, M. E., Rasmussen, M. D., and Petersen, J. N. (2002). Cytotoxic potential of industrial strains of Bacillus sp. Regul. Toxicol. Pharmacol. 36, 155–161. doi: 10.1006/rtph.2002.1574 

 Piewngam, P., Zheng, Y., Nguyen, T. H., Dickey, S. W., Joo, H. S., Villaruz, A. E., et al. (2018). Pathogen elimination by probiotic Bacillus via signalling interference. Nature 562:532+. doi: 10.1038/s41586-018-0616-y 

 Ponnusamy, K., Choi, J. N., Kim, J., Lee, S. Y., and Lee, C. H. (2011). Microbial community and metabolomic comparison of irritable bowel syndrome faeces. J. Med. Microbiol. 60, 817–827. doi: 10.1099/jmm.0.028126-0 

 Rhayat, L., Jacquier, V., Brinch, K. S., Nielsen, P., Nelson, A., Geraert, P. A., et al. (2017). Bacillus subtilis strain specificity affects performance improvement in broilers. Poultry Sci. 96, 2274–2280. doi: 10.3382/ps/pex018 

 Riviere, A., Selak, M., Lantin, D., Leroy, F., and De Vuyst, L. (2016). Bifidobacteria and butyrate-producing colon bacteria: importance and strategies for their stimulation in the human gut. Front. Microbiol. 7:979. doi: 10.3389/fmicb.2016.00979 

 Russo, E., Giudici, F., Fiorindi, C., Ficari, F., Scaringi, S., and Amedei, A. (2019). Immunomodulating activity and therapeutic effects of short chain fatty acids and tryptophan post-biotics in inflammatory bowel disease. Front. Immunol. 10:2754. doi: 10.3389/fimmu.2019.02754 

 Salim, H. M., Kang, H. K., Akter, N., Kim, D. W., Kim, J. H., Kim, M. J., et al. (2013). Supplementation of direct-fed microbials as an alternative to antibiotic on growth performance, immune response, cecal microbial population, and ileal morphology of broiler chickens. Poultry Sci. 92, 2084–2090. doi: 10.3382/ps.2012-02947 

 Scheppach, W., and Weiler, F. (2004). The butyrate story: old wine in new bottles? current opinion in clin. Nutr. Metabol. Care. 7, 563–567. doi: 10.1097/00075197-200409000-00009 

 Schmidt, T. S. B., Raes, J., and Bork, P. (2018). The human gut microbiome: from association to modulation. Cells 172, 1198–1215. doi: 10.1016/j.cell.2018.02.044

 Silva, R. O. S., Salvarani, F. M., Assis, R. A., Martins, N. R. S., Pires, P. S., and Lobato, F. C. F. (2009). Antimicrobial susceptibility of Clostridium perfringens strains isolated from broiler chickens. Braz. J. Microbiol. 40, 262–264. doi: 10.1590/S1517-83822009000200010 

 Skinner, J. T., Bauer, S., Young, V., Pauling, G., and Wilson, J. (2010). An economic analysis of the impact of subclinical (mild) necrotic enteritis in broiler chickens. Avian Dis. 54, 1237–1240. doi: 10.1637/9399-052110-Reg.1 

 Svihus, B., Choct, M., and Classen, H. L. (2013). Function and nutritional roles of the avian caeca: a review. World. Poultry Sci. J. 69, 249–264. doi: 10.1017/S0043933913000287

 Timbermont, L., Haesebrouck, F., Ducatelle, R., and Van Immerseel, F. (2011). Necrotic enteritis in broilers: an updated review on the pathogenesis. Avian Pathol. 40, 341–347. doi: 10.1080/03079457.2011.590967 

 Tuohy, K. M., Gougoulias, C., Shen, Q., Walton, G., Fava, F., and Ramnani, P. (2009). Studying the human gut microbiota in the trans-Omics era - focus on metagenomics and metabonomics. Curr. Pharm. Design. 15, 1415–1427. doi: 10.2174/138161209788168182 

 Van Immerseel, F., De Buck, J., Pasmans, F., Huyghebaert, G., Haesebrouck, F., and Ducatelle, R. (2004). Clostridium perfringens in poultry: an emerging threat for animal and public health. Avian Pathol. 33, 537–549. doi: 10.1080/03079450400013162 

 Verdes, S., Trillo, Y., Pena, A. I., Herradon, P. G., Becerra, J. J., and Quintela, L. A. (2020). Relationship between quality of facilities, animal-based welfare indicators and measures of reproductive and productive performances on dairy farms in the northwest of Spain. Ital. J. Anim. Sci. 19, 319–329. doi: 10.1080/1828051x.2020.1743784

 Vila, B., Fontgibell, A., Badiola, I., Esteve-Garcia, E., Jimenez, G., Castillo, M., et al. (2009). Reduction of salmonella enterica var. Enteritidis colonization and invasion by Bacillus cereus var. toyoi inclusion in poultry feeds. Poultry Sci. 88, 975–979. doi: 10.3382/ps.2008-00483 

 Wandro, S., Osborne, S., Enriquez, C., Bixby, C., Arrieta, A., and Whiteson, K. (2018). The microbiome and metabolome of preterm infant stool are personalized and not driven by health outcomes, including necrotizing Enterocolitis and late-onset. Sepsis 3, 1335–1339. doi: 10.1128/mSphere.00104-18 

 Wang, Y. B., and Gu, Q. (2010). Effect of probiotic on growth performance and digestive enzyme activity of arbor acres broilers. Res. Vet. Sci. 89, 163–167. doi: 10.1016/j.rvsc.2010.03.009 

 Wang, Y. Y., Heng, C. A. N., Zhou, X. H., Cao, G. T., Jiang, L., Wang, J. S., et al. (2021). 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. 125, 494–507. doi: 10.1017/S0007114520002755 

 Wang, K., Jin, X., You, M., Tian, W., Le Leu, R. K., Topping, D. L., et al. (2017). Dietary Propolis ameliorates dextran sulfate sodium-induced colitis and modulates the gut microbiota in rats fed a Western diet. Nutrients 9:875. doi: 10.3390/nu9080875 

 Wang, H. S., Ni, X. Q., Qing, X. D., Liu, L., Lai, J., Khalique, A., et al. (2017). Probiotic enhanced intestinal immunity in broilers against subclinical necrotic enteritis. Front. Immunol. 8:1592. doi: 10.3389/fimmu.2017.01592 

 Wang, Y., Wang, Y., Xu, H., Mei, X., Gong, L., Wang, B., et al. (2018). Direct-fed glucose oxidase and its combination with B. amyloliquefaciens SC06 on growth performance, meat quality, intestinal barrier, antioxidative status, and immunity of yellow-feathered broilers. Poultry Sci. 97, 3540–3549. doi: 10.3382/ps/pey216 

 Wang, Y., Xu, Y., Xu, S., Yang, J., Wang, K., and Zhan, X. (2021). Bacillus subtilis DSM29784 alleviates negative effects on growth performance in broilers by improving the intestinal health under necrotic enteritis challenge. Front. Microbiol. 12:2470. doi: 10.3389/fmicb.2021.723187 

 Wikoff, W. R., Anfora, A. T., Liu, J., Schultz, P. G., Lesley, S. A., Peters, E. C., et al. (2009). Metabolomics analysis reveals large effects of gut microflora on mammalian blood metabolites. Prcoe. Natl. Acad. Sci. U. S. A. 106, 3698–3703. doi: 10.1073/pnas.0812874106 

 Willemsen, L. E. M., Koetsier, M. A., van Deventer, S. J. H., and van Tol, E. A. F. (2003). Short chain fatty acids stimulate epithelial mucin 2 expression through differential effects on prostaglandin E-1 and E-2 production by intestinal myofibroblasts. Gut 52, 1442–1447. doi: 10.1136/gut.52.10.1442 

 Wu, T., Xu, F. M., Su, C., Li, H. R., Lv, N., Liu, Y. Y., et al. (2020). Alterations in the gut microbiome and Cecal metabolome DuringKlebsiella pneumoniae-induced Pneumosepsis. Front. Immunol. 11:1331. doi: 10.3389/fimmu.2020.01331 

 Xu, X. G., Gong, L., Wang, B. K., Wu, Y. P., Wang, Y., Mei, X. Q., et al. (2018). Glycyrrhizin attenuates salmonella enterica Serovar Typhimurium infection: new insights into its protective mechanism. Front. Immunol. 9:2321. doi: 10.3389/fimmu.2018.02321 

 Youssef, F. S., Eid, S. Y., Alshammari, E., Ashour, M. L., Wink, M., and El-Readi, M. Z. (2020). Chrysanthemum indicum and Chrysanthemum morifolium: chemical composition of their essential oils and their potential use as natural preservatives with antimicrobial and antioxidant activities. Foods. 9:1460. doi: 10.3390/foods9101460 

 Yuan, H. L., Xu, Y., Chen, Y. Z., Zhan, Y. Y., Wei, X. T., Li, L., et al. (2019). Metabolomics analysis reveals global acetoin stress response of Bacillus licheniformis. Metabolomics 15:25. doi: 10.1007/s11306-019-1492-7 

 Zarrinpar, A., Chaix, A., Xu, Z. J. Z., Chang, M. W., Marotz, C. A., Saghatelian, A., et al. (2018). Antibiotic-induced microbiome depletion alters metabolic homeostasis by affecting gut signaling and colonic metabolism. Nat. Commun. 9:2872. doi: 10.1038/s41467-018-05336-9 

 Zhang, J., Bilal, M., Liu, S., Zhang, J. H., Lu, H. D., Luo, H. Z., et al. (2020). Isolation, identification and antimicrobial evaluation of bactericides secreting Bacillus subtilis Natto as a biocontrol agent. PRO 8:259. doi: 10.3390/pr8030259

 Zhao, Y., Zeng, D., Wang, H. S., Qing, X. D., Sun, N., Xin, J. G., et al. (2020). Dietary probiotic Bacillus licheniformis H2 enhanced growth performance, morphology of small intestine and liver, and antioxidant capacity of broiler chickens against Clostridium perfringens-induced subclinical necrotic enteritis. Probiotics Antimicrob 12, 883–895. doi: 10.1007/s12602-019-09597-8 









 


	
	
TYPE Original Research
PUBLISHED 17 April 2023
DOI 10.3389/fmicb.2023.1018242






A westernized diet changed the colonic bacterial composition and metabolite concentration in a dextran sulfate sodium pig model for ulcerative colitis

Farhad M. Panah1*†, Katrine D. Nielsen1, Gavin L. Simpson1, Anna Schönherz1, Andreas Schramm2, Charlotte Lauridsen1, Tina S. Nielsen1, Ole Højberg1, Marlene Fredborg1, Stig Purup1 and Nuria Canibe1


1Department of Veterinary and Animal Sciences, Aarhus University, Tjele, Denmark

2Department of Biology, Aarhus University, Aarhus, Denmark

[image: image2]

OPEN ACCESS

EDITED BY
 Li Wang, Guangdong Academy of Agricultural Sciences (GDAAS), China

REVIEWED BY
 Sérgio D. C. Rocha, Norwegian University of Life Sciences, Norway
 Tao Wu, Tianjin University of Science and Technology, China

*CORRESPONDENCE
 Farhad M. Panah, farhad@food.ku.dk 

†Present address: Farhad M. Panah, Department of Food Science, University of Copenhagen, Copenhagen, Denmark

SPECIALTY SECTION
 This article was submitted to Microorganisms in Vertebrate Digestive Systems, a section of the journal Frontiers in Microbiology


RECEIVED 12 August 2022
 ACCEPTED 27 March 2023
 PUBLISHED 17 April 2023

CITATION
 Panah FM, Nielsen KD, Simpson GL, Schönherz A, Schramm A, Lauridsen C, Nielsen TS, Højberg O, Fredborg M, Purup S and Canibe N (2023) A westernized diet changed the colonic bacterial composition and metabolite concentration in a dextran sulfate sodium pig model for ulcerative colitis. Front. Microbiol. 14:1018242. doi: 10.3389/fmicb.2023.1018242

COPYRIGHT
 © 2023 Panah, Nielsen, Simpson, Schönherz, Schramm, Lauridsen, Nielsen, Højberg, Fredborg, Purup and Canibe. 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.
 

Introduction: Ulcerative colitis (UC) is characterized by chronic inflammation in the colonic epithelium and has a blurred etiology. A western diet and microbial dysbiosis in the colon were reported to play a role in UC development. In this study, we investigated the effect of a westernized diet, i.e., increasing fat and protein content by including ground beef, on the colonic bacterial composition in a dextran sulfate sodium (DexSS) challenged pig study.

Methods: The experiment was carried out in three complete blocks following a 2×2 factorial design including 24 six-week old pigs, fed either a standard diet (CT) or the standard diet substituted with 15% ground beef to simulate a typical westernized diet (WD). Colitis was induced in half of the pigs on each dietary treatment by oral administration of DexSS (DSS and WD+DSS, respectively). Samples from proximal and distal colon and feces were collected.

Results and discussion: Bacterial alpha diversity was unaffected by experimental block, and sample type. In proximal colon, WD group had similar alpha diversity to CT group and the WD+DSS group showed the lowest alpha diversity compared to the other treatment groups. There was a significant interaction between western diet and DexSS for beta diversity, based on Bray-Curtis dissimilarly. The westernized diet and DexSS resulted in three and seven differentially abundant phyla, 21 and 65 species, respectively, mainly associated with the Firmicutes and Bacteroidota phyla followed by Spirochaetota, Desulfobacterota, and Proteobacteria. The concentration of short-chain fatty acids (SCFA) was lowest in the distal colon. Treatment had a slight effect on the estimates for microbial metabolites that might have valuable biological relevance for future studies. The concentration of putrescine in the colon and feces and that of total biogenic amines was highest in the WD+DSS group. We conclude that a westernized diet could be a potential risk factor and an exacerbating agent for UC by reducing the abundance of SCFA-producing bacteria, increasing the abundance of pathogens such as Helicobacter trogontum, and by increasing the concentration of microbial proteolytic-derived metabolites in the colon.
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1. Introduction

Ulcerative colitis (UC) is a human inflammatory bowel disease (IBD) characterized by chronic, nonspecific inflammation in the colonic epithelium (Granlund et al., 2013) as a result of chronic dysregulation of the immune response in colonic mucosa (Eichele and Kharbanda, 2017). While the exact etiology of IBD is not yet known, host genetic predisposition (McGovern et al., 2015), aggravated immune response to host gut microbiota (Roselli and Finamore, 2020), and environmental factors such as diet and altered gut microbiota have been shown to play a role in the incidence of IBD (Guo et al., 2020; Galipeau et al., 2021). Consumption of a western diet, characterized by being rich in animal protein and fat and low in dietary fiber, is considered a main factor contributing to increased UC risk (Chiba et al., 2019). Red meat is one of the ingredients of a typical western diet (Thøgersen and Bertram, 2021). In human studies, red meat consumption has been associated with UC, by inducing or exacerbating this disease (Jantchou et al., 2010; Ge et al., 2015; Rashvand et al., 2015) due to increased proteolytic activity by the colonic bacteria resulting from higher substrate availability (Gilbert et al., 2018). Although the exact mechanism behind this effect is yet to be elucidated (Van Hecke et al., 2021), microbial fermentation of undigested dietary and endogenous protein sources results in various metabolites, several of which, e.g., biogenic amines, NH4+, indoles, phenols, and H2S, are considered detrimental for gut health as they are capable of stimulating the immune system and starting a cascade of inflammatory responses in the colon (Windey et al., 2012; Gilbert et al., 2018; Panah et al., 2021). These metabolites can result in the loss of microvilli and apoptosis of colonocytes, which are ultrastructural changes in the colon at the early stages of diarrhea due to colitis (Thomson, 2009; Gilbert et al., 2018). Red meat intake leads to the formation of reactive oxygen species and it may also damage the colonic epithelium through increased concentrations of heme (originated from red meat haemoglobin), and amines (Glei et al., 2006). Accordingly, Le Leu et al. (2013) reported that feeding red meat to mice with colitis (induced by dextran sulfate sodium; DexSS) exacerbated colitis as observed by increased histopathological scores in the colon and changes in the gut microbial composition.

Dysbiosis of colonic microbiota was reported to be associated with IBD (Ni et al., 2017) as gut microbiota are involved in various physiological functions, critical in colonic inflammation such as energy and nutrient supply (Ng et al., 2013), maintenance of mucosal homeostasis (Zheng et al., 2020), and modulation and enhancement of host immunity (Yang et al., 2021). Dysbiosis has been defined as reduced biodiversity, abnormal and varying composition of large intestine microbiota, alongside changes in the interactions among different strains of microbiota and between microbiota and the host (Guo et al., 2020). However, since mucosal inflammation in the colon can lead to dysbiosis, it remains unclear whether microbial dysbiosis is the cause or the consequence of IBD (Ni et al., 2017). It has been speculated that increased fecal proteolytic activity, associated with changes in gut microbiota, preceding the clinical diagnosis of UC, is potentially indicative of a causal relationship (Galipeau et al., 2021).

Studies have shown that patients with UC may have a less diverse bacterial community in the large intestine, with lower abundance of Firmicutes, Bacteroidetes and Verrucomicrobia phyla, and higher abundance of Proteobacteria (Manichanh et al., 2012; Zakerska-Banaszak et al., 2021). Microbial dysbiosis, in return, may alter metabolic conditions in the gut (Yang et al., 2021) by reducing carbohydrate-fermenting bacteria such as Lachnospiraceae (in particular Roseburia spp.), and Prevotella and Ruminococcus taxa, which are involved in production of short-chain fatty acids (SCFAs; Louis et al., 2007). Short-chain fatty acids such as acetate, butyrate and propionate, and lactate are produced from bacterial fermentation of indigestible carbohydrates, and to a lesser extent from protein, in the colon, and exert vital beneficial effects to the maintenance of mutualistic relationships between commensal bacteria and the host immune system (Rooks and Garrett, 2016). The intestinal immune system is affected by SCFAs, since they inhibit pathogenic growth (Vinolo et al., 2011), regulate inflammatory responses in the colon (Maslowski et al., 2009), participate in secretion of the epithelial repair cytokine interleukin-18, and they also enhance the integrity of epithelial cells by promoting goblet cell mucin production and modification of tight junctions (Guo et al., 2020). Among SCFAs, butyrate has a significant biological importance in the context of IBD. It is the preferred energy source for colonocytes (supplying 70–80% of their required energy; Galipeau et al., 2021; Gasaly et al., 2021), it regulates immune responses by activation of G protein-coupled receptors (GPRs; Sanchez et al., 2020), it renders the differentiation of monocytes to macrophages through inhibition of histone deacetylase (HDAC; Schulthess et al., 2019), and its oxidation by colonocytes generates hypoxia, helping to maintain luminal anaerobiosis, which is favorable for the hindgut microbiota (Gasaly et al., 2021). In a number of studies, IBD patients exhibit lower abundance of butyrate-producing bacteria, lower butyrate concentration (Marchesi et al., 2007) and depressed colonocyte butyrate oxidation, which lowers luminal anaerobiosis and facilitates the expansion of bacteria like Enterobacteriaceae that contribute to inflammation (Gasaly et al., 2021). Vieira et al. (2012) showed that oral administration of butyrate to mice with UC induced by dextran sulphate sodium (DexSS), ameliorated the inflammatory profile of the colon mucosa, possibly by activation of GPR109A, which contributes to the suppression of DexSS-induced acute colitis (Yang et al., 2021).

Aimed at demystifying the complex pathology of IBD, many studies have been conducted using animal models (Knudsen et al., 2020; Mizoguchi et al., 2020; Nielsen et al., 2020; Mizoguchi et al., 2021). Colitis in pigs may share some symptoms with UC (Chase-Topping et al., 2007; Panah et al., 2021), and since pigs are closer to humans than rodents like mice or guinea pigs with regard to their colonic microbiota, anatomy and physiology (Liu et al., 2017), they are often used as surrogate models. Therefore, establishing inflammation in the colon of pigs could provide a better experimental model for human IBD (Pistol et al., 2020). One of the most common chemicals used to simulate active IBD in animal models is DexSS administered orally, which has previously been tested in pig (Nielsen et al., 2020; Pistol et al., 2020) and murine (Eichele and Kharbanda, 2017) colitis models. It has been combined with dietary interventions to investigate, e.g., the potential impact of food components on mitigation of IBD activity (Bassaganya-Riera and Hontecillas, 2006; Pistol et al., 2020).

We have previously shown that offering a westernized diet to 6-week old pigs by replacing 15% of the pelleted standard diet with cooked minced beef 2 weeks prior to DexSS treatment, aggravated the severity of colitis (Nielsen et al., 2020). Using samples from these piglets in the current study, we aimed at investigating the impact of feeding a westernized diet on colonic and fecal microbial composition and microbial metabolites. We hypothesized that the exacerbating effect of a westernized diet on colitis in DexSS-challenged pigs is associated with changes in the gut microbiota induced by the diet composition.



2. Materials and methods


2.1. Ethics statement

The care and housing of the animals used in the experiment complied with Danish laws and regulations for the humane care and use of animals in research (The Danish Ministry of Justice, Animal Testing Act no. 1306 of 23 November 2007) and was performed under the license obtained from the Danish Animal Experimentation Inspectorate, Ministry of Food, Agriculture and Fisheries.



2.2. Experimental design

A total of 24 pigs in three complete blocks following a 2 × 2 factorial design was used, as described by Nielsen et al. (2020). Briefly, 24 6-week old pigs were fed either a standard weaner diet (Prime Midi Piller U; DLG, Randers, Denmark) or a diet in which 15% of the standard diet (by weight of the total pelleted diet) was substituted with minced, cooked and dried ground beef (Hørkram Foodservice, Hørning, Denmark) to simulate a westernized diet from experimental day 0 to 14. Throughout the three blocks of the experiment, two non-littermate pigs from different sows were housed in one pen to receive the same treatment, and piglets from two different sows were used in each block. The animals were fed one of the two experimental diets for 14 days. From day 14, an oral dose of DexSS was administered to half of the pigs fed the standard diet (DSS; n = 5) and half of the pigs fed the WD diet (WD + DSS; n = 6); the other half continued without DexSS administration to the end of the experiment, forming the control (CT; n = 6) and westernized diet (WD; n = 6) groups, respectively. One of the pigs treated with DexSS reached the humane end point prior to the end of experiment, hence it was euthanized and results are not included in the downstream analysis; therefore, the results are from total number of 23 pigs. The DexSS treatment was administered as 1.25 g DexSS (MW 36–50 kDa, MP Biomedicals, Santa Ana, CA, United States)/kg BW, dissolved in 20 ml of sterile saline solution (0.9% NaCl) + 5 ml apple juice. On days 18 and 19, fecal samples were collected (1.5 g) and, on day 19, all animals were sacrificed and colonic digesta were collected from the proximal (25% of colon length) and distal colon (75% of colon length) for subsequent metabolite (4.0 g) analysis and DNA extraction (1.5 g). Fecal and digesta samples for DNA extraction were snap frozen in liquid nitrogen and stored at −80°C until analysis. Samples for metabolite analysis were stored at −20°C.



2.3. DNA extraction and 16S rRNA gene sequencing

Total DNA was extracted from 200 mg fecal (collected on day 18) and digesta (collected on day 19) samples using the E.Z.N.A. stool DNA Kit (Omega bio-tek) according to the manufacturer’s instructions. Amplicon libraries of the bacterial 16S rRNA gene were prepared according to Illumina’s 16S Metagenomic Sequencing Library Preparation protocol (Illumina, 2013), with few modifications as described in Tawakoli et al. (2017). Briefly, 20 PCR cycles were performed with the bacterial primers Bac341F and Bac805R (Herlemann et al., 2011) to applify V3-V4 regions of 16S rRNA gene, followed by 10 cycles to add the Illumina adapters and 8 cycles to add the sequencing barcodes. The pooled libraries were sequenced on a MiSeq desktop sequencer (Illumina) using 2 × 300 bp chemistry (Illumina) according to the manufacturer’s instructions.



2.4. Bioinformatics analysis of 16S rRNA gene data

Raw sequencing reads were processed with Qiime 2 (Bolyen et al., 2019) using the DADA2 package (Callahan et al., 2016) for primer trimming, quality filtration, denoising, merging, chimera removal and inference of amplicon sequence variants (ASV). Forward and reverse primers were removed by truncating the forward (trim left forward: 17 nt) and reverse (trim left reverse: 21 nt) primer length from the raw sequence reads. Trimmed reads were quality filtered by truncating sequence reads at the points where 25% of reads dropped below a Phred quality score (Q) of 30 (truncation length of forward reads: 260; truncation length of reverse reads: 220). In this way, merging of the sequences took place with the minimum of 16 nucleotides overlap.

For diversity analysis, a phylogenetic tree was inferred using the fragment insertion method based on SATé-Enabled Phylogenetic Placement (SEPP) implemented in Qiime 2, which is inserting query sequences into an existing phylogenetic tree and aligning them to full-length sequences for the same gene (Mirarab et al., 2011).

For taxonomic classifications of detected ASVs, a region-specific classifier based on our primer set was created based on the SILVA v.138 (Quast et al., 2012) taxonomic reference database with 99% of similarity cutoff using the RESCRIPt plugin (Robeson et al., 2020) in Qiime 2. The classifier was trained using the Naïve-Bayes method and the output artifact was used to generate the classified taxonomy table. Our region-specific trained classifier is available on this directory: https://drive.google.com/file/d/1qwGbPvxhXJIC_bSmoB33Ala26LeN69BJ/view?usp=sharing.

All files generated in Qiime 2, i.e., ASV tables, ASV sequences, taxonomy table, and rooted phylogenetic tree were transferred to R by qiime2R package (Bisanz, 2018) for subsequent use with the phyloseq package (Holmes and McMurdie, 2013). ASVs belonging to taxonomic domain other than bacteria (e.g., Archaea and Eukaryotes) were removed and subsequent results are based only on bacteria. Decontamination of the reads was performed based on prevalence of ASVs in negative samples (n = 5) using the Decontam package (Davis et al., 2018) in R from which Caldalkalibacillus uzonensis, belonging to the phylum Firmicutes was identified as contaminant and removed from the ASV table. After this step, the negative control samples were deleted from the entire dataset. Additionally, ASVs with the prevalence in less than three samples (out of 66 samples) were filtered out. This resulted in filtering ASVs appeared in less than 5% of all samples. Moreover, singletons were removed from the dataset based on their abundance as described in this repository: https://github.com/farhadm1990/Microbiota-analysis (Panah, 2022). Singletons were those ASV that occurred only in one sample across all the dataset, i.e., their mean abundance was equal to their sum of abundance. Relative abundance of taxa was determined through dividing the number of sequencing reads assigned to different taxa in each sample by the total number of sequencing reads. Finally, all samples were normalized to the same reading depth of 17,000 reads per sample by rarefaction (sampling without replacement) in phyloseq. A total of 66 samples and 2,925 ASVs passed preprocessing and were used for the downstream analysis.


2.4.1. Quantitative PCR and calculation of absolute abundance

Bacterial 16S rRNA gene copy numbers per g of sample were quantified in triplicate by quantitative PCR (qPCR) according to Busck et al. (2022). In brief, a 167 bp long gene fragment was amplified using the primer set Bac908F/Bac1075R (Mateos-Rivera et al., 2018), with annealing at 59°C and extension at 78°C. In order to obtain absolute abundances, relative taxon abundances derived from the sequencing reads were multiplied to the total load of bacterial 16S rRNA gene copies (total load per gram of sample), detected by qPCR (Jian et al., 2020). All results presented in this study are based on absolute count data.



2.4.2. Alpha and beta diversity

Alpha diversity, a measure of microbiota diversity within a sample, was estimated based on richness or total number of observed ASVs (Chao1) and evenness using the Shannon’s index and on phylogenic distances using the Faith Phylogenetic Diversity (FaithPD) index. Chao1 and Shannon indices were estimated from the ASV count table using the phyloseq package; for estimation of FaithPD, the ASV count table and the rooted phylogenetic tree were used as the inputs in the pd function of picante package (Kembel et al., 2010). For Chao1, the non-rarefied ASV count table was used and for Shannon and FaithPD the rarefied ASV count table was used as the input.

Beta diversity, the difference in microbial composition between the treatment groups, was estimated by Bray–Curtis dissimilarity coefficients from the variance-stabilizing transformed (VST) ASV count table. Variance-stabilizing transformation was done using the varianceStabilizingTransformation function in DESeq2 package (Love et al., 2014).



2.4.3. Analysis of differentially abundant taxa

Absolute ASV abundances were agglomerated to phylum and species level using the tax_glom function in phyloseq and all ASVs at family level classified as “uncultured” were removed. Normalization of the microbial data and differential abundance analysis was done using DESeq2 (Love et al., 2014) in R via a Negative Binomial Wald test statistics and associated p-value with the main effects of WD, DSS and their interaction as well as the effect of blocks and sample type as additional covariates. Before estimation of the dispersions, the geometric means of the counts in each sample were calculated and used to estimate size factors per sample using DESeq2 (Love et al., 2014). To correct for multiple hypothesis testing, p-values were adjusted for the False Discovery Rate (FDR) using the Benjamini-Hochberg (BH) method (Benjamini and Hochberg, 1995). ASVs were considered differentially abundant when the adjusted p-value ≤0.05 (FDR < 0.05) and a Log2 Fold Change (LFC) exceeding 0 (|LFC| > 0) at phylum level and |LFC| > 2 at species level.




2.5. Analysis of microbial metabolites

For quantification of chemical concentrations, fecal and digesta samples were collected in stomacher bags and kept on ice and stored in −20°C until the day of analysis. Concentration of the SCFAs acetate, propionate, butyrate, iso-acids (iso-butyrate and iso-valerate), and valerate were analyzed by capillary gas chromatography as described by Jensen et al. (1995) with some modifications as described by Canibe et al. (2007). Biogenic amines (cadaverine, agmatine, putrescine and tyramine) were quantified by gradient elution on reverse phase HPLC chromatography, as described by Poulsen et al. (2018). A heatmap of associations between bacterial absolute abundance and the concentration of different metabolites produced by colonic bacteria was created using the Spearman’s rank correlation method with the pheatmap package in R (Kolde and Maintainer, 2018). A significance test was performed to identify the significant associations and the pairwise comparisons were corrected for FDR < 0.05.



2.6. Statistical analysis

The relationships between predictor variables and the expected responses for alpha diversity metrics (i.e., Chao1, Shannon and FaithPD) and microbial metabolites were assessed using the R statistical software (Team R. C, 2021). A Generalized Linear Mixed-Effect Model with Gamma distribution and log link function was estimated using the glmer function of the lme4 package (Bates et al., 2015). Estimated marginal means (EMM) of treatment effects were computed using the emmeans package (Lenth et al., 2018). The model estimated had the following functional form:

[image: image]

Where Y is the dependent variable and α the model constant term. The model includes the fixed effects of diet (Wi; i = noWD and yesWD), DexSS (Dj; j = noDexSS and yesDexSS), sample type (Sk; k = digesta from proximal and distal colon, and feces), all second- and third-order interaction between these fixed effects, experimental block (Bl; l = 1, 2, 3), and the random effect of pig (Pm; m = 1, …, 23). We report EMMs with 95% confidence interval and pairwise comparisons between treatment groups from the full model. Pairwise comparisons were adjusted for false discovery ratio by BH method and declared significantly different where p.adjust ≤ 0.05.

Compositional differences between treatment groups were assessed using a distance-based redundancy analysis (dbRDA) based on Bray–Curtis dissimilarity matrix (litter effect used as a partial effect, whose effect was removed prior to estimation of treatment effects) in R using the vegan package (Oksanen et al., 2020) with 999 permutations (restricted by litter as a “block”-level restriction and by individual animal as plot strata, while permutation between segments was freely done; Simpson, 2022). Bray–Curtis dissimilarity was obtained from the distance function in phyloseq and the distance between samples in each treatment group was analyzed using non-metric multidimensional scaling (NMDS) using the metaMDS function in vegan (Oksanen et al., 2020) and phyloseq packages. The effect of segment was evaluated by a dbRDA model and tested with a permutation with restricted litter and samples from different sample type and free permutation between animals. The Bray–Curtis dissimilarity matrix was computed from log-transformed absolute counts. A test of homogeneity of group variances (dispersions around the centroids) of the four treatment groups was conducted prior to dbRDA with 999 restricted permutations (litter as a “block”-level restriction, animals were restricted via plot strata and observations from different segments were freely permuted) using the betadisper function in vegan. Unless otherwise stated, all multiple comparisons were corrected for FDR by the BH method and were declared significant at FDR ≤ 0.05.

The scripts for bioinformatics and statistical analysis are available at https://github.com/farhadm1990/Microbiota-analysis (Panah, 2022).




3. Results


3.1. Feed composition

Meat substitution of 15% by weight, resulted in increased protein and fat content of the diet by 40.8 and 66.7%, respectively, and reduced fiber content by 16% in westernized diet compared to the standard diet (Table 1).



TABLE 1 Nutrient composition (% as-is basis) of the standard and westernized diet (WD).
[image: Table1]



3.2. Alpha diversity in digesta and feces

Average alpha diversity indices of feces and colonic samples from the experimental treatment are summarized in Table 2. There were no differences in alpha diversity between experimental blocks and sample type, i.e., proximal colon, distal colon, and fecal samples (Supplementary Table S1). In proximal and distal colon, WD group showed similar alpha diversity to CT group (Table 2). In proximal colon, the WD + DSS group had lowest Chao1, Shannon and FaithPD indices, while in distal colon, DSS group showed lowest alpha diversity (p < 0.05; Table 2). Chao1 and Shannon indices in distal colon were similar to that in DSS group. However, in fecal samples only FaithPD seemed to be affected by treatments and it was lowest in DSS group compared with WD group.



TABLE 2 Alpha diversity metrics with their estimated marginal means and their 95% confidence interval for each treatment group.
[image: Table2]



3.3. Bacterial beta diversity of digesta and feces

The test for differences of bacterial diversity between the samples was done by dbRDA based on Bray–Curtis dissimilarity metric. To verify the validity of the test, the homogeneity of variance around the centroids for each treatment was examined (Supplementary Figure S1). Principal Coordinate Analysis (PCoA) plot shows the within group dispersion based on Bray-Curtis dissimilarities (Supplementary Figure S1) and illustrates the homogeneity of variances test (betadisper). This test showed no significant differences between groups in terms of dispersion around the treatment centroids (F = 5.12; p = 0.18). Accordingly, PCo1 and PCo2 explained 24.0 and 12.0% of the total variance, respectively. The results of the dbRDA model (Table 3) showed that there was a significant interaction between diet and DexSS (W·D; Pseudo-F = 10.8; p < 0.01) based on Bray-Curtis dissimilarities. However, the main effects of diet (Pseudo-F = 4.90; p < 0.01) and DexSS (Pseudo-F = 21.1; p < 0.01) were also significant. The magnitude of these effects was observed in samples from DexSS-treated groups based on the dbRDA model, showing that DexSS treatment explained 22.0% of the total variance (p < 0.01), while diet accounted for 5.0% of the total variance (p < 0.01) in the beta diversity based on Bray-Curtis dissimilarities. There was a distinct separation in Bray-Curtis dissimilarities on NMDS plot (Figure 1A) between treatment groups and the resolution of this separation became sharper when the sample scores of different treatments, extracted from dbRDA model, were plotted on PCoA plot (Figure 1B). According to the dbRDA plot of the sample scores, dbRDA1 explained 70.1% of the fitted variance and 21.7% of the total variance and dbRDA2 explained 16.9 and 5.20% of the fitted and the total variance, respectively. Although statistically significant, the effect of sample type on Bray–Curtis dissimilarity was small as it only explained 1.0% of the total variance based on the dbRDA model (Pseudo-F = 0.55; p < 0.01). Graph-based analysis on the Bray–Curtis dissimilarity matrix and permutation test based on Minimum Spanning Tree (MST) showed pure edges for each of the treatment groups, i.e., pure edges indicate similar bacterial composition, while mixed edge connections could also be seen between CT and WD, WD + DSS and DSS groups, and between WD + DSS and WD groups, i.e., mixed edges indicate samples with tendency to similar composition of bacteria (Figure 1C).



TABLE 3 Test statistics of the dbRDA model for the effect of treatment and sample type on Bray–Curtis dissimilarity.
[image: Table3]
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FIGURE 1
 Non-metric multidimensional scaling (NMDS) plot based on Bray–Curtis dissimilarity index (A), and dbRDA MDS plot (B) of sample scores from Bray–Curtis dissimilarity for different treatments (CT: control, WD: westernized diet, DSS: group treated with dextran sulfate sodium, and WDDSS: WD + DSS) extracted from dbRDA model (variance explained by our treatments = 31.0%, p < 0.01). On dbRDA plot, the treatments (constrained factors) explained 70.1 and 16.9% of the fitted variance and 21.7 and 5.20% of total variance for Bray–Curtis dissimilarity on dbRDA1 and dbRDA2 axis, respectively. The shape of the points represents the origin of the samples, i.e., digesta from proximal and distal colon, and fecal samples and the color of the points represent different treatments. Graph-based analysis of the distributions in bacterial composition for different treatments (C), based on Bray–Curtis dissimilarity matrix with maximum distance of 0.35. The histogram of permutation test based on MST for Bray-Curtis is presented (p < 0.01).




3.4. Bacterial composition in digesta and feces

Our results showed that by targeting V3 and V4 of 16S rRNA gene, 175 out of 573 ASV (30.5%) was classified as known species and at genus level, 221 out of 235 unique genera (94%) were classified as known. Bacterial 16S rRNA gene load in the samples from feces, proximal and distal colon was analyzed by qPCR. Total bacterial load was 1.47 × 1010 16S rRNA gene copies per g sample and it was slightly higher in WD group and lowest in DSS and WD + DSS groups. Regardless of the treatment, Firmicutes and Bacteroidota were the most abundant phyla in all groups, followed by Spirochaetota and Proteobacteria. The absolute abundance of Firmicutes was numerically lowest in WD + DSS and DSS compared to the CT and WD groups, 1.98 × 109 and 2.04 × 109 vs. 2.52 × 109 and 2.97 × 109 gene copies per g, respectively (Figure 2A). Absolute abundance of Bacteroidota and Fibrobacterota was lowest in the DSS and WD + DSS groups, and that of Spirochaetota was highest in the DSS and WD + DSS groups. Fusobacteriota was absent only in samples from the CT group, and Cyanobacteria and WPS-2 were absent in the DSS group (Figure 2A).
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FIGURE 2
 Absolute abundances of different phyla with total abundance across all sequence reads in different treatments (A). The number of different phyla present in the treatment groups was 16, 16, 11, and 17 for CT, WD, DSS, and WDDSS (WD + DSS), respectively. Venn diagram of shared taxa between different treatments at Phylum (B) and Species (C) levels.


At Phylum level, 10 phyla were shared by all treatments: Actinobacteriota, Bacteroidota, Campilobacterota, Deferribacterota, Desulfobacterota, Firmicutes, Patescibacteria, Proteobacteria, Spirochaetota, and Verrucumicrobiota (Figure 2B). At species level, all groups shared 272 species and the most closely related groups, regarding uniquely shared species, were CT and WD, with 54 species in common followed by DSS and WD + DSS, with 28 shared species (Figure 2C).



3.5. Differential abundance analysis of taxa in feces and digesta

Sample type, i.e., proximal and distal colon and feces, had no effect on differential abundance of bacteria at phylum level. At phylum level, the main effect of westernized diet and DexSS resulted in 3 and 7 differentially abundant phyla, respectively (Figures 3A,B). Figure 3A shows that the animals fed with the westernized diet had low abundance of Actinobacteriota (LFC = −0.76) and Firmicutes (LFC = −0.46) and increased abundance of Fusobacteriota (LFC = 16.8). Administering DexSS resulted in a significant decrease in the abundance of Verrucumicrobiota (LFC = −4.59), Actinobacteriota (LFC = −0.96), and Bacteroidota (LFC = −0.56); and it increased the LFC for Spirochaetota (0.81), Proteobacteria (1.34), Deferribacterota (7.50) and Fusobacteriota (25.0). There was a significant interaction between diet and DexSS administration for differential abundance of 7 phyla, and pairwise comparisons of the different treatment groups for these phyla are presented in Figures 3C–F. In the WD, DSS and WD + DSS treatment groups, the abundance of Planctomycetota was reduced compared to the CT group. The WD group had higher abundance of Cyanobacteria with LFC = 30.0 (Figure 3C), and DSS (Figure 3D) and WD + DSS (Figure 3E) showed lower abundance of WPS-2 compared to the CT group. Comparing WD + DSS with WD, WD + DSS had higher abundance of Fibrobacterota and Campilobacterota, while it showed lower abundance of Cyanobacteria and WPS-2 (Figure 3F).
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FIGURE 3
 Differentially abundant Phyla for the main effect of diet (westernized diet groups vs. non-westernized group; A) and DexSS (DexSS groups vs. non-DexSS groups; B), and pairwise comparison for phyla with significant interaction for WD vs. CT (C), DSS vs. CT (D), WDDSS (WD + DSS) vs. CT (E), and WDDSS (WD + DSS) vs. WD (F) with FDR < 0.05.


Figures 4A,B depict differentially abundant species for the main effects of diet and DexSS administration with |LFC| > 2 and FDR < 0.01. Diet and DexSS administration impacted the abundance of 21 and 65 ASVs, respectively. The groups fed the westernized diet showed reduced abundance of 15 species, among which 8 species belonged to the Firmicutes phylum and 5 to the Bacteroidota, compared to those fed the standard diet. In addition, the westernized diet resulted in increased abundance of 6 species belonging to the Firmicutes and Patescibacteria phyla (Figure 4A). Administration of DexSS decreased the abundance of 35 species (Figure 4B), while it was associated with increased abundance of 30 species. Differentially abundant species associated with administration of DexSS were chiefly from the phyla Firmicutes and Bacteroidota followed by Spirochaetota, Desulfobacterota, and Proteobacteria.
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FIGURE 4
 Waterfall plot for differentially abundant species of the main effect of diet (westernized diet groups vs. non-westernized diet groups; A) and DexSS (DexSS groups vs. non-DexSS groups; B). Different colors represent different phyla. Only species with |LFC| > 2 and FDR < 0.01 are presented.


Pairwise comparisons between treatment groups for species, where there was a significant interaction between the effect of diet and DexSS are presented in Supplementary Figure S2A for WD vs. CT, in Supplementary Figure S2B for DSS vs. CT, and in Supplementary Figure S2C for WD + DSS vs. CT. Compared to CT, the WD, DSS and WD + DSS groups had a different abundance of 25, 54, and 43 species, respectively. Animals in the WD group showed lower abundance of species, such as Anaerovibrio sp., Lachnospiraceae NK4A136_group uncultured organism, and Olsenella umbonata, and an increased abundance of Helicobacter trogontum, Clostridium perfringens, Mogibacterium sp., and Roseburia hominis compared with the CT group.



3.6. Concentration of short chain fatty acids and biogenic amines in colon and feces

Overall, except for valerate, which was constant in different sample types, the concentrations of all SCFAs varied according to the origin of the sample (Table 4). In proximal colon, the concentration of total SCFAs, acetate, propionate, and butyrate was higher than in distal colon but there was no difference between samples from the proximal colon and feces. On the other hand, valerate concentration was higher in fecal samples compared with those from the proximal and distal colon and concentration of iso-acids was constant across all sample types.



TABLE 4 Concentration (mmol/kg wet sample) of short-chain fatty acids (SCFA) in proximal and distal colon digesta and in fecal samples1.
[image: Table4]

Table 5 and Supplementary Figure S3 show the concentration of SCFAs in the three sample types for the four treatment groups. These results were derived from the full model due to non-zero and relatively large coefficient for the second- and third-order interactions between treatment groups and sample type. Therefore, we report EMMs (with lower and upper confidence intervals) and pairwise comparison between groups. Although we did not observe statistical differences in the adjusted pairwise comparisons, possibly due to relatively high uncertainty in the estimates, there are numerical patterns in the effect of treatments on microbial metabolites that might have valuable biological meanings for future studies. In all sample types, WD and DSS groups showed numerically higher concentrations of SCFA and butyrate compared to CT, and WD + DSS the lowest compared to all other groups.



TABLE 5 Concentration (mmol/kg wet sample) of short-chain fatty acids (SCFA) measured in digesta from the proximal and distal colon and in feces.
[image: Table5]

Concentrations of biogenic amines in proximal and distal colon and feces are summarized in Table 6. In distal colon, the concentration of total biogenic amines was highest in the WD + DSS group (p < 0.05). In proximal and distal colon, concentration of putrescine was increased in the DSS and WD + DSS groups (p < 0.05) compared with CT; and in feces, it was highest in the WD + DSS group (p < 0.05). In general, concentrations of biogenic amines were highest in proximal and distal colon samples compared to feces (Supplementary Table S2).



TABLE 6 Concentration (mmol/kg wet sample) of biogenic amines in proximal colon, distal colon and fecal samples.
[image: Table6]

Variations between colonic segments was inconsiderable for beta diversity and differentially-abundant taxa specifically; therefore, the microbiota data were pooled for samples taken from the different segments to evaluate the association of top 100 abundant species (chosen based on the highest standard deviation in the association matrix) with fermentation products by a Spearman rank test. Figure 5 shows that concentration of SCFAs in the large intestine was positively associated with 9 species and negatively associated with 14 species (p < 0.05), mainly from Firmicutes. Five species (mainly from Bacteroidota, Actinobacteriota, and Firmicutes) were positively associated with butyrate production, while 9 species (mainly belonged to Firmicutes and Proteobacteria) had a negative association with butyrate concentration. Total concentration of biogenic amines showed a positive association with 25 species and negative association with 34 species (p < 0.05).
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FIGURE 5
 Heatmap of Spearman’s rank correlation coefficient (rs) between the top 100 abundant species and SCFA and biogenic amines in all segments. Columns are clustered based on the standard deviations between species abundances, i.e., those with lower deviation are clustered together. Species are color-labeled with their correspondent phyla and significant associations are labeled with stars.





4. Discussion

Due to technical variations in 16 s rRNA gene amplicons as the result of differences in the quality of sequencing machines and individual runs, the data generated from next generation sequencing (NGS) machines are often treated as relative abundance rather than their absolute counts (Fernandes et al., 2014). However, since reads in the compositional data have an inherit mutual dependence, i.e., with increase in one feature, the other should decrease to maintain the overall sum, relative abundant NGS data can lead to misinterpretation of microbial community structure (Jian et al., 2020). This mutual dependence, therefore, makes it difficult to build a reliable biological conclusion over the mere effect of the environmental factor on the microbial phylotypes (Galazzo et al., 2020); it also hampers the actual detection of the direction and the extent of changes in taxa abundance (Morton et al., 2017; Props et al., 2017). For quantitative microbiome profiling in their absolute counts, different techniques such as flow cytometry (for total cell count; Props et al., 2017), and DNA-based methods like qPCR (Liu et al., 2015) and spike-in bacteria (Stämmler et al., 2016) have been suggested to normalize the relative abundance data. In the present study, the results of absolute (from qPCR 16 s rRNA copy-number genes) abundance of NGS data are presented.

Despite efforts to better understand the pathology of IBD, the underlying mechanisms associated with these diseases are not yet understood. Disruption in the compositional balance of gut microbiota, also known as dysbiosis, resulting from dietary factors, medication, oxygen availability, or immune reactions, has been associated with IBD (Wei et al., 2021). Among dietary factors, red meat, as an important constituent of a typical western diet, has repeatedly been identified as a risk factor for the incidence of IBD due to dysbiosis of gut microbiota (Le Leu et al., 2013; Li et al., 2021). Nielsen et al. (2020) showed that administering DexSS induced colitis in pigs and that performance (e.g., feed intake and average daily gain) was negatively affected by treatment with DexSS. Furthermore, the inflammation scores in the colon and colonic expression of pro-inflammatory cytokines such as interleukin 6 (IL-6) were increased when providing DexSS (Nielsen et al., 2020). This is in agreement with previous studies, reporting that DexSS administration successfully induced UC in porcine (Pistol et al., 2020) and murine (Eichele and Kharbanda, 2017) models. In our study, DexSS administration was associated with a significant reduction in the total number of ASVs and alpha diversity in colonic and fecal samples. Previous studies have also reported reduced diversity of gut microbiota in patients with IBD (Ott et al., 2004; Scanlan et al., 2006; Schirmer et al., 2019). According to Nielsen et al. (2020), although feeding a westernized diet by adding beef did not result in inflammation and expression of pro-inflammatory cytokines, it exacerbated the clinical and histological signs of colitis in pigs challenged with DexSS. In the current study, the same westernized diet did not affect alpha diversity in pigs, while it significantly resulted in differential abundance of phyla (Figure 3A) and species compared to a control group (Supplementary Figure S2A). Nevertheless, the impact of the westernized diet on beta diversity was relatively small and, in general, gut microbiota in the WD group had uniquely more species in common with the CT group (n = 54) than with DSS and WD + DSS animals, indicating that adding 15% beef to a control pig diet, with higher fiber content than a typical human western diet, as a model for a westernized diet may be insufficient to provoke the microbial shifts that lead to dysbiosis-related disease. On the other hand, the experimental period in the current study might have been too short in order to see a more significant impact on gut microbial composition or dysbiosis.


4.1. Bacterial composition

Most species affected by diet and DexSS administration belonged to Firmicutes, Bacteroidota, Actinobacteriota and Proteobacteria, which represent core phyla in human (Alam et al., 2020) and pig (Holman et al., 2017) gut microbiota. Both, feeding the westernized diet and administering DexSS resulted in an increased abundance of Fusobacteriota, a result which has previously been reported in piglets with diarrhea (Hermann-Bank et al., 2015) and in patients with UC (Rajilić-Stojanović et al., 2013). Fusobacterium mortiferum, belonging to the Fusobacteriota, was increased as a result of feeding the westernized diet and of administrating DexSS (LFC > 10), and Fusobacterium sp. has been characterized as an opportunistic pathogen that thrives in patients with UC (Rajilić-Stojanović et al., 2013). Nevertheless, the impact of F. mortiferum on UC development is difficult to discern since it has been reported that a strain of F. mortiferum inhibited the growth of both Gram-negative and Gram-positive bacteria by producing a bacteriocin-like substance (Portrait et al., 2000). In the current study, the abundance of Actinobacteriota was slightly decreased in the groups receiving the westernized diet and in those receiving DexSS as compared to those fed the standard diet and those not receiving DexSS, respectively. This corresponded to the reduced abundance of an uncultured Olsenella species belonging to this phylum. Pairwise comparison between treatments also showed lower abundance of O. umbonata in the WD group than in the CT group (Supplementary Figure S2A). Compared to the CT group, the DSS group had lower abundance of Bifidobacterium pseudolongum and higher of O. umbonata and of an uncultured Colinsella species. Olsenella umbonata and Colinsella are Gram-positive lactic-acid-producing bacteria belonging to Actinobacteriota phylum (Kraatz et al., 2011), which O. umbonata might be involved in regulating the expression of SCFA receptors in the gut epithelium (Wang et al., 2020). Other studies have reported increased abundance of the Actinobacteriota phylum in patients with UC (Alam et al., 2020; Putignani et al., 2021), while Alam et al. (2020) reported a reduction of Actinobacteriota at class (Coriobacteriia) and family (Bifidobacteriaceae) levels compared to healthy groups. Therefore, to get a better picture of bacterial association with the disease status, studying changes at ASV/species taxonomic level would be more informative over changes at phylum level.

At ASV level, in animals fed westernized diet, we observed significantly reduced abundance of species from Firmicutes, Bacteroidota and Actinobacteriota phyla, which are mainly involved in carbohydrate fermentation such as Lachnospiraceae NK4A136_group, an uncultured organism at species level within Firmicutes. Lachnospiraceae NK4A136_group was also observed at lower abundances in DexSS-treated pigs, which is in agreement with previous studies reporting reductions of these ASVs in mice challenged with DexSS and fed a diet high in red meat (Li et al., 2021). Ma et al. (2020) reported that the Lachnospiraceae NK4A136 group are SCFA-producing bacteria and its increased abundance was correlated with enhanced gut barrier function in mice. In contrast, our results could not confirm a positive correlation between Lachnospiraceae NK4A136_group and the concentration of SCFA. However, the DSS group had lower abundance of Lachnospiraceae NK4A136_group, when compared to CT group. Bacteroides vulgatus, a pathogenic Bacteroides in the development of IBD (Shiba et al., 2003), was increased in pigs challenged with DexSS. This was in agreement with the results of Galipeau et al. (2021), who observed increased abundance of B. vulgatus, expressing proteolytic activity. Moreover, the abundances of other pathogens like B. coprophilus (Bacteroidota phylum), Clostridium perfringens (Firmicutes phylum), H. trogontum and Campylobacter fetus (both Campilobacterota phylum), which have been reportedly associated with IBD in humans (Loss et al., 1980; Hansen et al., 2011; Banaszkiewicz et al., 2014; Wu et al., 2021), were increased in DexSS-treated animals. The WD group also resulted in increased abundance of C. perfringens and H. trogontum compared with CT group. Clostridium perfringens seems to be the most well-documented pathogen linked to IBD (Banaszkiewicz et al., 2014), which produces an enterotoxin that causes damages to the villus tip cells by binding to their receptors and forming pores (Smedley III et al., 2008) that may disrupt the integrity of colonic epithelium. Nomura et al. (2021) reported that Parabacteroides merdae (Bacteroidota phylum) was among other Bacteroidota species showing a strong correlation with the UC activity metrics and we observed a significant increase in the abundance of this species in DexSS-treated pigs. In agreement with our results, Galipeau et al. (2021) also reported a significant increase in the relative abundance of P. merdae in the feces of individuals prior to the onset of UC; and in those with active UC, its abundance was significantly higher than in healthy, control groups. This can suggest this species as a potential biomarker for monitoring UC.



4.2. Impact of the treatments on microbial metabolites

Short-chain fatty acids, in particular butyrate, improve gut maturity and health, and help maintain gut integrity and barrier functionality (Panah et al., 2021). In different studies, the reduced diversity of carbohydrate-degrading anaerobic species in the colon such as Lachnospiraceae and Ruminococcaceae families (Schirmer et al., 2019) and Bacteroides, Eubacterium, and Lactobacillus species (Ott et al., 2004) have been associated with the development of IBD. In the present study, WD-fed animals exhibited an increase in the abundance of Pasteurella aerogenes and Anaerovorax uncultured bacterium, which were negatively correlated with the concentration of SCFA (Figure 5). On the other hand, WD-fed animals showed a decreased abundance of an uncultured Frisingicoccus species and the genus Sutterella, which also had a negative association with SCFA concentration. In DexSS-treated groups, the abundance of an uncultured Anaerovorax and Roseburia uncultured organism increased, and the abundances of both were negatively correlated with the production of SCFAs. However, the effects of WD and DSS on SCFAs did not completely follow the changes in the abundance of species correlated with SCFA production. Due to the presence of uncertainties in our estimated EMMs and perhaps also due to rather small sample sizes, we could not capture statistically significant differences in SCFA concentrations, while their numerical variations due to treatment effects might be of interest for future studies. In colon and in fecal samples, WD and DSS groups had numerically higher concentration of SCFAs regardless of the fact that in these animals, species negatively correlating with SCFA production, were in higher abundance. Butyrate was also numerically higher in the DSS and WD groups compared to CT animals in both colonic digesta and fecal samples, while many studies have reported an alleviating effect of butyrate on IBD severity (Chen et al., 2018; Silva et al., 2018; Couto et al., 2020). An explanation to this may in part be due to alterations in the capacity of the colonic epithelium to transport and oxidize butyrate, caused by feeding the westernized diet and DexSS administration. As shown in Table 4, overall, from proximal to distal colon, 22.9% of total produced SCFAs concentration was reduced, while that for WD, DSS, and WD + DSS groups was 16.3, 16.3, and 12.4%, respectively. Ferrer-Picón et al. (2020) also reported that reduced butyrate-producing bacteria in the feces of active IBD patients did not correlate with the concentration of butyrate recovered from fecal samples. They related this phenomenon to the fact that increased pro-inflammatory cytokine TNF-α in the inflamed colon of IBD patients rendered the epithelium less responsive to butyrate. Likewise, De Preter et al. (2011) reported that butyrate oxidation in the colonic epithelium of patients with UC was lower than in healthy controls and increasing the concentration of butyrate did not result in a higher oxidation of butyrate in the epithelium. Although this needs to be further investigated, it could be speculated that WD and DexSS rendered colonic epithelium less responsive to butyrate oxidation. On the other hand, Nielsen et al. (2020) did not observe any significant changes in the expression of mRNA related to TNF-α in the colonic mucosa of pigs receiving the westernized diet and/or DexSS. Furthermore, our results showed that except for valerate, the concentration of total SCFA and individual SCFAs in proximal colon and in feces were not different as it decreased from proximal through distal colon and increased again in feces. This might indicate that fecal samples could represent the concentration of SCFAs formed in proximal colon, but it may not be a good representative sample for explaining the fate of SCFAs across the colon, i.e., from proximal to distal colon.

Biogenic amines are produced by gut bacteria through decarboxylation of amino acids and their recovery in feces was reported to be a relevant biomarker for IBD (Maráková et al., 2020). The concentration of putrescine increased by administering DexSS and the effect was exacerbated when combined with the westernized diet, with a similar trend observed for total biogenic amine concentration. This was corresponded with increased abundance of species positively correlated with biogenic amine concentration. Changes in microbiota composition and/or impaired absorption capacity of the inflamed colon epithelium could be contributing factors to the observed higher concentration of biogenic amines in the DSS group. An increased substrate availability, i.e., more protein, by providing red meat to the DSS-challenged animals (WD + DSS) and a more severe inflammation seen in this group (Nielsen et al., 2020) would then lead to the exacerbated values measured in this group. Gobert et al. (2018) and Liu et al. (2020) also observed increased concentration of putrescine in DexSS-treated mice with a positive correlation to the inflammation scale of challenged mice.

The exact mechanisms behind our observations remain unclear and further investigations on the epithelial oxidative capacity in relation to SCFAs, especially butyrate, and functional analysis of gut microbiota in patients with UC are required. In agreement with the findings of Nielsen et al. (2020), who suggested potential worsening effects of westernized diet on UC status, westernized diet could be a risk factor and an exacerbating agent for IBD by reducing SCFA-producing bacteria, increasing the abundance of pathogens and microbial proteolytic activity, and possibly by reducing butyrate absorption and oxidation capacity of colonic epithelium. Nevertheless, these results were driven from a relatively small sample size of animals (n = 5 or 6) per treatment and require caution in interpretation as also stated by Nielsen et al. (2020).

The current study was conducted with pigs; therefore, a typical pig diet was used as a basis to add the beef meat. Pig diets have a relatively higher fiber content than a typical human diet in the Western countries. This fact has probably affected the results obtained regarding the impact of adding beef to the diet, as indicated by Pituch-Zdanowska et al. (2015), supplementation of some types of dietary fiber can help alleviate lesions of the intestinal mucosa during the course of the UC disease.




5. Conclusion

We observed that the westernized diet, especially in combination with DexSS, resulted in significant changes in abundance of bacterial species involved in SCFA production. Providing DexSS lead to increased biogenic amine concentration, mainly putrescine in colon and in feces, and the effect was exacerbated when the westernized diet was fed to DexSS-challenged pigs. However, further investigations are required for studying the mechanisms behind the changes observed. We also confirm a significant change in colonic and fecal microbial composition in DexSS-induced UC pigs. Using a pig model in which the control diet has a lower fiber content, simulating more a human diet, would most probably be a better model to be used as surrogate for humans when investigating UC in relation to dietary interventions.
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 A westernized diet changed the colonic bacterial composition and metabolite concentration in a dextran sulfate sodium pig model for ulcerative colitis
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In the published article, there was an error in the Legend for Tables 2 and 3. The Table legends should be corrected as follows:


TABLE 2 Alpha diversity metrics with their estimated marginal means and their 95% confidence interval for each treatment group.
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TABLE 3 Test statistics of the dbRDA model for the effect of treatment and sample type on Bray–Curtis dissimilarity.
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The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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The development of abnormal feather-pecking (FP) behavior, where laying hens display harmful pecks in conspecifics, is multifactorial and has been linked to the microbiota-gut-brain axis. Antibiotics affect the gut microbial composition, leading to gut-brain axis imbalance and behavior and physiology changes in many species. However, it is not clear whether intestinal dysbacteriosis can induce the development of damaging behavior, such as FP. The restorative effects of Lactobacillus rhamnosus LR-32 against intestinal dysbacteriosis-induced alternations need to be determined either. The current investigation aimed to induce intestinal dysbacteriosis in laying hens by supplementing their diet with the antibiotic lincomycin hydrochloride. The study revealed that antibiotic exposure resulted in decreased egg production performance and an increased tendency toward severe feather-pecking (SFP) behavior in laying hens. Moreover, intestinal and blood-brain barrier functions were impaired, and 5-HT metabolism was inhibited. However, treatment with Lactobacillus rhamnosus LR-32 following antibiotic exposure significantly alleviated the decline in egg production performance and reduced SFP behavior. Lactobacillus rhamnosus LR-32 supplementation restored the profile of the gut microbial community, and showed a strong positive effect by increasing the expression of tight junction proteins in the ileum and hypothalamus and promoting the expression of genes related to central 5-HT metabolism. The correlation analysis revealed that probiotic-enhanced bacteria were positively correlated, and probiotic-reduced bacteria were negatively correlated with tight junction-related gene expression, and 5-HT metabolism, and butyric acid levels. Overall, our findings indicate that dietary supplementation with Lactobacillus rhamnosus LR-32 can reduce antibiotic-induced FP in laying hens and is a promising treatment to improve the welfare of domestic birds.
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Introduction

The gut microbiota consists of a complex and relatively stable community of microorganisms widely reported to influence metabolism, the immune and endocrine systems, and neuromodulation in the host (Cryan and Dinan, 2012; Chen et al., 2021). However, it can be rapidly altered by a number of exogenous and endogenous factors, such as antibiotic therapy, inflammatory disease, diet, or stress (Borre et al., 2014; Schokker et al., 2017). Gut microbial disorders can disrupt intestinal-brain homeostasis and tight junctions in these systems. The resultant increase in intestinal permeability and formation of a “leaky gut,” can increase the infiltration of large amounts of pathogenic bacteria and toxic metabolites into the bloodstream, causing local or systemic inflammation. The inflammatory response can disrupt the blood-brain barrier (BBB), known as the leaky brain, and substances that promote inflammation, such as lipopolysaccharides, may enter the brain, leading to neuroinflammation, mental disorders, and abnormal behavior (Obrenovich, 2018; Yousefi et al., 2022). On the other hand, probiotics have shown beneficial effects on host health and behavior, including reversing stress or antibiotic-induced gut microbial disorders and restoring physiological and behavioral changes in the host by modulating gut-brain axis signaling via hormones, immune factors, etc., (Arslanova et al., 2021; Mindus et al., 2021; Wang et al., 2021; Huang et al., 2022).

Feather-pecking (FP) is typically an abnormal behavior in layer flocks, causing increased social stress, feather loss, skin injury, and other pecking habits, and can escalate into cannibalism in severe cases; seriously affecting animal welfare and health (Bestman et al., 2017). Previously, this behavior has been proposed to be a consequence of dysregulation of the gut-brain axis in laying hens. Disruptions in the microbiome of the gut (van der Eijk et al., 2019a), the immune system (van der Eijk et al., 2019b), the monoamine neurotransmitter systems that regulate behavior (Kops et al., 2013) and a hyperactive Hypothalamic-Pituitary-Adrenal (HPA) axis (Kjaer and Guémené, 2009) have been observed in FP birds. This evidence suggests that the microbiota-gut-brain axis plays a vital role in the development of FP behavior. For instance, Bolhuis et al. (2009) reported that FP birds showed lower whole blood 5-HT levels and higher feather-pecking frequency than non-FP birds. In addition, there was evidence of higher Clostridium abundance and lower Lactobacillus abundance in the feces of FP birds compared to non-FP birds (Birkl et al., 2018). Differences in the levels of gut microbiota-derived metabolites, including short-chain fatty acids between FP and non-FP birds have also been reported (Meyer et al., 2013). Furthermore, our previous study identified pecked feather phenotypes with different gut microbiota, metabolite profiles, and 5-HT metabolism (unpublished data). Whether altering the gut microbiota contributes to FP symptoms or underly the development of FP, however, remains unknown.

Hence, we hypothesized that antibiotic-induced dysbiosis in chickens could provoke injurious behavior. Experimental chickens were exposed to lincomycin hydrochloride to disrupt the gut microbial community, and the effects of Lactobacillus rhamnosus LR-32 as a potential intervention against antibiotic-induced feather-pecking behavior were evaluated.



Materials and methods


Antibiotic and probiotic

The antibiotic Lincomycin (Lincomycin hydrochloride sodium salt, CAS Number: 859-18-7, Sigma-Aldrich, Shanghai Warehouse, China) was used in this study. The probiotic is a single strain of Lactobacillus rhamnosus LR-32 (catalog number MF-009807, DuPont, Wilmington, DE, USA) with a minimum of 1 × 109 CFU living bacteria count and stored at 4°C.



Birds, housing, and experiments

A total of 216 Hy-Line Brown pullets at 70 weeks of age were acquired from a commercial breeding farm and housed until 88 weeks of age in an animal husbandry teaching experimental base at Hebei Agricultural University until 88 weeks of age. The pullets were kept in a room (10.5 m × 5.8 m x 3.5 m, L × W × H) equipped with 36 cages (100 cm × 70 cm × 55 cm, L × W × H), each providing separate feeding troughs and nipple drinkers. Birds were housed six per cage, provided with perches and were fed 2 times per day at 06:00 and 14:00, access to food and water ad libitum. The composition and nutritional levels of the basal diet are detailed in Table 1. Light was provided between 06:00 and 16:00 h daily and the average temperature was maintained at 16–23°C.


TABLE 1    Ingredients and chemical composition of basal diet.
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After a 2-week adaptation phase, hens were randomly divided into four groups (n = 54 per group) in a completely randomized design. Each group consisted of 3 replicates with 18 hens per replicate, and treated as follows: group A (control group: basic diet for 4 weeks), group B (antibiotics group: basic diet with lincomycin for 4 weeks), group C (natural restoration group: basic diet with lincomycin for 4 weeks followed by basic diet without lincomycin for 8 weeks), Group D (probiotics group: basic diet with lincomycin for 4 weeks followed by basic diet with Lactobacillus rhamnosus LR-32 for 8 weeks). The antibiotic dosage was 50 mg/kg diet according to the standard of the National Veterinary Drug Safety Agency (Papich, 2016), and the Lactobacillus rhamnosus LR-32 was used at 1 × 1010 CFU/kg diet.

To prevent cross-contamination of diets and behaviors such as feather-pecking, wooden boards were placed between each group’s troughs and cage walls to ensure that the hens were not visible to each other and remained relatively independent. All hens were subjected to production performance measurement and 2 weeks of behavioral observation. Subsequently, seven hens were randomly selected from each treatment group for further analysis of gut microbiota, gut-barrier function, blood-brain barrier function, and 5-HT metabolism in the gut-brain axis. The experimental procedure is illustrated in Figure 1.
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FIGURE 1
Schematic diagram showing treatment groups and the experimental timeline.


All the following experimental procedures were approved by the Animal Ethics Committee of Hebei Agricultural University (Permit Number: HB/2021/03), including animal use and welfare.



Production performance

The number and weight of eggs, as well as the amount of feed added to each cage were recorded daily for each group. The weekly food consumption was used to calculate the average daily feed intake (ADFI) using formular ADFI = (cumulated weekly consumption/7 days)/bird number. Feed conversion ratio (FCR) was calculated as ratio of the total amount of feed consumed per egg produced normalized to the total grams of eggs produced.



Behavioral observation

Behavioral observations were performed via video recordings with two hanging video cameras (Sony/DSC-HX400, Japan), which allowed two cages from different groups to be recorded at the same time, e.g., A and B or C and D. Recordings were made twice daily (90 min at 9:00 h and 90 min at 14:00 h) over 2 weeks, and 9 cages per group were recorded. Hens were tagged with different colored ankle rings to facilitate differentiation. The video recordings were analyzed by software (HyperSnap-DX, Murrysville, PA, USA) and the recorded variables were gentle and severe feather-pecking.

Gentle feather-pecking (GFP) and severe feather pecking (SFP) was defined as described previously (Daigle et al., 2015). GFP is characterized by non-aggressive gentle pecks lasting more than 4 s at the tips and edges of the feather of another bird without feather removal, and is normally ignored by the recipient. On the hen other hand, SFP involves using forceful beak pecks that remove feathers or cause injury and is often responded to by the recipient with avoidance or retaliation. Behavioral observations were carried out by an experienced observer who was blinded to the treatments.

After the behavioral observation, all the birds were weighed and scored for feather coverage on the head, back, wings, and tail using a 4-point photographic scale as previously described (Kjaer et al., 2005), and the average feather score = is the sum of feather scores for all parts divided by 4.



Sample collection and preparation

Seven hens from each group were randomly selected for blood collection via the sub-wing vein. Blood samples were centrifuged at 3,000 rpm for 15 min, and the serum was separated and stored at −20°C for analysis. Immediately following euthanasia, the ileum, cecum content, and brain (the whole hypothalamus was dissected using a stereotaxic atlas) were carefully removed under sterile conditions and frozen in liquid nitrogen before storage at −80°C for later analysis.



Gut microbiota profiling

Total genomic bacterial DNA was extracted using the Power Soil® DNA Isolation kit (Mobio, Carlsbad, CA, USA) according to the manufacturer’s instructions. The primers correspond to the region: 16S V3-V4 region primer 338F (ACTCCTACGGGAGGCAGCA) and 806R (GGACTACHVGGGTWTCTAAT). PCR amplification was carried out in a 25 μl reaction system and the condition of PCR amplification was: initial pre-denaturation at 94°C for 4 min, denaturation at 98°C for 10 s, renaturation at 58°C for 30 s, elongation at 72°C for 2 min, 30 cycles, and then the last elongation step at 72°C for 10 min. After PCR amplicons were purified and quantified, then were sequenced on the Illumina HiSeq PE250 platform (Illumina, San Diego, CA, USA) at the RealBio Technology Inc. (Shanghai, China).

The 16S rRNA gene sequencing data processing was performed using the Quantitative Insights into Microbial Ecology (QIIME, v1.8.0) pipeline. To obtain high -quality sequences, the Illumina raw reads were subjected to quality control measures, including low-quality and length filtering. Operational taxonomic units (OTUs) were created using an identity threshold of >97% for each high-quality sequence. The RDP classifier (version 2.2)1 was used to assign taxonomy to each OTU based on the 16S rRNA database.2 Alpha diversity indices (including Chao1, Observed species, Shannon index and Simpson index) were calculated to assess microbial species homogeneity. The beta diversity was assessed through the QIIME pipeline3 by applying weighted UniFrac distances. The linear discriminant analysis (LDA) effect size method was performed to identify the specific taxa in the cecal microbiota that were significantly associated with antibiotic or probiotic treatment [LDA score (log 10) > 2]. Bar chart comparing the differences in the relative abundance of different taxonomic units at the phylum level after antibiotic or probiotic treatment. Finally, PICRUSt was used to predict the functions of gut microbiota and annotated in the KEGG database. The differences in the predicted function of cecal microorganisms after antibiotic or probiotic treatment were compared by STAMP (Parks et al., 2014).



Gut metabolic profiling

Cecum samples from each group were used to detect gut-microbial metabolism-derived short-chain fatty acids (SCFAs). Thawed samples were extracted with 300 μL of methanol, the proteins precipitated, and the supernatant retained for liquid chromatography/mass spectrometry (LC/MS) analysis. 20 μL from each sample was pooled to form the QC sample. Supernatants (200 μL) were analyzed on a UHPLC-QTOF-MS system to determine the SCFAs type and concentration. Metabolites were assigned using the Chenomx NMR Suite 8.2 software (Chenomx Inc., Edmonton, AB, Canada).



Biochemical detection in serum

Enzyme-linked immunosorbent assays (ELISA) were used to analyze biochemical indicators in the serum. The concentrations of tryptophan (Trp), serotonin (5-HT), 5-hydroxy indole acetic acid (5-HIAA), diamine oxidase (DAO), lipopolysaccharide (LPS), tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6) concentration were measured with commercial ELISA kits (Shanghai Jianglai Biotechnology Co., Ltd., Shanghai, China) according to the instructions of the manufacturer. The limits of detection and quantification, assay sensitivity, and inter and intra-assay coefficient of variation were as follows, respectively: Trp (5.46–350 μmol/L, 1.0 μmol/L, 10%, 15%), 5-HT (7.5–240 ng/mL, 1.0 ng/mL, 10%, 15%), 5-HIAA (2.5–160 ng/mL, 1.0 ng/mL, 10%, 10%), LPS (0.156–10 ng/mL, 0.076 ng/mL, 10%, 15%), DAO (3.12–200 ng/mL, 1.5 ng/mL, 10%, 15%), TNF-α (3.12–200 pg/mL, 1.4 pg/ml, 10, 10%), and IL-6 (3.12–200 pg/mL, 1.52 pg/mL, 10%, 10%).



Western blotting

Protein expressions in the ileum and hypothalamic tissues were determined by Western blotting as previously described (Hao et al., 2020). In short, protein extraction was performed by using RIPA lysis buffer, and protein concentration was detected by the bicinchoninic acid (BCA) method. Proteins (90 μg) were separated by SDS-PAGE electrophoresis, transferred on polyvinylidene fluoride (PVDF) membrane, and incubated with primary antibody against ZO-1 (Invitrogen, 33-9100), claudin-1 (Invitrogen, 51-9000), occludin (Invitrogen, 71-1500), and actin (ABclonal, AC026); all at 1:1,000. Protein expressions were revealed with appropriate secondary antibodies (1:5,000; Abcam, ab6721).



RNA extraction and real-time PCR analysis

Tissue RNA was extracted using the total RNA extraction kit (12183-555, Invitrogen, Waltham, MA, USA) following the manufacturer’s instructions. RNA quality was verified with the SmartSpec Plus spectrophotometer (BIO-RAD). Total RNA was reverse transcribed with the Super Script™ III First-Strand Synthesis kit (11752-050, Invitrogen, Waltham, MA, USA) and the qPCR performed with the Thermo Scientific™ DyNAmo HS SYBR Green qPCR Kit (10788298, Invitrogen, Waltham, MA, USA). The primer sequences for ZO-1, claudin-1, occludin, TLR4, TNF-α, 5-HTR1A, TPH2, and MAO-A are listed in Table 2. β-actin was used as the internal reference gene and the relative expression level of target genes were calculated by the 2–Δ Δ Ct method.


TABLE 2    Primer sequences used for real-time PCR.
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Statistical analysis

Pecking behaviors within each 30-min block were grouped for analysis. Since the number of pecking behavior per hen followed a Poisson distribution, the behavioral data were analyzed using a binary scale, i.e., with or without pecking behavior, during flora disorder or flora recovery.

All statistical analyses were performed with the SPSS software (version 22.0, IBM SPSS, Chicago, IL, USA). Production performance, physiological, and plumage scores were analyzed by independent two-sample t-test. All bar graphs (alpha and beta diversity indexes, microbiota, metabolite, protein abundances, and gene expression data) were generated with GraphPad Prism 8.0 (GraphPad Software, Chicago, IL, USA), R packages (v3.2.0), and Chenomx NMR Suite 8.2 (Edmonton, AB, Canada). The correlational analyses among the SFP behavior, physiological indicators, and the relative abundance of gut microbiota were performed using the built-in function cor of the R package. Comparative analyses were performed with unpaired Students t-test, Mann–Whitney U-test, and Kruskal–Wallis test. The results were presented as mean ± SD. A p-value of less than 0.05 (*p-value < 0.05) and (**p-value < 0.01) was considered statistically significant. The false discovery rate (FDR) correction was applied to control multiple hypothesis testing errors.




Results


Production performance and feather scoring

The effect of different dietary treatments on the egg production performance and feather condition of laying hens are shown in Table 3. After 4 weeks of treatment with antibiotics, egg production was significantly decreased (P = 0.037), while a trend (P = 0.086) for increased FCR was observed in the antibiotic (Ant) group compared with those in the control (Con) group. The administration of probiotics (Pro) treatment reversed the decrease in egg production induced by antibiotic treatment compared to recovery period on the basal diet (Nat group). However, neither the antibiotic treatment nor the probiotic treatment had any effects on the average egg weight (AEW), average daily feed intake (AFDI), and feather condition score of laying hens (P > 0.05).


TABLE 3    Effect of different dietary treatments on the production performance of laying hens.
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Behavior

To assess whether chronic antibiotics treatment induces SFP behavior in laying hens and if probiotic (Lactobacillus rhamnosus LR-32) supplementation can resolve antibiotic-induced SFP or shift the behavior to GFP, which represents a positive interactive behavior, we evaluated the video recording of hens over 2 weeks. As expected, antibiotic-treated birds showed more tendency for SFP behavior than the control birds. Similar to the effect on egg production, probiotic treatment significantly reversed the effect of antibiotic, with hens in the Pro group displaying significantly less SFP behavior relative to the Nat group hens. Moreover, the frequency of SFP was nearly one-fold lower in probiotic-treated hens than in the antibiotic-treated hens (Ant vs. Pro; 0.69 ± 0.43 vs. 0.34 ± 0.25). On average, 23.5% of the antibiotic-treated birds are classified as severe feather peckers, while only 12.5% of the probiotic-treated birds are in this category. No difference was noted in GFP tendencies between hens treated with either antibiotics or probiotics (P > 0.05; Table 4).


TABLE 4    Effect of different dietary treatments on feather-pecking behavior in laying hens.
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Gut microbial composition

To determine the effect of antibiotic and probiotic treatments on the gut microbiota of the hens, we performed 16S rRNA sequencing of cecum samples and analyzed the abundance of microbial operational taxonomy units. Alpha diversity analysis by Chao1, Observed species, Shannon and Simpson indexes showed that antibiotic treatment significantly reduced the values of all indexes compared to control (all P < 0.01; Figure 2A). Probiotic treatment significantly increased the Chao1 (P = 0.018) and observed species (P = 0.025) indexes compared to the Nat group. Although the values of the Shannon and the Simpson indexes for the Pro group are numerically higher than that of the Nat group, the difference is not statistically significant (P = 0.11 and 0.65, respectively).
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FIGURE 2
Effects of dietary probiotic supplementation on the gut microbial diversity of antibiotic-treated hens. (A) Analysis of the alpha diversity of the gut microbiota by Chao-1, Observed species, and Shannon and Simpson indexes. Differences are assessed by the Mann–Whitney U test with significance defined as *P < 0.05, **P < 0.01. (B) Principal coordinates analysis (PCoA) plots were generated using OTU metrics based on the weighted UniFrac distance similarity for the samples in different groups highlighted with different colors. (C) Non-metric multidimensional scaling (NMDS) at the genus level. Points of different colors or shapes represent samples in different treatment groups. (D) Graph showing the mean percentage of the main phylum level of the cecal microbiota (n = 7). (E) Graph showing the mean percentage of the main genus level of the cecal microbiota (n = 7).


Beta diversity was further evaluated with weighted UniFrac distance-based principal coordinates analysis (PCoA) at the OTU level (Figure 2B). The PCoA plot showed a clear separation between the Con and Ant groups along the first principal coordinates (36.9% of overall variation) with statistical significance (F = 5.866, P = 0.001). Also, significant differences in OTU levels were observed between Pro group and Nat group (F = 2.235, P = 0.012), although the Pro group cluster was not completely separated from the Nat group. Further analysis using non-metric multidimensional scaling analysis (NMDS) demonstrated that the genus level of the microbial communities was also significantly divided into 2 groups by antibiotic or probiotic treatment (Figure 2C). Analyzing the bacterial populations at the phylum level showed that the cecum of Con birds was dominated by Bacteroidetes (58.91%; Figure 2D), Firmicutes (29.72%), Proteobacteria (4.56%), and minority populations (6.81%) such as Actinobacteria (0.84%), Synergistetes (0.62%), and Fusobacteria (0.11%). Antibiotic treatment significantly expanded the Proteobacteria (11.40%, P < 0.001; Figure 2D) at the expense of Firmicutes (26.43%, P < 0.05) and others (2.27%, P < 0.001). Interestingly, we found that probiotic treatment significantly reduced the abundance of Proteobacteria (5.68% VS. 2.38%, P < 0.001; Figure 2D), while increasing the abundance of Firmicutes (37.14% VS. 41.17%, P<0.05) compared to the Nat group hens. At the genus level, the Bacteroides, Faecalibacterium, Lactobacillus, Desulfovibrio, Ruminococcus, Phascolarctobacterium, Prevotella, Parabacteroides, and Oscillospira accounted for the largest proportion of the microbiota (Relative abundance >1%, Figure 2E). The abundance of Desulfovibrio (2.31% VS. 10.01%, P < 0.01) was increased in antibiotic challenged birds but diminished by Lactobacillus rhamnosus LR-32 addition (3.25% VS. 1.22%, P < 0.01), which also induced an increase in Faecalibacterium (3.73% VS. 5.63%, P < 0.05) and Lactobacillus (2.44% VS. 4.07%, P < 0.05) abundance compared to the Nat group hens.

To explore the bacterial groups that may contribute to the differences in gut microbiota diversity after antibiotic or probiotic treatment, we identified differentially abundant bacterial categories via cladogram generated by LEfSE analyses. A total of 74 bacterial taxa changed significantly between the hen control and antibiotic-treated groups (Figure 3A). The genera that are increased in abundance in the Ant group include Desulfovibrio, Parabacteroides, Ruminococcus, Algoriphagus, Barnesiella, Xenorhabdus, and Prevotella, while the abundance of Bacteroides, Lactobacillus, Faecalibacterium, Treponema, and Mucispirillum were reduced relative to the Con group hens. On the other hand, A total of 37 bacterial taxa changed significantly between the hen Nat and probiotic-treated groups (Figure 3B). The abundance of Desulfovibrio and Prevotella in the Nat group remained at a high level, whereas the probiotic-treated hens show an increased abundance of Faecalibacterium, Lactobacillus, Ruminococcus, Succinatimonas, and Dialister.
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FIGURE 3
Effects of dietary probiotic supplementation on functions of the gut microbial communities in antibiotic-treated hens. (A) Linear discriminant analysis (LDA) comparing the effect size of taxa between Con (blue, n = 7) and Ant (red, n = 7) birds. Bar plot showing the significant differentially expressed taxa based on effect size [LDA score (log 10) > 2]. (B) Linear discriminant analysis (LDA) comparing the effect size of taxa between Nat (brown, n = 7) and Pro (yellow, n = 7) birds. Bar plot showing the significant differentially expressed taxa based on effect size [LDA score (log 10) > 2]. (C) Functional profiling by PICRUSt and Kyoto Encyclopedia of Genes and Genomes (KEGG) categories between Con and Ant birds. Bar graph (left) showing the most significant functional pathways and whisker plot (right) showing their respective significance level. (D) Functional profiling by PICRUSt and KEGG categories between Nat and Pro birds. Bar graph (left) showing the most significant functional pathways and whisker plot (right) showing their respective significance level. (E) Changes in short-chain fatty acids (SCFAs) concentrations in laying hens after antibiotic and probiotic treatments. Data presented as mean ± SD with significance defined as **P < 0.01.


Next, PICRUSt was used to predict the biological processes that may be relevant to these bacterial communities. KEGG pathway analysis identified significant changes in functions relating to lipopolysaccharide biosynthesis, tetracycline biosynthesis, tyrosine metabolism, glutathione metabolism, propanoate metabolism, butanoate metabolism and tryptophan metabolism with antibiotic treatment (Figure 3C). These functions are also partially altered by the probiotic treatment (Figure 3D).

Alternation in the gut microbiota can impact propanoate and butanoate metabolism, leading to changes in intestinal metabolites. To determine how antibiotic and probiotic treatments may affect intestinal metabolites, we evaluated the levels of short-chain fatty acids (SCFAs) in cecum samples by liquid chromatography tandem mass spectrometry (LC-MS/MS). Antibiotic treatment significantly decreased the levels of propionic acid and butyric acid in the cecum of laying hens compared to control (Figure 3E). In contrast, probiotic treatment enhanced the level of butyric acid in the cecum of laying hens (Figure 3E).



Gut barrier

The LPS biosynthesis pathway is significantly altered in the gut microbial function analysis above, prompting us to evaluate the levels of LPS in the serum. Consistent with the high abundance of lipopolysaccharide biosynthesis pathways in the KEGG analysis, serum LPS concentrations were significantly higher in the antibiotic-treated hens compared to controls (P < 0.001, Figure 4A). In addition, inflammatory cytokines such as TNF-α and IL-6 were also increased by antibiotic treatment. All three proteins are reduced in the Nat group and probiotic treatment did not show additional effect, except for TNF-α where significant reduction is observed (P = 0.027). Intestinal barrier permeability was then examined by evaluating diamine oxidase (DAO), a biomarker of barrier damage. Serum DAO level was elevated in the Ant group relative to the Con group but probiotic treatment did not show a significant effect compared to natural recovery (Figure 4A). Antibiotic treatment significantly reduced the expression of tight junction proteins, ZO-1 and Claudin-1, but not occludin, in the ileum of laying hens at both the mRNA (Figure 4B) and protein level (Figure 4C), indicating that antibiotic treatment impairs the permeability of the intestinal barrier. Probiotic treatment markedly upregulated the relative mRNA and protein abundance of ZO-1 (P = 0.012, Figure 4B) and the mRNA levels of occludin (P = 0.023).
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FIGURE 4
Effects of dietary probiotic supplementation on the ileum barrier integrity and inflammation response in antibiotic-treated hens. (A) Graphs showing the concentrations of LPS, DAO, TNF-α, and IL-6 in the serum of laying hens following different treatments. (B) Graph showing the relative mRNA expression of ZO-1, claudin-1, and occludin in the ileum of laying hen (n = 7). The β-actin was used as an internal control. (C) Representative Western blot (left) and quantified protein expression data (right) of ZO-1, claudin-1, and occludin ileum the ileum of laying hen (n = 4). Quantification data were normalized to β-actin. Data presented as mean ± SD with significance defined as *P < 0.05, **P < 0.01.




Blood-brain barrier

We next evaluated effect of antibiotic and probiotic treatments on brain inflammation and the integrity of the blood-brain barrier (BBB) in the hypothalamus of laying hens. The results reveal that antibiotic treatment significantly increased the gene expression levels of TLR4 and TNF-α (Figure 5A), while probiotic treatments significantly reduced their expression compared to the Nat group (both P < 0.001). Similar to the observation in the ileum, hypothalamic levels of ZO-1 and claudin-1 mRNA (Figure 5B), proteins (Figure 5C) are significantly reduced by antibiotic treatment. Probiotics significantly restored the expression of ZO-1 but not claudin-1. Unlike the ileum observation, occludin expression in the hypothalamus is significantly reduced at the gene and protein levels by antibiotic treatment, which can again be rescued by probiotic treatment. These results indicate that the restorative effects of probiotics on the brain may involve inhibiting the antibiotic-induced increase in permeability of the gut-brain barrier and inflammatory responses.
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FIGURE 5
Effects of dietary probiotic supplementation on the hypothalamus barrier integrity and inflammation response in the hypothalamus of antibiotic-treated hens. (A) Graph showing the relative mRNA expression of TLR4 and TNF-α in the hypothalamus of laying hens. (B) Graph showing the mRNA expression of ZO-1, Claudin-1, and Occludin in the hypothalamus of laying hen (n = 7) following different treatments normalized to β-actin. (C) Representative Western blot (left) and quantified expression data (right) of ZO-1, claudin-1, and occludin in the hypothalamus of laying hen (n = 4). Data presented as mean ± SD with significance defined as *P < 0.05, **P < 0.01.




Serotonin signaling

We further examined the effect of antibiotic treatment on 5-HT and its metabolites and the potential positive effect of probiotic treatment on 5-HT metabolism in laying hens. Compared to the Con group, antibiotic treatment significantly decreased the serum concentrations of tryptophan (Trp), a precursor for the synthesis of 5-HT, and 5-HT itself, but did not affect the level of its metabolite 5-HIAA (Figure 6A). Probiotic treatment increased the concentration of Trp and 5-HT but inhibited 5-HIAA compared to the Nat group. In addition, antibiotic treatment significantly reduced the hypothalamic mRNA levels of tryptophan hydroxylase (TPH2), the 5-HT receptor 5-HTR1A, and monoamine oxidase A (MAO-A; Figure 6B). Probiotic treatment significantly increased TPH2 levels; the slight increase in 5-HTR1A and reduction in MAO-A was not statistically significant.
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FIGURE 6
Effects of dietary probiotic supplementation on the levels of 5-HT metabolism-related proteins in the hypothalamus and serum of antibiotic-treated hens. (A) Graph showing the concentration of Try, 5-HT, and 5-HIAA in the serum of laying hens (n = 7). (B) Graph showing the relative mRNA levels of TPH-2, 5-HTRl A and MAO-A in the hypothalamus of laying hens (n = 7). Data were normalized to β-actin and the significance defined as *P < 0.05, **P < 0.01.




Probiotic-altered gut microbiota correlates with physiological indicators and behavior in laying hens

A Spearman correlation analysis was conducted on the top 12 differential bacteria, and SFP, as well as altered physiological indicators such as serum 5-HT metabolism, TNF-α levels, an intestinal metabolite of butyric acid, and gene expression of gut-brain barrier function in laying hens to explore correlations between altered gut microbiota due to probiotic treatment and changes in behavioral and physiological indicators (Figure 7). Overall, changes in behavior and physiology were significantly associated with six main differential genera of bacteria. Probiotic-enhanced bacteria were positively correlated, and probiotic-reduced bacteria were negatively correlated with tight junction-related gene expression, 5-HT metabolite-related pathways, and butyric acid levels. Among the genera, Faecalibacterium, Lactobacillus, and Succinatimonas exhibited a positive correlation with the concentration of Trp and 5-HT in the serum (Figure 7A), and gene expression of TPH2 and Occludin (Figure 7B). The abundance of Desulfovibrio and Prevotella were positively correlated with SFP behavior, and the serum TNF-α concentration, and gene expression of TLR4 and TNF-α in the brain (Figure 7B). Dialister was positively related to gene expression of ZO-1 in the gut and brain (Figure 7B). Conversely, the abundance of Desulfovibrio had a negative correlation with serum concentration of 5-HT and Trp and butyric acid (Figure 7A), and gene expression of TPH2, ZO-1, and occludin (Figure 7B). Increased abundance of Lactobacillus was associated with the decreased SFP behavior (Figure 7A). Thus, Desulfovibrio, Prevotella, Faecalibacterium, Lactobacillus and Succinatimonas, and Dialister might be the key bacteria for probiotic treatment to reduce SFP behavior in laying hens; these collectively might be altering 5-HT metabolism, inflammatory response and barrier function at the gut-brain axis.
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FIGURE 7
Spearman’s correlations between the gut microbiota and the physiological indicators. (A) Heatmap of correlation coefficients between the intestinal microbial phylotypes of significant differences and SFP behavior, intestinal metabolite of butyric acid, 5-HT metabolism and TNF-α in the serum. (B) Heatmap of correlation coefficients between the intestinal microbial phylotypes of significant differences and Inflammation-related genes expression, and tight junction-related genes expression in the gut and brain. Red represents a positive correlation, and blue indicates negative correlations. *P < 0.05, **P < 0.01.





Discussion

In the current study, we found that the impacts of chronic lincomycin hydrochloride exposure on egg production and FP behavior in laying hens are associated with changes in the microbial-gut-brain axis, including reduced diversity of gut microbial communities and production of SCFAs, disruption of the gut barrier and blood-brain barrier proteins, increased inflammation, and inhibition of 5-HT metabolic pathways. In contrast, dietary supplementation with a single Lactobacillus rhamnosus strain mitigated the negative effects of antibiotic on performance and behavior in laying hens by reversing the changes in the gut-brain axis. Thus, our data provide insights into the link between microbiota and FP behavior in laying hens and a potential role for probiotics in regulating the brain-gut axis.

Increasing evidence suggests that changes in the gut microbiota affect physiological and behavioral processes directly relating to wellbeing, such as changes in stress, anxiety, social behavior, and memory (Sampson and Mazmanian, 2015). As the most direct method of disrupting the gut microbial ecology (Champagne-Jorgensen et al., 2019), antibiotic treatment can cause mice to exhibit anxiety-like behaviors and higher levels of aggression in several tests, while supplementation with Lactobacillus rhamnosus JB-1 prevented some of these changes (Leclercq et al., 2017). Feather-pecking behavior in hens is considered an example of anxiety behavior (Mott et al., 2022) and has been found to increase in frequency with chronic exposure to antibiotics in this study. However, our study demonstrated that administering Lactobacillus rhamnosus LR-32 could reduce SFP behavior following antibiotic exposure. This is consistent with previous research by Mindus et al. (2021), who found that Lactobacillus supplementation can prevent SFP behavior in adult laying hens by restoring low levels of Lactobacillus reported in hens with this behavior (Birkl et al., 2018; van der Eijk et al., 2019a). Additionally, our population and LEfSe analysis showed that antibiotic treatment can significantly affect the gut microbial composition of hens including increases in the Proteobacteria phylum and Desulfovibrio genus. Proteobacteria are known to be opportunistic pathogens associated with inflammation and anxiety/depression (Jiang et al., 2015; Rychlik, 2020). Specifically, the abundance of Desulfovibrio have reported to be positively related to regressive autism and anxiety-like behavior (Zhu et al., 2019). Although our study showed a positive correlation between the abundance of Desulfovibrio and severe feather-pecking behavior, further research is needed regarding its specific regulatory mechanism. Interestingly, we also observed a substantial increase in beneficial bacteria such as the Lactobacillus and Faecalibacterium genus in cecum samples of laying hens in the probiotic group compared to the Nat group. Lactobacillus is known to have beneficial effects on the health of poultry when used as a probiotic supplement in poultry diets (Khan et al., 2020). The increased abundance of Faecalibacterium in the gut of laying hens challenged with Salmonella Typhimurium that turned negative for Salmonella (Khan and Chousalkar, 2020), suggesting its potential role as a probiotic candidate for intestinal health. Besides, the caeca digesta and mucosa of the LFP line were more abundant Faecalibacterium and Lactobacillus compared to the HFP line (Borda-Molina et al., 2021). It is well known that genetic and environmental factors determine the feather pecking behavior of laying hens (Sedlačková et al., 2004), but our results suggest that the gut microbiota are also closely related to feather-pecking behavior, and Lactobacillus rhamnosus LR-32 can alleviate antibiotic-induced SFP behavior by modulating the gut microbiota.

Based on functional profiling of the microbiota communities induced by antibiotic or probiotic treatment (KEGG pathway analysis) in our study, we verified the effect of different dietary treatments on short-chain fatty acids (SCFAs) intestinal metabolites. We found that Lactobacillus rhamnosus LR-32 reversed the decrease in the cecum metabolite of butyric acid concentrations in laying hens induced by antibiotic treatment. Previous studies have indicated that intestinal metabolites, such as butyrate and lactate, may contribute to developing feather-pecking behavior (Meyer et al., 2013; Mens et al., 2020). While there is no direct evidence linking butyrate with feather-pecking behavior through blood transmission to the brain in laying hens, emerging evidence suggests that butyrate may regulate the microbiota-gut-brain crosstalk indirectly. Examples include inhibition of intestinal pathogen adhesion (Argañaraz-Martínez et al., 2013), maintenance of intestinal barrier and blood-brain barrier integrity (Li et al., 2016; Yosi et al., 2022), prevention of inflammation (Miao et al., 2022), and direct neuroactive properties (Sullivan, 2020; Liu et al., 2021). The current study demonstrated that serum DAO levels were elevated in laying hen streated with antibiotics, indicating that antibiotic exposure disrupts intestinal barrier function. Blood DAO activity is a marker of intestinal barrier function and intestinal permeability (Nieto et al., 2000). This finding is supported by the decreased expression of tight junction genes and proteins in the ileum of antibiotic-treated hens. Tight junctions play a crucial role in maintaining the integrity of the intestinal barrier (Anderson, 2001). Both natural recovery and Lactobacillus rhamnosus LR-32 treatment reversed the effect of antibiotics on DAO comparably, suggesting that LR-32 may not be the critical factor in determining DAO expression. On the other hand, Lactobacillus rhamnosus LR-32 significantly increased the gene and protein levels of ZO-1 in the ileum of laying hens. This is in agreement with the findings of others, where Lactobacillus has been shown to remodel the intestinal flora, leading to reversals of antibiotic-induced disruptions of intestinal barrier functions (Gao et al., 2017; Wang et al., 2018; Zhang et al., 2021; Chen et al., 2022; Dahiya and Nigam, 2023). This may be attributed to the increase of butyrate-producing bacteria, such as Faecalibacterium and Lactobacillus, after probiotic treatment, which promoted intestinal butyrate secretion. Butyrate not only provides energy substrate for intestinal cells, but also promotes the relative expression of ZO-1 mRNA in intestinal epithelial cells, enhancing transmembrane resistance of epithelial cells and protecting the integrity of the intestinal barrier (Xiao et al., 2023).

Previously, loss of intestinal epithelial cell integrity due to dysbiosis of the gut microbiota have been reported to increase gut-derived bacterial translocation, and allow LPS and other toxic substances to enter the circulation and trigger systemic inflammation, leading to damage to various organs, including the brain (Xi et al., 2019; Fock and Parnova, 2023). LPS is a known ligand of toll-like receptor 4 (TLR4) and induces inflammatory responses by activating the TLR4/nuclear factor κB (NF-κB) signaling pathway (Lu et al., 2008). The results of this study demonstrated that antibiotic treatment led to elevating the levels of LPS and pro-inflammatory factors such as TNF-α and IL-6 in the serum. In addition, TLR4 and TNF-α genes were upregulated, accompanied by a decrease in tight junction protein genes and proteins in the hypothalamus, possibly due to the fact that LPS as an endotoxin can enter the circulation and alter microvascular homeostasis and blood-brain barrier permeability, resulting in disorders of tight junctions and stimulating the production of pro-inflammatory cytokine (Blanchette and Daneman, 2015). Consistent with the previously reported immunomodulatory effects of Lactobacillus (Xu et al., 2020; Sureshkumar et al., 2021), we found that antibiotic-induced increases in inflammatory factors such as TNF-α in the blood and hypothalamus, and TLR4 in the hypothalamus were attenuated by Lactobacillus rhamnosus LR-32 administration, while increasing hypothalamic ZO-1 and occludin gene and protein levels, indicating that Lactobacillus rhamnosus LR-32 was able to reduce the antibiotic-induced inflammatory response in the brain and the increase in BBB permeability. Long-term effects of antibiotic use early in life have been reported in mouse offspring, who exhibit abnormal social behavior and aggression, and a decrease in the relative levels of SCFA-producing genera in the gut has been observed (Sun et al., 2021), accompanied by an increase in brain levels of pro-inflammatory cytokines, which results in decreased expression of brain occludin and ZO-1 mRNA and increased BBB permeability. In contrast, these behavior alterations were prevented by supplementation with Lactobacillus rhamnosus, a SCFA producer, and restoration of tight junction proteins and BBB permeability in the hippocampal region was observed (Wen et al., 2020). As we discussed above, we hypothesize that Lactobacillus rhamnosus LR-32 may have a similar mechanism to reduce abnormal behavior by restoring intestinal microbiota and gut-brain barrier function. This is supported by our results showing that probiotic-enhanced bacteria were negatively correlated with SFP behavior and TLR4 gene expression and positively correlated with intestinal butyric acid content and tight junction-related gene expression, while probiotic-reduced bacteria were positively correlated with SFP behavior and inflammation-related gene expression.

Of note, Lactobacillus has been shown to have a direct, potentially active effect on neurotransmission within the gut-brain axis, by recruiting tryptophan or limiting its availability to the host; potentially altering the 5-HT metabolic pathway of the gut-brain axis to affect animal behavior (Carrero, 2021). The importance of the central serotonergic system in modulating feather-pecking behavior is, indeed, suggested by several studies in avian species (Flisikowski et al., 2009; Kops et al., 2013). However, as it is impossible to determine serotonergic signaling activities in the brain in a cell-specific manner, we measured the expression of metabolic genes related to 5-HT signaling. In the brain, the down-regulation of 5-HTR1A, and TPH2, and MAO-A indicated an inhibition of 5-HT synthesis, release and metabolic processes, respectively (Chenxuan et al., 2021). Our data confirm that 5-HT biosynthesis and catabolism were inhibited after antibiotic treatment, whereas dietary supplementation with Lactobacillus rhamnosus LR-32 significantly upregulated TPH2 gene expression and enhanced central 5-HT synthesis. In addition, a positive correlation has been drawn between blood 5-HT and central 5-HT concentrations in the brain (Uitdehaag et al., 2011; Yubero-Lahoz et al., 2014). This corresponds to our results of changes in serum Trp and 5-HT concentrations. The correlation analysis also revealed a potential regulatory role of gut microorganisms including Faecalibacterium, Lactobacillus, and Succinatimonas on 5-HT metabolism in laying hens. Although the role of Lactobacillus rhamnosus LR-32 in restoring lincomycin hydrochloride mediated reduction of 5-HT in the gut-brain axis may contribute to the alleviation of feather-pecking behavior in laying hens, the detailed mechanism remains to be further investigated.



Conclusion

The restorative effects of Lactobacillus rhamnosus LR-32 supplementation on hens challenged with lincomycin hydrochloride resulted from improvements in gut dysbiosis, butyric acid production, gut-brain barrier function, and 5-HT metabolism. These activities slowed the decline in egg production and reduced SFP behavior in hens. Lactobacillus rhamnosus LR-32 can be used as an intervention strategy to reduce feather pecking behavior in laying hens. Although correlation analysis showed that the abundance of Lactobacillus and Desulfovibrio were closely related to most physiological indicators and severe feather pecking behavior (Figure 7), the mechanisms by which Lactobacillus rhamnosus LR-32 exerts a restorative effect on SFP behavior by modulating gut microbiota need further investigation.
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This experiment was conducted to evaluate effects of zine oxide (ZnO) and condensed tannins (CT), independently or in combination, on the growth performance and intestinal health of weaned piglets in enterotoxigenic Escherichia coli (ETEC-K88)-challenged environment. Randomly divided 72 weaned piglets into 4 groups. Dietary treatments included the following: basic diet group (CON), 1,500 mg/kg zinc oxide group (ZnO), 1,000 mg/kg condensed tannins group (CT), and 1,500 mg/kg zinc oxide +1,000 mg/kg condensed tannins group (ZnO + CT). Dietary ZnO supplementation decreased diarrhea rate from 0 to 14 days, 15 to 28 days, and 0 to 28 days (p < 0.05) and no significant on growth performance. The effect of CT on reducing diarrhea rate and diarrhea index was similar to the results of ZnO. Compared with the CON group, ZnO increased the ileum villus height and improved intestinal barrier function by increasing the content of mucin 2 (MUC-2) in jejunum and ileum mucosa and the mRNA expression of zonula occludens-1 (ZO-1) in jejunum (p < 0.05) and the expression of Occludin in duodenum and ileum (p < 0.05). The effects of CT on intestinal barrier function genes were similar to that of ZnO. Moreover, the mRNA expression of cystic fibrosis transmembrane conductance regulator (CFTR) in jejunum and ileum was reduced in ZnO group (p < 0.05). And CT was also capable of alleviating diarrhea by decreasing CFTR expression and promote water reabsorption by increasing AQP3 expression (p < 0.05). In addition, pigs receiving ZnO diet had higher abundance of phylum Bacteroidetes, and genera Prevotella, and lower phylum Firmicutes and genera Lactobacillus in colonic contents. These results indicated that ZnO and CT can alleviate diarrhea and improve intestinal barrier function of weaned pigs in ETEC-challenged environment. In addition, the application of ZnO combined with CT did not show synergistic effects on piglet intestinal health and overall performance. This study provides a theoretical basis for the application of ZnO in weaning piglet production practices, we also explored effects of CT on the growth performance and intestinal health of weaned piglets in ETEC-challenged environment.
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1. Introduction

Piglets are susceptible to a series of effects such as nutrition, pathogenic microorganisms, and environment after weaning, resulting in reduced feed intake, stunted growth performance, and diarrhea (Hu et al., 2018). Previous studies have shown that zinc oxide (ZnO) supplementation to the diet of weaned piglets enhanced growth performance, improves intestinal morphology (Conway et al., 2022), and has a positive effect on immune function (Pei et al., 2019). At present, ZnO plays a crucial role in the prevention of diarrhea in weaned piglets. It has been reported that the maximum allowable supplemental dose of ZnO within 14 days after weaning is 2,500 mg/kg in most parts of the world (Nielsen et al., 2021). However, soil and water pollution caused by the use of high doses of ZnO has become a serious problem.

Tannins are the largest polyphenols in plant extracts and can be classified into hydrolysable or condensed subgroups (Caprarulo et al., 2021). In recent years, it has been found that extracted tannins have been widely exploited on intensive pig farms and used in different physiological stages of pigs (especially after weaning; Girard et al., 2020; Girard and Bee, 2020). Starčević et al. found that condensed tannins (CT) have a significant effect on improving animal performance, antibacterial activity and regulating intestinal flora (Starčević et al., 2015). Several other studies have reported that CT also enhance the antioxidant capacity, regulate intestinal microbiome composition, and improve the quality of the meat (Reggi et al., 2020; Buyse et al., 2021). This shows the great potential of CT feedstuff development and utilization.

To our knowledge, there is limited data about the effects of dietary supplementation with ZnO and CT on growth performance, antioxidation, and intestinal health of weaned pigs. In the K88-polluted environment in this study, we added CT to the diets of weaned piglets and combined it with ZnO to explore whether CT could substitute for ZnO, and whether the combination of ZnO and CT would have interactive effects on growth performance and intestinal health.



2. Materials and methods

All animal experimental protocols used in present study were according to the Chinese guidelines for animal welfare and approved by the Animal Care and Use Committee of Guangdong Academy of Agricultural Sciences.


2.1. Reagents

ZnO is feed grade (Guangzhou Zelong Chemical Co, China). CT were extracted from Kenwood, with molecular mass of 1700-1900u, consisting of 33% dimer, 37% trimer, 21% tetramer, 8% pentamer, and 1% heptamer (Guangzhou Youbei Technology Co, China). The hand-held sprayer for spraying mushrooms is produced by Guangzhou Yitai Zheng Co, China.



2.2. Escherichia coli liquid preparation

The enterotoxigenic Escherichia coli (ETEC-K88) used in this experiment was purchased from China Veterinary Drug Control Institute. The strain was thawed from the refrigerator at −20°C, added into the centrifugation tube with 10 ml Luria-Bertani (LB) broth culture medium, and the tubes were cultured in an incubator at 37°C for 12 h. Thereafter, the 10 ml LB broth was poured into a triangular flask containing 2 l LB broth, and cultured at 37°C for 18 h. The LB broth was stored in at 4°C refrigerator and used as a concentrated bacterial solution.



2.3. Animal treatment

A total of 72 healthy (Duroc × Landrace × Yorkshire, 26 ± 2 days of age, body weight of 8.40 ± 0.20 kg) weaned piglets were divided into 4 groups according to the principle of similar weight with half male and half female in each group, 6 replicates per group, 3 pigs per replicate, and the diet treatment was divided into basic diet group (CON), 1,500 mg/kg zinc oxide group (ZnO), 1,000 mg/kg condensed tannins group (CT), and 1,500 mg/kg zinc oxide +1,000 mg/kg condensed tannins group (ZnO + CT). The basal diet (Supplementary Table S1) was formulated according to NRC to meet the nutritional requirements of piglets from 7 to 11 kg. During the whole experiment, the animals were free to access feed and water. The piggery should not be disinfected before the start of the test. After the start of the experiment, the Escherichia coli liquid should be sprayed every 4 days without flushing the piggery. The specific method is as follows.



2.4. Simulation of K88 challenged environment

The 200 ml of concentrated bacterial solution was diluted with saline to 3 L as the working bacterial solution, and the working bacterial solution was poured into the electric sprayer (the flow rate was 250 ml/min), and the nozzle was aligned with the partition, the slatted floor, the drinking fountain, and the feeding trough. After spraying, the concentration of working bacterial solution was collected from the nozzle of the spray machine for verification. After gradient dilution, the bacterial liquid was dropped onto the eosin methylene blue medium for 24 h. The colonies were counted and the concentration of the working bacterial liquid was calculated to be 6 × 108 CFU/ml. The bacteria were sprayed once on the first day of the experiment, and every 4 days thereafter, for a total of 7 times (the 1st, 5th, 9th, 13th, 17th, 21st, and 25th days of the experiment).



2.5. Sample collection

The experimental period was 28 days. On the morning of the 15th day of the trial, one pig from per pen was weighed and blood was collected from the anterior vena cava. Then, plasma and serum were separated stored at −80°C. After the pigs sacrificed, and intestinal segments of approximately 2 cm of proximal duodenum, middle jejunum, and distal ileum were selected then washed with phosphate buffered saline (PBS) and placed in 4% paraformaldehyde for overnight fixation. The liver, proximal duodenum, mid-jejunum, distal ileum, and intestinal mucosa were collected and quickly placed in liquid nitrogen, and then stored at −80°C for long-term storage. The colonic contents were collected and put into liquid nitrogen for the detection of intestinal microorganisms.



2.6. Measurement of serum and liver antioxidant capacity

The activities of total antioxidant capacity (T-AOC, A015-2-1), malondialdehyde (MDA, A003-2), total superoxide dismutase (T-SOD, A001-1), and glutathione peroxidase (GSH-Px, A005) were determined by commercial kits provided by Nanjing Jiancheng Institute of Bioengineering (Nanjing, China). The liver samples were homogenized with normal saline and centrifuged to obtain supernatant. Then, the supernatant was diluted to 10% for determination. The protein concentrations of sample were measured using a bicinchoninic acid assay (BCA) kit (Thermo Fisher, USA, 23225), and results were expressed as per milligram protein.



2.7. Enzyme-linked immunosorbent assay

The concentration of inflammation cytokines (IL-1B, ml025973, TNF-α,ml002360 TGF-β, ml002363, IL-6, ml025981 IL-8, ml02598, IL-10, and ml025956) and immunoglobulin (IgM, ml002334, IgG, and ml002328,) in serum was determined by ELISA kits (Shanghai Meilian Biotechnology Co., Ltd., Shanghai, China), as well as the concentration of secreted immunoglobulin (sIgA, ml026686) and mucin-2 (MUC-2) in jejunum and ileum mucosa. The mucosa of jejunum and ileum was added into normal saline to make 10% homogenate, and supernatant was collected after centrifugation at low temperature for 10 min, finally detected them according to the instructions.



2.8. The intestinal morphology examination

Briefly, the fixed duodenum, jejunum, and ileum were dehydrated in a gradient manner, then embedded in paraffin, cut into 5 μm thick sections, and stained with hematoxylin and eosin (HE). Finally, images of intestinal morphology were captured using camera fitted light microscope. Pannoramic Viewer was used to measure intestinal villus height and crypt depth, and 5 fields were randomly selected for observation and measurement in each slice.



2.9. Quantitative real-time polymerase chain reaction

Total RNA was extracted from the jejunum, ileum and colon using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to manufacturer instructions. The purity of RNA was confirmed by measuring absorbance at 260 nm and 280 nm using NanoDrop 1,000 spectrophotometer (Thermo Fisher Scientific, Waltham, USA). Then, cDNA was synthesized according to the protocol of the PrimeScriptTM II 1st Strand cDNA Synthesis Kit (Takara, Tokyo, Japan). Quantitative real-time PCR was performed using a CFX Connect Detection System (Bio-Rad, Hercules, CA, USA). Primers used in this study are listed in Supplementary Table S2.



2.10. Microbial composition analysis

In short, the V3-V4 regions of the 16S rRNA genes were amplified using the forward primer 341F(5′-CCTAYGGGRBGCASCAG-3′) and the reverse primer 806R(5′-GGACTACHVGGGTWTCTAAT-3′). PCR products were recovered and purified by using GeneJET Extraction Kit (Thermo Fisher Scientific, Wilmington, USA) after gel electrophoresis. Validated libraries were sequenced on the IonS5TMXL platform provided by Personalbio (Shanghai, China). The 16S rRNA gene sequence data were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under the accession number PRJNA877369.



2.11. Statistical analyses

Data obtained were analyzed by two-factor ANOVA and Duncan multiple comparison method (SPSS 22.0; IBM-SPSS Inc., Chicago, IL, USA). The results were expressed as mean and standard error (SEM), and p < 0.05 was the significant difference level.




3. Result


3.1. Growth performance

The body weight (BW), average daily gain (ADG), average daily feed intake (ADFI), feed intake: body gain (F: G), diarrhea rate, and diarrhea index are shown in Table 1. There was no significant effect of ZnO or CT supplementation on BW, ADG, ADFI, and F/G (p > 0.05). Dietary supplementation with ZnO or CT decreased the diarrhea rate and diarrhea index from 0 to 14 days, 15 to 28 days, and 0 to 28 days, compared with CON group (p < 0.05). And compared to CON group, ZnO + CT group also decreased the diarrhea rate and diarrhea index from 0 to 14 days, 15 to 28 days, and 0 to 28 days (p < 0.05), but it is not significant compared with ZnO group (p > 0.05).



TABLE 1 Effects of ZnO and CT on growth performance of weaned piglets in K88-challenged environment.
[image: Table1]



3.2. Effects of ZnO and CT on serum antioxidant capacity, immunoglobulins, and inflammatory cytokines in weaned piglets with K88 challenged

We observed the effect of ZnO or CT on the antioxidant capacity of piglets by detecting T-AOC, T-SOD, GSH-px, and MDA in serum and liver, and the results are shown in Figure 1. We found no significant effect of either ZnO or CT on the antioxidant capacity of piglets (p > 0.05). As shown in Table 2 and Figure 2, ZnO + CT group increased the concentration of immunoglobulin M (IgM), compared with CON and CT group (p < 0.05), but not significant compared with ZnO group (p > 0.05). And we found no significant effect of either ZnO or CT on the secretory immunoglobulin A (sIgA) of piglets (p > 0.05). In addition, the ZnO group and ZnO + CT group decreased the concentration of interleukin-8 (IL-8) compared to CON group (p < 0.05). However, serum inflammatory cytokines were not markedly affected by CT treatment.

[image: Figure 1]

FIGURE 1
 Effects of ZnO and CT on serum and liver antioxidant capacity of weaned piglets under K88-challenged environment. (A) The concentrations of T-AOC in serum and liver. (B) The concentrations of T-SOD in serum and liver. (C) The concentrations of GSH-Px in serum and liver. (D) The concentrations of T-MDA in serum and liver. T-AOC = total antioxidant capacity; T-SOD = total superoxide dismutase; GSH-Px = glutathione peroxidase; MDA = malondialdehyde. Values are means and standard errors represented by vertical bars (n = 6).




TABLE 2 Effects of ZnO and CT on immunoglobulin contents in serum and intestinal mucosa of weaned piglets in K88-challenged environment.
[image: Table2]
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FIGURE 2
 Effects of ZnO and CT on serum inflammatory factors in weaned piglets under K88-challenged environment. (A) The concentrations of IL-1β, TNF-α, and TGF-β. (B) The concentrations of IL-6, IL-8, and IL-10. IL-1β = interleukin-1β; IL-6 = interleukin-6; IL-8 = interleukin-8; IL-10 = interleukin-10; TNF-α = tumor necrosis factor; TGF-β = transforming growth factor-β. Values are means and standard errors represented by vertical bars (n = 6). a,bMeans lacking common superscript letter indicated significant differences (p < 0.05).




3.3. The effects of ZnO and CT on intestinal barrier function

The intestinal morphology (duodenum, jejunum, and ileum) was observed by measuring the crypt depth, villus height, and the ratio of villus height to crypt depth (Figure 3 and Table 3). The morphology of intestinal villi was normal in ZnO groups and CT group, compared with the CON group. However, ZnO + CT group had a lower ileum villus height (p < 0.05), compared with the ZnO group. As shown in Figure 4, dietary supplementation of ZnO increased the MUC-2 content in jejunum and ileum mucosa (p < 0.05), compared with the CON group. And the ZnO + CT group also increased the MUC-2 content in ileum mucosa (p < 0.05), compared with the CON group. The effects of ZnO or CT on ZO-1 and Occludin gene expression in weaned piglets are shown in Table 4. We found ZnO or CT no significant effect of the mRNA expression of Occludin in the duodenum (p > 0.05). However, compared with the ZnO or CT group, the mRNA expression of Occludin in the duodenum was decreased in the ZnO + CT group (p < 0.05). And compared with the CON group, the mRNA expression of zonula occludens-1 (ZO-1) in the jejunum was increased in the ZnO or CT group and the ZnO + CT group (p < 0.05). In addition, compared with the CON group, the mRNA expression of Occludin in the ileum was increased in the ZnO or CT group (p < 0.05), but no significant change in the ZnO + CT group (p > 0.05).

[image: Figure 3]

FIGURE 3
 Effects of ZnO and CT on intestinal morphology of weaned piglets in K88-challenged environment.




TABLE 3 Effects of ZnO and CT on intestinal morphology of weaned piglets in K88-challenged environment.
[image: Table3]
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FIGURE 4
 Effects of ZnO and CT on MUC-2 of weaned piglets in K88-challenged environment. MUC-2 = mucin-2. Values are means and standard errors represented by vertical bars (n = 6). a,bMeans lacking common superscript letter indicated significant differences (p < 0.05).




TABLE 4 Effects of ZnO and CT on intestinal tight junction gene expression in weaned piglets under K88-challenged environment.
[image: Table4]



3.4. The effects of ZnO and CT on the gene expression of diarrhea-related channels In weaned piglets

Effects of ZnO or CT on diarrhea-related channel gene expression in weaned piglets under K88-challenged environment are shown in Table 5. We found that compared with the CON group, the mRNA expression of cystic fibrosis transmembrane conductance regulator (CFTR) in the jejunum and ileum was decreased in the ZnO or CT group and the ZnO + CT group (p < 0.05). In addition, the mRNA expression of the Na+/H+ exchanger (NHE3) in colon was lower in the ZnO or CT group and the ZnO + CT group than CON group (p < 0.05). And the mRNA expression of NHE3 in colon was lower in ZnO + CT group than ZnO group (p < 0.05).



TABLE 5 Effects of ZnO and CT on diarrhea-related channel gene expression in weaned piglets under K88-challenged environment.
[image: Table5]



3.5. The effects of ZnO and CT on colonic microflora of weaned piglets

Figure 5A shows the distributions of common and specific OTUs among the four groups. As shown in the NMDS plot (Figure 5B), we can see the clustering of the four groups of samples. We observed the Chao1, Shannon, and Simpson indexes in the all groups (Figures 5C–E), there was no significant difference (p > 0.05). A phenetic tree of the four groups was constructed based on unweighted UniFrac distance using UPGMA clustering method (Figure 5F). The LEfSe analysis identified discriminative species among the different groups (Figure 5G). Regarding the microbial composition at phylum level (Figure 5H), we observed that dietary supplementation of ZnO increased the relative abundance of Bacteroidetes, but decreased the relative abundance of Firmicutes. At the genus level (Figure 5I), the relative abundance of Prevotella was increased in ZnO group, compared with CON group, but the relative abundance of Lactobacillus was decreased. Furthermore, at the species level, dietary supplementation of ZnO increased the relative abundance of Prevotella_copri, but decreased the relative abundance of Lactobacillus_helveticus and Lactobacillus_hamsteri (Figure 5J). However, the microbial composition was not markedly affected by CT treatment.

[image: Figure 5]

FIGURE 5
 Effects of ZnO and CT on colonic microflora species composition of weaned piglets in K88-challenged environment. (A) Venn diagram illustrating common and special OTUs distributed among the four groups. (B) OUTs-based NMDS plot. (C–E) Species diversity and homogeneity were evaluated using Chao1, Shannon’s, and Simpson’s indices. (F) UPGMA clustering was conducted based on unweighted UniFrac distance. (G) Significantly different biomarkers in the four groups. (H–J) Effects of ZnO and CT on the composition of colonic microbiota in weaned pigs at the phylum, genus and species level.





4. Discussion

Pigs are one of the most important livestock and the most critical stage of their breeding is weaning. Post-weaning diarrhea (PWD) is a common disease in piglets after weaning, and its main pathogenic factor is enterotoxigenic Escherichia coli (Fairbrother et al., 2005). Dietary supplementation of traditional ZnO (2,000–4,000 mg/kg) can promote growth, relieve diarrhea, increase intestinal barrier function, and alter the composition of the intestinal microbiota in weaned piglets (Chen et al., 2015). However, it is still unknown whether 1,500 mg/kg ZnO or CT can improve piglet health as an alternative to traditional pharmacological doses of ZnO. In this study, we found that there was an upward trend in ADG an ADFI after ZnO or CT supplementation, but it was not significant, and F/G was also higher than the CON group. But we demonstrated that dietary supplementation of 1,500 mg/kg ZnO effectively inhibit diarrhea of weaned piglets in ETEC-polluted environment, which is consistent with previous studies (Yu et al., 2017; Wang et al., 2019). And supplementation of CT also inhibited diarrhea of weaned piglets in ETEC-polluted environment during the whole experimental period (from 0 to 28 days). However, the effect of ZnO in combination with CT to relieve diarrhea was similar to the effect of ZnO alone. Girard et al. found that gavage of weaned piglets with ETEC bacterial solution followed by dietary supplementation of 1% chestnut hydrolyzed tannins reduced the severity and duration of diarrhea, but did not completely prevent the occurrence of diarrhea (Girard et al., 2018), and the CT used in this study showed a similar function. The results indicated that 1,500 mg/kg ZnO or CT can reduce the risk of environmental pollution-induced diarrhea in piglets, but CT cannot be used as a substitute for ZnO.

Oxidative stress has negative effects on the health of weaned piglets. Usually, the body will produce SOD, CAT, GSH-Px, and other antioxidant enzymes to maintain balance in the body. If the body’s antioxidant capacity is insufficient, oxidative damage will occur to tissues and organs (Panov and Dikalov, 2020). But in this study, supplementation with ZnO or CT did not significantly affect T-AOC, T-SOD, GSH-px, and MDA in serum and liver.

Immunoglobulins are one of the important components of the body’s immune system and an important basis for humoral immunity. The increase in immunoglobulin concentration in pigs can improve immune function and promote the development of their own immune system, thus alleviating weaning stress (Macpherson et al., 2012). IgM is the first antibody produced when stimulated by an antigen (Teng et al., 2020). In this study, serum IgM were increased in ZnO + CT group, compared with CON group and CT group. Interestingly, there was insignificant difference in CT group. Therefore, we hypothesize that this result is due to the addition of ZnO, which can prevent improve immune status. To further explore the effects of ZnO and CT on intestinal immune function, we detected the levels of cytokine in serum. Interleukin-1β (IL-1β), IL-8, interleukin-6 (IL-6), and tumor necrosis factor (TNF-α) have a synergistic and inducible relationship and are responsible for regulating and mediating the body’s immune function (Wang et al., 2020; Wu et al., 2021). Some studies have shown that ETEC can increase the expression of these cytokines (Ren et al., 2020; Yi et al., 2021). In this research, dietary supplementation of ZnO reduced the concentration of IL-8 and had no significant effect on other cytokines. Wu et al. found that supplementation with ZnO (2,500 mg/kg) increased the mRNA expression levels of IL-8 in colon tissues, which is inconsistent with our results (Oh et al., 2021). In addition, ZnO + CT group also had a lower expression levels of IL-8 than CON group, but no significant than ZnO group. The above results indicated that supplementation with ZnO does not cause a rise in inflammatory factors and has some anti-inflammatory effects in ETEC-polluted environments. Our results indicated dietary supplementation of CT had no significant effect on cytokines. Persimmon-derived tannin was reported to reduce the expression of IL-1β, TNF-α, IL-6 (Matsumura et al., 2017; Kitabatake et al., 2021), which is inconsistent with our results. The possible reasons are related to the animal species and the sources of the CT.

Intestinal morphology is directly related to the digestion and absorption of nutrients and the mucosal barrier (Cera et al., 1988). In our study, dietary supplementation of ZnO or CT had no effect on intestinal morphology. But the villi height of the ileum was decreased in ZnO + CT group, compared with ZnO group. In addition, previous studies have shown that coated ZnO can improve ileum villus height (Sun et al., 2022). This may be due to the interaction between ZnO and CT. Liu et al. found that hydrolyzed tannin increased the villus height of ileum, which was inconsistent with our results. This may be caused by different forms of tannin (Liu et al., 2020). The intestinal barrier includes chemical barrier, mechanical barrier, and immune barrier. And mucin-2 is an important component of the mucus layer as the first barrier of the intestine (Yao et al., 2021). We further examined the levels of mucin-2 in ileum and jejunum, and the expression of tight junction genes in duodenum, jejunum, and ileum. Our results revealed that the content of muc-2 in jejunum and ileum mucosa was increased in ZnO group. And the content of muc-2 in jejunum mucosa increased in ZnO + CT group than CON group, but no significant difference compared to ZnO group. This indicated that CT could not significantly effect muc-2. In addition, dietary supplementation of ZnO combined with CT decreased the mRNA expression of Occludin in duodenum. But the mRNA expression of ZO-1 in jejunum was elevated in all treatment groups In addition, supplementation with ZnO or CT increased the mRNA expression of Occludin in ileum. Dietary supplementation with conventional doses of ZnO increased the mRNA expressions of ZO-1 in jejunum (Xia et al., 2017). Moreover, due to the complexity of the intestinal environment of piglets, the effects of ZnO or CT on each intestine may not be consistent. As our experimental results shown, supplementation of ZnO or CT increased the expression of Occludin in duodenum and ileum, but does not affect expression of Occludin in duodenum. The above results suggest that ZnO (1,500 mg/kg) and CT may have a potential function that can parallel the doses of traditional ZnO in improving the intestinal barrier of weaned piglets.

Diarrhea occurs mainly due to abnormal transport of electrolytes and water. Numerous transporter proteins related to electrolyte absorption are present in intestinal epithelial cells, such as NHE3, Na + −glucose cotransporter 1 (SGLT1), and water channel protein (AQP). In addition, the transporter proteins related to secretion are mainly CFTR and Na + -K + -2Cl- cotransport carrier 1 (NKCC1; Singh et al., 2014). To further explore the potential mechanism of ZnO and CT reducing diarrhea, we detected diarrhea-associated transporter protein genes by RT-PCR. AQP3 and AQP8 are closely associated with water transport in the colon (Zhao et al., 2016). AQP3 and AQP8 have been reported to be down-regulated in rats with colitis and ETEC induced diarrhea (Zhao et al., 2014; Yue et al., 2020). In our research, we found that the expression of AQP3 were up-regulated in CT group compared with the CON group, suggesting that CT prevent diarrhea by promoting water reabsorption and reducing the water content of stool. And there was an up-regulated trend of AOP3 in ZnO group. NHE3 plays an important role in the absorption of Na + in the intestinal lumen, and NHE3 knockout mice developed chronic diarrhea (Gawenis et al., 2002). And studies have shown that ETEC produces heat-stable enterotoxin or heat-labile enterotoxin which recognizes specific receptors and turns on CFTR, ultimately leading to watery diarrhea (Ren et al., 2022). In our study, dietary supplementation of ZnO or CT decreased the mRNA expression of CFTR in jejunum and ileum. In addition, the mRNA expression of NHE3 was down-regulated in ZnO or CT group. And the expression of NHE3 in ZnO + CT group was lower than that in ZnO group. Diarrhea leads to inhibition of NHE3 expression, which means that the intestinal absorption of Na + is reduced (Niu et al., 2021). Interestingly, the reduced expression of NHE3 in this study did not cause diarrhea in piglets, so we speculate that it may be that AQP in the colon has a stronger ability to interfere with water reabsorption than NHE3. The above results suggested that the potential mechanism of ZnO or CT anti-diarrhea is to reduce the expression of CFTR in the small intestine to prevent it over-activation and decrease intestinal fluid secretion. Moreover, CT can enhance the expression of AOP3 in the colon to promote water reabsorption. These results implied that the mechanism of CT to inhibit diarrhea was similar to that of ZnO.

Gut microbes are an important part of the animal organism and have a significant impact on animal health (Valdes et al., 2018). At the phylum level, the microbiota can be divided into three dominant phyla: Bacteroides, Firmicutes, and Actinomycetes. The ratio of Firmicutes to Bacteroides is an important indicator to evaluate the balance of the intestinal microbial community (Mariat et al., 2009). An increased Firmicutes/Bacteroidetes ratio has been observed in ZnO group. Ley et al. reported that an increase in Firmicutes/Bacteroidetes ratio was directly related to weight gain (Ley et al., 2006). Lactobacillus is considered to be a beneficial species in the intestinal flora. Prevotella is known to be one of the indispensable floras for the production of short-chain fatty acids (SCFAs), which metabolize a variety of complex oligosaccharides and polysaccharides and also protect animals from intestinal inflammation (Megahed et al., 2019). In this study, the abundance of Prevotella increased in the ZnO group, while the abundance of Lactobacillus decreased. However, previous studies have found that ZnO reduces the abundance of harmful bacteria and also reduces the abundance of Lactobacillus (Pajarillo et al., 2021). The above results suggest that ZnO can improve growth performance by regulating the composition of intestinal flora.



5. Conclusion

In K88-challenged environment, ZnO could alleviate diarrhea, enhance intestinal function, and alter the composition of the intestinal flora in piglets. Similar to ZnO, dietary supplementation of CT also showed the potential to improve intestinal function and alleviate diarrhea. The mechanism by which CT alleviated diarrhea may have been to reduce intestinal fluid secretion by decreasing CFTR expression and promote water reabsorption by increasing AQP3 expression. Moreover, the application of zinc oxide in combination with CT did not show a good improvement.
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Introduction: Peppermint contains substantial bioactive ingredients belonging to the phytoestrogens, and its effects on the production of late-laying hens deserve more attention. This study evaluated the effects of dietary peppermint extract (PE) supplementation on egg production and quality, yolk fatty acid composition, antioxidant capacity, and cecal microbiota in late-phase laying hens.

Method: PE powder was identified by UPLC-MS/MS analysis. Two hundred and sixteen laying hens (60 weeks old) were randomly assigned to four treatments, each for 28 days: (i) basal diet (control group, CON); (ii) basal diet + 0.1% PE; (iii) basal diet + 0.2% PE; and (iv) basal diet + 0.4% PE. Egg, serum, and cecal samples were collected for analysis.

Results: Dietary PE supplementation increased the laying rate, serum triglyceride, immunoglobulin G, and total antioxidant capacity, while 0.2 and 0.4% PE supplementation increased eggshell thickness, serum total protein level, and superoxide dismutase activity of laying hens compared with the CON group (P < 0.05). PE addition in diets increased the C14:0, C18:3n3, C18:3n6, C23:0, C24:0, and C24:1n9 contents in the yolk. In addition, the egg yolk saturated fatty acid content was higher (P < 0.05) in the 0.2 and 0.4% PE groups compared with the CON and 0.1% PE groups. The microbiota analysis revealed that the cecal phylum Proteobacteria was decreased (P < 0.05) in the PE-supplemented groups. A total of 0.4% PE supplementation increased the cecal richness of gram-positive bacteria and decreased the richness of gram-negative and potentially pathogenic bacteria compared with the 0.1% PE group (P < 0.05). Microbial function prediction analysis showed that the cecal microbiota of the PE group was mainly enriched by fatty acid degradation, fatty acid metabolism, amino sugar metabolism, nucleotide sugar metabolism, and other pathways. Regression analysis suggested that 0.28–0.36% PE supplementation was the optimal level for improving egg production and quality, antioxidant capacity, and yolk fatty acid in late-phase laying hens.

Discussion: Dietary PE supplementation improved egg production and quality (including yolk fatty acid composition) by increasing serum IgG and antioxidant capacity and modulating the intestinal microbiota in late-phase laying hens.

KEYWORDS
laying hens, peppermint extract, egg production and quality, antioxidant capacity, cecal microbiota


1. Introduction

The layer industry contributes to supporting sustainable food sources and is considered an important part of the world's livestock production. The laying hens during the late phase of laying are characterized by declining egg productivity, quality, and immunity, which directly leads to increased mortality and reduced feeding efficiency (van den Brand et al., 2004). In modern layer breeding, the fast reduction in egg production is associated with decreased ovarian function in layer hens after 60 weeks of age, marking the beginning of the late-laying period (Rakonjac et al., 2014; Chang et al., 2017). Since post-production occupies a large part of the entire layer production cycle, improving the performance of laying hens during the late-laying period will have great economic significance.

Metabolic dysfunctions included immunity, oxidation–reduction imbalance, and intestinal microbiota disturbance, resulting in decreased overall health and production efficiency in late-phase laying hens (Rattanawut et al., 2018). As a complex microbial ecosystem, the gut microbiota is inextricably linked with intestinal barrier function, immunity, and metabolic function (Chen et al., 2019). Nutritional intervention can modulate the structure of the intestinal microbiota and then regulate host metabolism and overall health. For example, dietary essential oils could increase feed efficiency and egg quality by regulating microbial composition (Feng et al., 2021; Ding et al., 2022). Moreover, discrepancies between laying hens in peak and late-phase production are mainly associated with lipid metabolism disorders, impairment of antioxidant properties, and energy generation (Wang W. W. et al., 2019). Changes in lipid synthesis and decomposition in laying hens could directly affect egg lipid composition, which in turn reflects human dietary fatty acid composition and body health (Lee et al., 2010). Owing to the restriction on the use of in-feed antibiotics in animal production, finding safe and effective feed additives for antibiotic alternatives is necessary for the laying industry.

Plant extracts, as biologically active compounds, are safe and free of residue and have been widely used as feed additives in poultry production (Adewole et al., 2021). Peppermint (Mentha piperita L.), as a traditional medicinal plant, has been widely used in Chinese medicine. Peppermint has the medicinal functions of dispelling wind, cooling, analgesia, and being antibacterial and anti-inflammatory due to its bioactive components (Dorman et al., 2003). Peppermint extract (PE) mainly contains volatile oil, flavonoids, terpenoids, organic acids, and other components (Grigoleit and Grigoleit, 2005). Flavonoids, as the main active ingredient of peppermint leaf, have similar bioactivities with estradiol and are considered important phytoestrogens. In recent years, many studies have confirmed that flavonoids have a remarkable regulatory effect on the gut microbiota composition (Wang et al., 2022; Han et al., 2023). Moreover, flavonoids can promote gut health by reducing pathogens (such as Proteobacteria, Pseudomonas, and Staphylococcus) and increasing probiotics (such as Bifidobacteria and Lactobacillus) (Zhang et al., 2019). Peppermint flavone has strong antioxidant, antibacterial, and immune-boosting properties (Kang et al., 2018). Peppermint has recently been considered a feed additive with various application prospects and has been widely studied in poultry production (Abdel-Wareth and Lohakare, 2020). Therefore, we hypothesized that the supplementation of PE in late-phase laying hens' diets would positively affect body metabolism, immunity, and microbial composition, which might subsequently improve egg performance and quality. Thus, the present study aimed to explore the effects of PE on laying performance, egg quality, yolk fatty acid content, and the cecal microbiota of laying hens during the late-laying period.



2. Materials and methods


2.1. Ethics statement

The animal operating procedures and care standards followed in this study were reviewed and approved by the Animal Protection and Utilization Professional Committee of the Institute of Subtropical Agriculture, Chinese Academy of Science (No. CAS20220120).



2.2. Preparation and metabolite analysis of peppermint extract

Dried and cleaned peppermint leaves were obtained from a commercial supply, pulverized, and passed through a 60-mesh sieve. The peppermint powder was mixed with 75% ethanol (V:V = 1:4), soaked, and extracted for 24 h. The mixture was filtered through the gauze under negative pressure. The filtrate was evaporated and concentrated by rotary evaporation at 180 × g and 75°C and freeze-dried at −40°C until completely dehydrated. The obtained PE powder was sealed and stored at 4°C until further use.

The identification and quantification of PE metabolites were performed using an ultra-performance liquid chromatography (UPLC)–tandem mass spectrometry (MS/MS) system. Fifty milligram samples were extracted with 1.2 mL of pre-cooled 70% methanolic aqueous, mixed, and centrifuged at 4°C, 10,000 × g for 10 min. The extract supernatant was filtrated through the 0.22-μm membrane and injected into the UPLC-MS/MS system with the Agilent SB-C18 column (1.8 μm, 2.1 mm × 100 mm, Agilent, CA, United States). Mobile phase A was pure water with 0.1% formic acid, and mobile phase B was acetonitrile with 0.1% formic acid. The gradient program was as follows: 95% A and 5% B at 0 min, then 5% A and 95% B at 0–9 min, and 95% A and 5.0% B at 10–14 min. The flow velocity was 0.35 mL/min, the column oven was 40°C, and the injection volume was 2 μL. The HPLC effluent was connected to an electrospray ionization (ESI)-triple quadrupole-MS system. The identification of metabolites was carried out according to public databases, such as MassBank, METLIN, and MoToDBnd. Metabolite quantification was expressed as a peak area integral based on the multiple reaction monitoring (MRM) analysis.



2.3. Bird management and experimental design

Based on a similar body weight, a total of 216 healthy laying hens at 60 weeks old were selected and randomly assigned into four groups. Each group contained nine replicates with six hens per replicate, and two hens were assigned to an individual cage. All hens were adapted for 5 days and fed a basal diet (corn–soybean meal). Four treatment groups included the control group (CON), hens fed the basal diet, and the treatment groups: hens fed the basal diet supplemented with 0.1% PE (LPE group), 0.2% PE (MPE group), or 0.4% PE (HPE group). The feeding trial lasted for 28 days. All hens had free access to water, nipple drinkers, and feed at all times. Temperature, humidity, and lighting were set according to the standardized commercial layer farms. The composition and nutrient levels of the basal diet are presented in Supplementary Table S1.



2.4. Sample collection

At the end of the feeding trial, three eggs per replicate (n = 27 eggs/group) were collected for egg quality and yolk fatty acid content determination. Nine representative hens per group, close to the average body weight, were selected for sample collection. Blood samples (3 mL) were collected from the wing vein of the chicken and kept in vacuum tubes for 30 min, and then, serum was obtained after centrifugation at 3,000 × g for 10 min at 4°C and stored at −20°C for biochemical indicators and antioxidant index analyses. Chickens were killed by instantaneous cervical dislocation. A total of 20 g cecal contents were collected, immediately frozen in liquid nitrogen, and stored at −80°C for microbiota composition analysis.



2.5. Determination of laying performance and egg quality

The feed intake, egg production, and egg weight were recorded daily to calculate the average daily feed intake (ADFI), average egg weight, and feed/egg ratio. Albumen height, yolk color, and Haugh unit were measured using a multi-function egg analyzer (Israel Orka Food Technology Ltd., Ramat Hasharon, Israel). Egg height and width were measured and recorded to calculate the egg shape index (height/width × 100). The thickness of the eggshell was measured using an eggshell thickness gauge (Israel Orka Food Technology Ltd., Ramat Hasharon, Israel). The Egg Force Reader-01 (Israel Orka Food Technology Ltd., Ramat Hasharon, Israel) was used to measure the eggshell strength.



2.6. Analysis of serum biochemical parameters

Serum biochemical parameters, including aspartate aminotransferase (AST), alkaline phosphatase (ALP), cholesterol (CHOL), glucose (GLU), high-density lipoprotein-cholesterol (HDL-C), immunoglobulin G (IgG), immunoglobulin M (IgM), low-density lipoprotein-cholesterol (LDL-C), triglyceride (TG), total protein (TP), uric acid (UA), and urea nitrogen (UN) were measured using commercially available kits (Roche, Mannheim, Germany) and the Beckman CX4 automatic biochemical analyzer (cobas c311; Roche Diagnostics GmbH, Mannheim, Germany).



2.7. Determination of serum oxidative stress-related indices

The serum total antioxidant capacity (T-AOC), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) activities and the level of malondialdehyde (MDA) were assessed by commercially available assay kits (Nanjing Jiancheng Biotechnology Institute, Nanjing, China) using the Microplate Reader Infinite M200 PRO (Tecan, Männedorf, Switzerland) as described previously (Bai et al., 2021).



2.8. Determination of fatty acid contents of egg yolk

The fatty acid contents of egg yolks were determined using high-performance liquid chromatography–mass spectrometry (HPLC/MS). In brief, 0.1 g of freeze-dried yolk sample was weighed and homogenized with 800 μL of 50% acetonitrile/water (v/v) for 1 min at room temperature. After centrifuging at 10,000 × g for 15 min at 4°C, 400 μL of supernatant was collected and thoroughly mixed with 200 μL of 3-NPH (200 mM) and 200 μL of EDC (120 mM; containing 6% pyridine and 400 ng/mL of acetic acid D3), respectively. The mixture was homogenized for 1 min, incubated for 1 h at 40°C, and shaken every 5 min. After incubation, the samples were centrifuged at 10,000 × g for 15 min at 4°C, and the supernatants were filtered through a 0.22-μm filter membrane and diluted 10-fold with 50% acetonitrile–water (containing 100 ng/mL of internal standard) for LC-MS/MS (Waters Corp., Milford, MA, USA) analysis. The contents of saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), and polyunsaturated fatty acid (PUFA) were calculated.



2.9. Cecal DNA extraction and sequencing

One cecal content sample was selected from each replicate (n = 9 per group) for the cecal microbiota study. The total bacterial genomic DNA was extracted from 0.20 g of cecal contents using a commercial DNA Isolation Kit (MO BIO Laboratories, Carlsbad, USA) according to the CTAB/SDA method (Cuiv et al., 2011). 16S rRNA high-throughput sequencing was used to analyze the composition and diversity of the cecal microbiota by the Biomarker Technologies Company (Beijing, China). Polymerase chain reaction (PCR) amplification of the bacterial 16S rRNA gene in the V4 region was amplified using the universal forward primer F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer R (5′-GGACTACHVGGGTWTCTAAT-3′) (Huang et al., 2020). Obtained sequencing library QC was performed on an Illumina NovaSeq 6000 (Illumina, San Diego, USA) and converted into sequenced reads using base-calling analysis. The unique barcodes were read on Flash software for each sample and merged with acquired splicing sequences as raw tags. All assembled HiSeq sequences were deposited in the NCBI Sequence Read Archive (SRA) under the accession number PRJNA907168.



2.10. Sequencing data analysis

The UCHIME (version 4.2) software was used to identify and remove chimeric sequences to obtain effective tags; all high-quality tags (threshold value at 97%) were clustered into operational taxonomic units (OTUs). Based on the UNITE taxonomy database, representative sequences of OTU were annotated and compared with the microbial reference database. The R language tool was used to generate the community structure map at different classification levels. Species abundance tables were generated using the QIIME software. Linear discriminant analysis (LDA) effect size (LEfSe) analysis was performed to reveal the bacterial biomarkers with statistically significant differences among groups. Moreover, PICRUST software was used to predict functional gene composition by comparing species composition information based on 16S sequencing data. The KEGG pathway and function abundances were calculated by OTU abundance according to the KEGG database. The differences in metabolic pathways of functional genes of microbial communities among the four groups were observed by the KEGG metabolic pathway analysis. BugBase was used to predict organism-level microbiome phenotypes (Ward et al., 2017). In addition, Spearman's correlation analysis between cecal microbiota and laying performance, egg quality, serum biochemical and antioxidant indicators, and yolk fatty acid composition was performed in R software (v 3.2.1).



2.11. Statistical analysis

All data except microbiota data were analyzed using IBM SPSS 22.0 software (SPSS Inc., USA). Data are presented as means ± SEM. One-way ANOVA and the Tukey test were performed to analyze differences among different treatment groups. The linear and best-fit quadratic models for dietary PE supplementation dose were determined by regressions of estimation curves. Based on 16S rRNA sequencing data, Kruskal–Wallis analysis was used to compare the differences among treatment groups after non-parametric tests. Differences were considered significant if P < 0.05, and 0.05 ≤ P < 0.10 was considered a trend.




3. Results


3.1. Principal composition analysis of metabolites in the peppermint extract

The principal compositions of PE metabolites are abundant and complex, including flavonoids, phenolic acids, terpenoids, alkaloids, and tannins. Based on the peak area score, the top 10 substances in each category are listed in Table 1. Flavonoids in PE mainly include chrysosplenetin, 6-C-methylquercetin-3-O-rutinoside, kaempferide, and luteolin-7-O-rutinoside. Phenolic acids in PE include ethyl caffeate, mudanoside A, and 3,4-dimethoxycinnamic acid. Terpenoids in PE contain corosolic acid, jasminoside C, and sugiol. Alkaloids in PE contain yibeinoside A, perlolyrine, and alanine betaine. Lignans and coumarins in PE mainly include 3-hydroxycoumarin, esculetin, and coumarin. Other metabolites also contain tannins (3,3′,4-O-trimethylellagic acid and corilagin), organic acids (2-isopropylmalic acid and L-citramalic acid), lipids (γ-linolenic acid and lysoPC 18:0), amino acids and derivatives [N(6), N(6)-dimethyl-L-lysine, and (3-hydroxypropanoyl)-L-leucine], and nucleotides and derivatives [N-(1-deoxy-1-fructosyl)-leucine and crotonoside].


TABLE 1 Identification of metabolites in peppermint extract.
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3.2. Peppermint extract increases laying performance in late-phase laying hens

The effects of PE on laying performance in late-phase laying hens are presented in Table 2. Dietary PE supplementation increased the laying rate (P < 0.05) compared with the CON group. Moreover, dietary PE supplementation had significant linear and quadratic effects on the laying rate (P = 0.004, linear model: Y = 62.621 + 52.67X; P = 0.005, quadratic model: Y = 58.67 + 163.32X−265.53X2, estimated optimal dose required was 0.31% PE) and feed/egg ratio (P = 0.018, linear model: Y = 3.42–2.72X; P = 0.024, quadratic model: Y = 3.64–8.43X + 13.90X2, estimated optimal dose required was 0.30% PE). There was no difference in ADFI or average egg weight among dietary groups.


TABLE 2 Effects of dietary supplementation with peppermint extract (PE) supplementation on the laying performance of late-laying hens.
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3.3. Peppermint extract improves egg quality in late-phase laying hens

The egg quality results of laying hens are listed in Table 3. The supplementation of MPE and HPE increased the shell thickness (P < 0.05) compared with the CON and LPE groups. Dietary PE supplementation reduced (P < 0.05) the yolk color compared with the CON group. Regression analysis showed that the yolk color intensity decreased quadratically (P = 0.046) and significantly fitted a quadratic model: Y = 10.44–13.70X+22.22X2, indicating that 0.31% PE resulted in the lowest yolk color. Albumen height, Haugh unit, shell strength, and shape index showed no significant difference among dietary groups.


TABLE 3 Effects of dietary supplementation with peppermint extract (PE) on the egg quality of late-laying hens.
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3.4. Peppermint extract alters serum biochemical parameters in late-phase laying hens

To evaluate the effects of dietary PE on serum biochemical parameters, blood samples collected on day 29 of the trial were analyzed using an automatic biochemical analyzer (Table 4). Compared with the CON groups, the serum TP level was increased (P < 0.05) in the MPE and HPE groups, while TG and IgG levels were increased (P < 0.05) in the PE-supplemented groups. In addition, dietary PE-supplemented groups displayed a trend for an increased (P = 0.081) serum CHOL level. Regression analysis showed that the serum UA level significantly increased (P = 0.034) and fitted a quadratic model: Y = 3.17 + 30.78X−60.75X2, indicating that 0.25% PE was the optimal level of supplementation. There were no effects on serum ALP, AST, Glu, HDL-C, IgM, LDL-C, or UN levels among dietary groups.


TABLE 4 Effects of dietary supplementation with peppermint extract (PE) on the serum biochemical indicators of late-laying period hens.
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3.5. Peppermint extract improves serum antioxidant indices in late-phase laying hens

The effects of PE supplementation on serum antioxidant indices in late-phase laying hens are presented in Table 5. Dietary PE supplementation increased (P < 0.05) the serum T-AOC activity compared with the CON group. Compared with the CON and LPE groups, the serum SOD activity was increased (P < 0.05) in the MPE and HPE groups. Moreover, serum SOD activity was higher (P < 0.05) in the HPE group compared with the MPE group. Regression analysis showed that dietary PE treatment had significant linear and quadratic effects on the serum activities of T-AOC (P = 0.005, linear model: Y = 1.15 + 2.16X; P = 0.003, quadratic model: Y = 0.85 + 6.99X−11.25X2, estimated optimal dose required was 0.31% PE) and SOD (P = 0.001, linear model: Y = −1.44 + 65.38X; P = 0.001, quadratic model: Y = 1.84 + 11.95X + 124.45X2). There was no difference in the serum GSH-PX activity or MDA level among dietary groups.


TABLE 5 Effects of dietary supplementation with peppermint extract (PE) on the serum antioxidant indices of late-laying period hens.
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3.6. Peppermint extract increases the fatty acid content of egg yolk in late-phase laying hens

The fatty acid composition results of egg yolk are listed in Table 6. The contents of C14:0, C18:3n3, C18:3n6, C23:0, and C24:0 in the PE-supplemented groups (LPE, MPE, and HPE), C24:1n9 in the MPE group, and C16:1 in the HPE group were increased (P < 0.05), whereas the content of C20:3 in the HPE group was decreased (P < 0.05) compared with the CON group. Dietary MPE and HPE supplementation increased (P < 0.05) the SFA content in the yolk compared with the CON and LPE groups. The C15:0 content in the egg yolk was higher (P < 0.05) in the HPE group compared with the CON and LPE groups. Dietary PE supplementation had trends toward increasing the contents of C16:0 (P = 0.094), C17:0 (P = 0.053), C18:0 (P = 0.089), and C20:3n3 (P = 0.090) in the egg yolk.


TABLE 6 Effects of dietary supplementation with peppermint extract (PE) on the fatty acid composition of eggs in late-laying period hens.
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Regression analysis showed that dietary PE had significant effects on the contents of C14:0 (P = 0.010, linear model: Y = 1.44 + 1.02X; P = 0.012, quadratic model: Y = 1.33 + 2.79X−4.15X2, estimated optimal dose required was 0.34% PE), C15:0 (P = 0.001, linear model: Y = 0.08 + 0.44X; P = 0.003, quadratic model: Y = 3.09 + 0.3X + 0.33X2), C17:1 (P = 0.007, linear model: Y = 0.06 + 0.41X; P = 0.026, quadratic model: Y = 0.08 + 0.15X + 0.62X2), C20:2 (P = 0.020, linear model: Y = 0.43 + 0.93X; P = 0.030, quadratic model: Y = 0.32 + 2.57X-3.83X2, estimated optimal dose required was 0.33% PE), C22:5n-6 (P = 0.011, linear model: Y = 0.56 + 1.66X; P = 0.039, quadratic model: Y = 0.50 + 2.57X−2.13X2, estimated optimal dose required was 0.36% PE), C24:1n9 (P = 0.020, linear model: Y = 9.31 + 4.91X; P = 0.016, quadratic model: Y = 8.61 + 15.92X−25.75X2, estimated optimal dose required was 0.31% PE), and SFA (P = 0.010, linear model: Y = 161.10 + 91.31X; P = 0.021, quadratic model: Y = 155.41 + 221.83X−314.79X2, estimated optimal dose required was 0.35% PE). Moreover, dietary PE supplementation had significant linear effects on the contents of C17:0 (P = 0.039, linear model: Y = 0.39 + 0.55X) and C20:3n3 (P = 0.025, linear model: Y = 0.62 + 1.39X), while having significant quadratic effects on the contents of C18:3n3 (P = 0.034, quadratic model: Y = 0.15 + 1.49X−2.61X2, estimated optimal dose required was 0.28% PE) in the egg yolk. Other fatty acid contents of egg yolk showed no significant difference among dietary groups.



3.7. Peppermint extract regulates the composition and function prediction of the cecal microbiota

To assess the cecal microbiota composition in response to PE supplementation, the cecal contents of laying hens were collected for metagenomic sequencing. We evaluated the differences in the alpha-diversity indices among the different treatment groups (Figure 1A). Dietary MPE supplementation decreased (P < 0.05) the OTU number, Chao1, and ACE indices, while HPE supplementation increased (P < 0.05) the OTU number, Chao1, and ACE indices in the cecal contents of laying hens compared with the CON group. Moreover, the OTU number, Shannon, Simpson, Chao1, and ACE indices were higher (P < 0.05) in the HPE group than in the MPE group, while the Shannon index was lower (P < 0.05) in the LPE group than in the HPE group.


[image: Figure 1]
FIGURE 1
 Overall structure and composition of the cecal microbiota after dietary supplementation with peppermint extract (PE). (A) The microbial alpha-diversity indices (including OTU number, Shannon, Chao 1, and Simpson indices) of the cecal microbiota. (B) Unweighted UniFrac principal coordinate analysis (PCoA) estimates for the cecal microbiota. (C) Non-metric multidimensional scaling (NMDS) estimates for cecal microbiota. (D) The relative abundance of cecal bacteria at phylum (left) and genus (right) levels, respectively. CON, control group, basal diet; LPE, the control diet + 0.1% PE; MPE, the control diet + 0.2% PE; HPE, the control diet + 0.4% PE. Data are expressed as means ± SEM (n = 8). Means within a row with different superscripts are significantly different (P < 0.05).


The results of principal coordinate analysis (PCoA, Figure 1B) and non-metric multidimensional scaling (NMDS, Figure 1C) showed that the cecal β-diversity of the CON group intersected and distinguished itself from other PE treatments. The microbiota community composition in cecal contents at the phylum and genus levels is shown in Figure 1D. At the phylum level, the relative abundance of Bacteroidetes accounted for at least 50%, followed by Firmicutes, Proteobacteria, and Desulfobacterota. Taxonomic differences in the microbial community at the phylum and genus levels are shown in Figure 2. Dietary PE supplementation decreased (P < 0.05) the relative abundance of Proteobacteria at the phylum level. At the genus level, dietary MPE supplementation decreased the relative abundance of unclassified_Bacteroidales and increased Megamonas compared with the CON group (P < 0.05). Dietary LPE supplementation increased the relative abundances of Megamonas and unclassified_F082 (P < 0.05), while dietary HPE supplementation decreased unclassified_Bacteroidales and increased unclassified_Clostridia_vadinBB60_group, when compared with the CON group (P < 0.05). Additionally, the relative abundance of Prevotellaceae_UCG_001 was higher (P < 0.05) in the HPE group compared with the other four groups.


[image: Figure 2]
FIGURE 2
 Significantly different cecal microbiota at phylum and genus levels after dietary supplementation with peppermint extract (PE). CON, control group, basal diet; LPE, the control diet + 0.1% PE; MPE, the control diet + 0.2% PE; HPE, the control diet + 0.4% PE. Data are expressed as means ± SEM (n = 8). Means within a row with different superscripts are significantly different (P < 0.05).


As shown in Figure 3A, LEfSe analysis showed that 39 biomarkers were significantly different among the four treatment groups, including 12, 8, 3, and 16 biomarkers in the CON, LPE, MPE, and HPE groups, respectively. BugBase analysis was used to estimate the metabolic phenotype prediction (Figure 3B). The relative abundances of gram-negative and potentially pathogenic bacteria were downregulated, while gram-positive bacteria were upregulated in the HPE group compared with the LPE group (P < 0.05).


[image: Figure 3]
FIGURE 3
 LEfSe analysis and bacterial phenotype prediction results of the cecal microbiota composition after dietary supplementation with peppermint extract (PE). (A) Gut microbiota differences based on LDA score (log > 3); (B) The metabolic phenotype prediction (gram-negative, gram-positive, and potential pathogenic bacteria) were compared using BugBase analysis. CON, control group, basal diet; LPE, the control diet + 0.1% PE; MPE, the control diet + 0.2% PE; HPE, the control diet + 0.4% PE. Data are expressed as means ± SEM (n = 8). Means within a row with different superscripts are significantly different (P < 0.05).


Significant differences in the KEGG pathways at level 3 based on PICRUSt gene prediction information between the two groups are shown in Figure 4. Microbial gene functions related to metabolic pathways, including phosphonate and phosphinate metabolism and metabolic pathways, were upregulated, while fatty acid degradation and flagellar assembly were downregulated in the LPE group (P < 0.05; Figure 4A) compared with the CON group. Metabolic pathways, fructose and mannose metabolism, amino sugar and nucleotide sugar metabolism, and sphingolipid metabolism were upregulated (P < 0.05), while fatty acid degradation and fatty acid metabolism were downregulating (P < 0.05) in the MPE group compared with the CON group (Figure 4B). Dietary HPE supplementation upregulated (P < 0.05) several metabolic pathways, including homologous recombination and thiamine metabolism, while downregulated (P < 0.05) glutathione metabolism, fatty acid degradation, the PPAR signaling pathway, and benzoate degradation compared to the CON group (Figure 4C).


[image: Figure 4]
FIGURE 4
 Differences in the metabolic functions of the cecal microbiota after dietary supplementation with peppermint extract (PE). (A) T-test bar plot of significantly different metabolic pathways between CON and LPE groups; (B) T-test bar plot of significantly different metabolic pathways between CON and MPE groups; (C) T-test bar plot of significantly different metabolic pathways between CON and HPE groups. CON, control group, basal diet; LPE, the control diet + 0.1% PE; MPE, the control diet + 0.2% PE; HPE, the control diet + 0.4% PE. Data are expressed as means ± SEM (n = 8).


The results of Spearman's correlation analysis between the major genera and laying performance, egg quality, serum biochemical and antioxidant indicators, and yolk fatty acid composition were presented with a heatmap (Figure 5). Megamonas had significant positive relations with serum IgG level (P < 0.05) and was negatively correlated with ADFI, Haugh unit, and serum MDA level (P < 0.05). Fournierella showed significant negative correlations with serum MDA levels and shell thickness (P < 0.05). Bacteroides had significant positive correlations with serum T-AOC activity, shape index, serum TP, TG, and CHOL levels (P < 0.05) and were negatively correlated with yolk color (P < 0.05). [Ruminococcus]_torques_group had significant positive relations with average egg weight, serum HDL-C level, GSH-Px activity, and shell strength (P < 0.05), and was negatively correlated with Haugh unit and a ratio of Σn-6/Σn-3 (P < 0.05). Desulfovibrio showed significant negative correlations with ADFI and albumen height (P < 0.05), and Synergistes had significant positive relations with ADFI, Haugh unit, and serum MDA level (P < 0.05). Sutterella and Prevotellaceae_Ga6A1_group were positively correlated with serum GLU levels (P < 0.05). unclassified_Ruminococcaceae was negatively correlated with serum ALP activity (P < 0.05).
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FIGURE 5
 Heatmap of Spearman's correlations analysis. Spearman's correlation coefficients between the major genera and laying performance, egg quality, serum biochemical and antioxidant indicators, and yolk fatty acid composition. *P < 0.05, **P < 0.01.





4. Discussion

In recent years, poultry producers have sought solutions to enhance gut health, improve egg production performance, and extend the laying period of late-phase laying hens. The beneficial effects of medicinal plants as feed additives during the late-phase laying period of hens have been reported earlier (An et al., 2019; Peng et al., 2022). The addition of plant extracts, as feed additives in poultry diets, effectively improves poultry health and performance during the late-laying period. Therefore, the present study was conducted to evaluate the beneficial effects of PE supplementation on late-phase laying hens. Our findings indicated that dietary PE supplementation increased the laying performance and egg quality of late-phase laying hens by improving the antioxidant capacity and altering the cecal microflora composition.

Peppermint, as a traditional herb, has been found to have beneficial effects on laying performance. Abdel-Wareth and Lohakare (2014) reported that diets supplemented with peppermint leaves could improve the feed conversion ratio and egg production of laying hens during the late-laying period. It has also been found that 296 mg/kg of peppermint oil positively affected feed intake, egg production, and the conversion ratio of laying hens (Abdel-Wareth and Lohakare, 2020), whereas, in the present study, we found that dietary PE supplementation could improve egg production but did not affect the feed efficiency of laying hens during the late-phase laying period. Rahman et al. (2021) also revealed that an ethanolic extract of peppermint had no detectable differences in the feed conversion ratio of laying hens. Our findings indicated that dietary PE supplementation of 0.30 and 0.37% was required for optimal laying performance in late-phase laying hens. The active components of peppermint, such as menthol, menthone, and linalool, are considered the key components for exerting beneficial effects, including enhancing nutrient utilization, antioxidant capacity, and intestinal health. However, these inconsistencies in the results might be correlated with the feeding cycle, active ingredients, and supplementing dose.

Egg quality, as an important evaluation indicator for both producers and consumers, is closely associated with economic profitability in the egg-food industry (Lordelo et al., 2017). Eggshell thickness is an important indicator of egg quality, and high eggshell thickness contributes to protecting the contents of the egg from mechanical impact and microbacterial invasion (Nys et al., 2004). In the present study, dietary supplementation of 0.2 and 0.4% PE in late-phase laying hens increased eggshell thickness, indicating that dietary PE can enhance the stability and safety of eggs. In accordance with our results, dried peppermint leaves or peppermint oil treatment could significantly increase the eggshell thickness of laying hens (Akbari et al., 2016; Ding et al., 2017). Herbal essential oils have been found to improve eggshell quality by enhancing uterine health and promoting calcium deposition in laying hens (Nadia et al., 2008; Wang H. et al., 2019). Moreover, our findings also showed that dietary PE supplementation decreased egg yolk color. Yolk color is one of the important indices for evaluating egg quality because it determines carotenoid deposition in the egg yolk. Once dietary calcium or vitamin A levels are too high, egg yolk pigmentation will be severely limited (Chen and Bailey, 1988). However, Cetingul et al. (2012) reported that dietary peppermint supplementation had positive impacts on yolk color in laying quails. Therefore, the double-edged effects of PE on egg yolk color pigmentation need further investigation.

Serum biochemical parameters reflect the health and metabolic status of birds. Several studies demonstrated that peppermint oil supplementation could linearly increase the TP level and decrease the CHOL level in the serum of laying hens (Bozkurt et al., 2012; Abdel-Wareth and Lohakare, 2020). In addition, Abdel-Wareth and Lohakare (2014) also demonstrated that the serum TP level increased significantly and the CHOL level decreased in laying hens fed a diet containing 2% peppermint leaf powder. Consistent with our findings, dietary PE supplementation resulted in an increase in the serum TP level in late-phase laying hens. High levels of serum TP reflect that the deposition of body protein is at a high level, whereas, in the present study, the serum TG and CHOL levels increased with the PE treatment. We hypothesize that the effect of dietary PE on the regulation of lipid metabolism is a complex network process due to its various active components. IgG, one of the main types of immunoglobulins, plays a vital role in immune regulation in poultry (Kim and Lillehoj, 2019). Dietary PE supplementation effectively increased the serum IgG level, indicating that dietary PE could enhance the immunity of hens during the late-phase laying period. In contrast, Rahman et al. (2021) reported that 200 mg/kg PE supplementation caused a decrease in serum IgG levels in laying hens. The conflicting effects on serum biochemical markers of peppermint supplementation among several studies were possibly due to the chemical composition and concentration of active ingredients; however, further in-depth studies are necessary to reveal the exact mechanism.

The decline in laying performance and egg quality during the late-phase laying period is mainly associated with the accumulation of oxidative stress in long-term laying production (Liu et al., 2018). Numerous studies have demonstrated that high levels of reactive oxygen species accumulated in the ovaries of aged chickens resulted in oxidative stress, sinus follicular atresia, and granulosa cell apoptosis, which in turn, decreased reproductive capacity (Agarwal et al., 2012; Rizzo et al., 2012). Therefore, enhancing the antioxidant capacity of hens during the late-phase laying period is an important measure to improve the laying performance of laying hens. In recent years, various natural herb extracts such as tea polyphenols (Zhou et al., 2021), Scutellaria extracts (Varmuzova et al., 2015), and hesperidin (Khedr, 2015) have been applied to reduce ovarian oxidative stress and improve reproductive performance in laying hens. Dorman et al. (2009) found that phenols and flavonoids, as the main active components of PE, could effectively scavenge free radicals and protect tissues from oxidative stress damage. In the present study, the serum activities of T-AOC and SOD were increased in late-phase laying hens supplemented with PE. T-AOC is the total antioxidant level of various antioxidant substances and antioxidant enzymes. SOD is one of the most representative enzymes in the antioxidant system, which can eliminate superoxide anion free radicals (O−2) to protect cells from damage. Collectively, dietary PE can improve the serum activity of antioxidant enzymes to effectively ameliorate oxidative stress. The amelioration of oxidative stress by PE may contribute to improving ovarian function and increasing the laying performance and egg quality of hens during the late-phase laying period.

The fatty acid composition of egg yolks is also an important part of assessing egg quality and nutritional value. The changes in lipid metabolism in laying hens can directly affect yolk lipid composition, and nutritional regulation is one of the main pathways to changing the fatty acid contents. Previous studies have confirmed that the dietary addition of plant extract could change fatty acid composition in laying hens (Kaya et al., 2013; Duan et al., 2022). In the present study, dietary PE supplementation increased SFA and PUFA contents in the egg yolk, suggesting that PE could regulate egg fat deposition. As a complete food source for human nutrition, the fatty acid composition of eggs is closely related to human health (Miranda et al., 2015). Studies have found that dietary SFA may increase the plasma LDL-C level and contribute to cardiovascular disease development (Griel and Kris-Etherton, 2006). Intake of dietary PUFA could decrease blood CHOL and LDL-C levels and thus reduce the incidence of cardiovascular disease (Masquio et al., 2015). However, some SFAs have potential physiological effects and are indispensable for maintaining normal physiological functions in the body. Especially, C18:0 can reduce the absorption of intestinal cholesterol and reduce the occurrence of cardiovascular diseases, which is similar to n-3 PUFA (Moyano et al., 2013). Our findings indicated that PE supplementation increased the contents of C18:0, C18:3n3, and C18:3n6 in the egg yolk. C18:3n3, as an important essential fatty acid and a precursor to the synthesis of n-3 PUFA, can promote brain and retina development (Calder, 2015). C18:3n6 can be converted to C20:4n6 by metabolic pathways and contributes to improving vision and memory, lowering plasma cholesterol, and regulating nerves (Masquio et al., 2015). Moreover, we also found that dietary PE supplementation had no impact on the n-6/n-3 ratio in the egg. In agreement with our findings, Karadaolu et al. (2018) also reported that n-6/n-3 ratios were not affected in laying hens when supplemented with peppermint oil in the drinking water. Taken together, dietary PE supplementation in late-phase laying hens' diets could improve the fatty acid composition of eggs, which was consistent with the increased serum TG and CHOL levels. Therefore, our findings suggest that the fatty acid content in egg yolk was optimized at 0.21 to 0.36% of PE. To our knowledge, the research on the effects of PE on the fatty acid composition of egg yolk is limited, and further studies are needed to support more detailed information on this topic.

The gut microbiota, a complex microbial ecosystem, is closely linked to immunity and nutrient absorption (Zhao et al., 2019). Structural changes in the intestinal microbiota have been described as important biomarkers to assess the influence of a specific dietary component (Hughes et al., 2019). In the present study, dietary PE supplementation altered the intestinal microbiota in laying hens during the late-phase laying period, including a decrease in the abundance of Proteobacteria. Proteobacteria are characterized by adherent and invasive properties, leading to pro-inflammatory responses and even the development of inflammatory bowel diseases (Mukhopadhya et al., 2012). An increased abundance of Proteobacteria has been used as a potential diagnostic marker to assess the occurrence of prevalence (Shin et al., 2015). Thus, dietary PE may reduce the occurrence of diseases in laying hens during the late-phase period by inhibiting intestinal pathogens. In addition, dietary 0.2% PE supplementation decreased the cecal microbial richness (Chao1 and ACE indices) and the relative abundance of Unclassified_Bacteroidales, whereas it increased the relative abundance of Megamonas. The 0.4% PE diet increased the cecal microbial richness and the relative abundances of Unclassi-fied_Clostridia_vadinBB60_group and Prevotellaceae_UCG_001, whereas it decreased the relative abundance of Unclassified_Bacteroidales. A recent study reported a significant positive correlation between Unclassified_Bacteroidales abundance and pro-inflammatory cytokines levels (Sun et al., 2022). Megamonas, belonging to the phylum Firmicutes, could ferment various carbohydrates to produce acetic, propionic, and lactic acids, which were negatively associated with the incidence of enteritis (Yachida et al., 2019). Prevotellace-ae_UCG_001 is often considered a bacterium associated with a healthy plant-based diet, acting as a probiotic in the human body (Ley, 2016). Changes in the abundance of immune-associated flora (Proteobacteria and Unclassified_Bacteroidales) in the cecum may be the key to improving serum IgG levels. Collectively, the intervention of dietary PE might play a critical role in improving intestinal health by altering the cecal microbiota of laying hens during the late-phase laying period.

Based on the prediction of microbial functions, the present study first revealed the microbial phenotypes in late-phase laying hens treated with different PE levels. The 0.4% PE diet reduces the proliferation of gram-negative and potentially pathogenic bacteria but improves the proliferation of gram-positive bacteria. These findings are consistent with changes in the structure of the cecal microflora caused by dietary PE supplementation in the present study. In addition, the analysis of metabolic function showed that dietary PE supplementation decreased fatty acid metabolism, fatty acid degradation, and PPAR signaling pathways, which is partly explained by the fact that dietary PE can promote fatty acid deposition in the egg yolk of laying hens during the late-phase laying period. However, the specific pathway regulation by PE diets of fatty acid metabolism in late-phase laying hens needs further verification.



5. Conclusion

In summary, this study provides compelling evidence that PE is effective in improving egg production and quality in late-phase laying hens through increasing antioxidant capacity, regulating metabolism level, and altering cecal microbial communities, which are associated with the regulation of laying rate, eggshell thickness, serum IgG, antioxidant enzyme activities, the contents of C18:3n3 and C18:3n6 in the egg yolk, and microbial richness, metabolic phenotypes, and functions. These findings indicate that PE has the potential to be an egg production promoter for laying hens during the late-phase laying period. Based on the regression analysis, the optimal dosage of peppermint extract as a feed additive in late-phase laying hens was 0.28 to 0.36%. This study highlights the importance of PE supplementation during the late-phase laying period.
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Thousands of microorganisms reside in the human gut, and extensive research has demonstrated the crucial role of the gut microbiota in overall health and maintaining homeostasis. The disruption of microbial populations, known as dysbiosis, can impair the host’s metabolism and contribute to the development of various diseases, including cardiovascular disease (CVD). Furthermore, a growing body of evidence indicates that metabolites produced by the gut microbiota play a significant role in the pathogenesis of cardiovascular disease. These bioactive metabolites, such as short-chain fatty acids (SCFAs), trimethylamine (TMA), trimethylamine N-oxide (TMAO), bile acids (BAs), and lipopolysaccharides (LPS), are implicated in conditions such as hypertension and atherosclerosis. These metabolites impact cardiovascular function through various pathways, such as altering the composition of the gut microbiota and activating specific signaling pathways. Targeting the gut microbiota and their metabolic pathways represents a promising approach for the prevention and treatment of cardiovascular diseases. Intervention strategies, such as probiotic drug delivery and fecal transplantation, can selectively modify the composition of the gut microbiota and enhance its beneficial metabolic functions, ultimately leading to improved cardiovascular outcomes. These interventions hold the potential to reshape the gut microbial community and restore its balance, thereby promoting cardiovascular health. Harnessing the potential of these microbial metabolites through targeted interventions offers a novel avenue for tackling cardiovascular health issues. This manuscript provides an in-depth review of the recent advances in gut microbiota research and its impact on cardiovascular health and offers a promising avenue for tackling cardiovascular health issues through gut microbiome-targeted therapies.

KEYWORDS
 cardiovascular disease, gut microbiota, metabolites, host immune, hypertensive


1. Introduction

Cardiovascular disease has emerged as a leading cause of morbidity and mortality worldwide (Writing Group Members, 2016). The World Health Organization (WHO) recognizes CVD, encompassing conditions like hypertension, atherosclerosis, heart failure, coronary heart disease, and cerebrovascular disease, as a major public health concern. In 2017 alone, CVDs claimed the lives of approximately 17.8 million individuals, accounting for 31% of the global mortality rate (WHO CVD Risk Chart Working Group, 2019). This staggering figure surpasses that of any other cause of death, reflecting the urgent need to address and mitigate the impact of CVDs.

The gut microbiome performs a crucial function in maintaining the health and stability of the human body and exhibits a symbiotic relationship with its host. The gut microbiota consists of trillions of microorganisms that have complex interactions with the host (Krautkramer et al., 2017), besides major consists of the phylum Firmicutes, Bacteroidetes, and Actinobacteria (The Human Microbiome Project Consortium, 2012). Current research suggests that variations in the gut microbiome might be strongly associated with the evolution of cardiovascular disease (Karlsson et al., 2012). Gut microbiota of atherosclerosis patients were found to be elevated in abundance in Collinsella genus, Enterobacteriaceae, Streptococcaceae, and Klebsiella spp. compared to healthy individuals, whereas SCFA-producing bacteria Eubacterium, Roseburia, and Ruminococcaceae spp. decreased in abundance (Jie et al., 2017). Researches have found that shifts in the composition of the gut microbiota, as well as its metabolites, could exacerbate the progression of cardiovascular disease (Vinje et al., 2014). Recent studies relating to patients with coronary artery disease have highlighted marked increases in populations of some bacteria in the gut, while the number of beneficial bacteria like Bacteroidetes and Lactobacillus are reduced (Verhaar et al., 2020). These alterations in gut flora may promote the progression of atherosclerosis by causing an increased inflammatory response.

In addition, gut flora-derived metabolites have been shown to be contributing factors to disease development. Some metabolites with potential roles in atherosclerosis and hypertension include short-chain fatty acids, trimethylamine, trimethylamine N-oxide, bile acids, and lipopolysaccharides (Seldin et al., 2016). These metabolites as an essential role in the progression of cardiovascular disease by influencing aspects of the host’s immune response, inflammatory response, and vascular functions. For instance, in a study involving wild-type NMRI mice infused with propionic acid-treated Ang II, propionate significantly attenuated cardiac hypertrophy, fibrosis, vascular dysfunction, hypertension, and systemic inflammation (Bartolomaeus et al., 2019). To elucidate the specific relationship between gut microbes and cardiovascular disease, the link between CVD pathogenesis and gut flora also needs to be investigated to provide further evidence that controlling gut disorders may be able to serve as a CVD preventive and therapeutic strategy. In this review, we describe the relevance of the gut microbiota and its derived metabolites to cardiovascular disease and their therapeutic potential for the treatment of CVD.



2. Metabolic pathways and products of the intestinal macrobiotic


2.1. Short chain fatty acids

Short-chain fatty acids (SCFAs) are a major group of metabolites produced by intestinal microorganisms. They are primarily generated in the colon from the fermentation of probiotic dietary fibers (Cummings et al., 1987), which are beneficial to bacterial activities. SCFAs can be classified into acetic acid, propionate, and butyrate, with acetic acid being the most abundant SCFA produced by intestinal microorganisms (Cummings et al., 1979), which are mostly created by bacteria including Bifidobacterium bifidum and Lactobacillus lactis (Parada Venegas et al., 2019). Acetic acid helps to regulate the acid–base balance of the gut and maintains the stability of the internal environment (Rosenstein et al., 1981). Propionate, another SCFA, provides health benefits such as lowering cholesterol, reducing fat storage, exhibiting anti-cancer properties and possessing anti-inflammatory effects as a result of colonic bacteria fermentation (Hosseini et al., 2011). Butyrate is mainly produced by anaerobic bacteria like Eubacterium rectal and Faecalibacterium and serves as an important energy source in the colon (Chen et al., 2020). Eubacterium rectal and Faecalibacterium make up about 10% of the healthy gut. It also has a significant effect in fighting inflammation (Hafidi et al., 2019). SCFAs as a pivotal key in maintaining the ecological balance of gut microbes, fine-tuning the host immune system, and managing metabolic diseases (Figure 1; Yang et al., 2018). Butyrate activates a series of G protein-coupled receptors (GPCRs) that affect key metabolic processes, and GPCR41 and GPCR43 are expressed in immune cells (Kimura et al., 2013). Furthermore, they are instrumental in maintaining intestinal health and preventing related diseases (Koh et al., 2016).
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FIGURE 1
 The molecular mechanisms linking the gut macrobiotic and host 262 health in healthy and pathological conditions. In healthy conditions, the intestinal 263 lumen is maintained in a constant anaerobic state by oxidation in the mitochondria. In 264 pathological conditions, the intestinal macrobiota is regulated and decreased levels of 265 butyrate lead to inflammation in T cells, resulting in impaired intestinal barrier 266 function, which in turn affects the metabolic processes of the host. Butyrate promotes 267 iNOS production and enhances the nitrate content by binding to peroxisome 268 value-added activated receptor γ (PPARγ). SCFAs, BAs and others act on GPCRs 269 receptors and regulate lipid metabolism.




2.2. Trimethylamine and trimethylamine N-oxide

Trimethylamine N-oxide (TMAO) is a metabolite derived from intestinal flora that has been extensively studied in humans and mice. It is primarily produced through the metabolism of dietary choline, phosphatidylcholine, and carnitine by intestinal flora, resulting in the generation of trimethylamine (TMA). TMA is then oxidized to TMAO by the enzyme Riboflavin-containing monooxygenase 3 (FMO3) in the liver (Naghipour et al., 2021).

Elevated levels of TMAO have been identified as a significant risk factor for the development of cardiovascular diseases such as atherosclerosis and thrombosis (Senthong et al., 2016; Roncal et al., 2019). Accelerated atherosclerotic plaque formation in mice has been demonstrated in a mouse model study of dietary supplementation with TMAO or its precursors (Zhao et al., 2018). By measuring TMAO levels in plasma from healthy individuals and patients with cardiovascular disease, it was found to be 4.04 μM in patients with cardiovascular disease, whereas plasma levels of TMAO were as low as 3.21 μM in healthy individuals (Gatarek and Kaluzna-Czaplinska, 2021). Furthermore, a high TMAO level is considered an indicator of an increased disease risk in the future (Canyelles et al., 2018). This association has been supported by numerous experimental and clinical data, which have also shown that TMAO can accelerate the progression of atherosclerosis in animal models (Wang et al., 2011; Tang et al., 2013). For example, C57BL/6 J, Apo−/− mice were fed regular chow versus the same chow supplemented with L-carnitine, respectively, from the time of weaning. In contrast, Apoe−/− mice had an approximately doubled atherosclerotic burden and elevated plasma levels of TMA and TMAO (Koeth et al., 2013). And another study showed by 16S rRNA sequencing that Apoe−/− mice fed a high choline diet had a 44.2% higher burden of atherosclerosis than mice with M. smithii (Ramezani et al., 2018). Several reviews in recent years have also emphasized the clinical relevance of the TMAO pathway in cardiovascular disease, highlighting its potential as a treatment target (Brown and Hazen, 2015). Several studies have demonstrated a clear association between intestinal flora and cardiovascular disease, providing valuable insights for further exploration of the potential of the TMAO pathway in the prevention and treatment of CVD (Tang and Hazen, 2014).



2.3. Bile acids

Bile acids are an important class of biologically active molecules that play a vital role in the human body. They include primary bile acids, secondary bile acids, cholic acid (CA), and chenodeoxycholic acid (CDCA; Ticho et al., 2019). Primary bile acids are synthesized in the liver through monochrome P450-mediated cholesterol oxidation (de Aguiar Vallim et al., 2013), Bile acids connect the liver, the intestinal microbiota, and the gut, with the microbiota converting primary bile acids into secondary bile acids (Hosseinkhani et al., 2021). These secondary bile acids promote the uptake of dietary fatty acids and activate cell surface signaling and upregulate nuclear hormone receptor levels. Recent studies have shown that the mammalian gut microbiota is involved in the regulation of bile acid synthesis and metabolism (Jones et al., 2008), and that BAs can be further modified by specific enzymes in the gut microbiota, such as bile salt hydrolase (BSH) and bile acid dehydratase. BSH cleaves the amide bonds of glycine and taurine that are partially bound to the nucleus of bile salts and steroid nuclei and releases bile acids (Long et al., 2017).

The interaction between bile acids and the gut microbiota has significant implications for the maintenance of intestinal health, regulation of cholesterol metabolism, and the function of the gut barrier. Recent studies have shown that the intestinal absorption of cholesterol can be inhibited and plasma cholesterol levels can be reduced by regulating bile acid metabolism (Westin et al., 2005; Xu and Yang, 2020). Research has shown that BAs in combination with its activating transcription factor, farnesoid X receptor (FXR), inhibit cholesterol transport and increase cholesterol excretion by macrophages in order to reduce cholesterol concentration in plasma, and can be used as a therapeutic target for dyslipidemia (Figure 2; Kawamata et al., 2003; Westin et al., 2005). Thus, understanding the complex links between the gut microbiota, bile acids, and cardiovascular health is crucial (Chen et al., 2016). These findings also open up new avenues for further research on the association between the gut microbiota and cardiovascular diseases (Xu and Yang, 2020).
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FIGURE 2
 Potential pathogenesis of dietary metabolites of intestinal flora 185 in CVD. SCFA, produced mainly from dietary fiber, causes a dramatic drop in blood 186 pressure by binding to two receptors, Olf78 and GPR41. TMA is oxidized in the liver 187 to become TMAO, TMAO has been shown to promote the development of 188 atherosclerosis and increase the risk of cardiovascular disease. Primary bile acids are 189 catalyzed by monochrome P450 in the liver to oxidize cholesterol to secondary bile 190 acids, resulting in intestinal disorders. LPS promotes the release of inflammatory 191 factors by activating the NF-κB, toll-like receptors (TLRs) and STAT-1 signaling 192 pathways, thereby inducing inflammation.




2.4. Lipopolysaccharide

Lipopolysaccharide is a specialized ingredient found in the outer membrane of Gram-negative bacteria (Maldonado et al., 2016). In vivo, LPS is able to activate various cell types, consisting of monocyte macrophages, endothelial cells, and epithelial cells, through cell signaling systems (Gabarin et al., 2021). Activated cells synthesize and release a variety of cytokines and inflammatory mediators, as well as activate signaling pathways such as NF-κB (Hailman et al., 1994), MAPK (Chang et al., 2019), toll-like receptors (TLRs) and STAT-1, which triggers the synthesis and release of cytokines and inflammatory mediators like interleukin-1 (IL-1), interleukin-6 (IL-6), tumor-necrosis factor-α (TNF-α; Wright et al., 1990; Mehta et al., 2012), and nitric oxide (NO). This causes an inflammatory response. LPS can affect intestinal permeability, disrupting the intestinal barrier and allowing other bacterial components and LPS to enter the circulation and trigger a systemic inflammatory response (Cani and Delzenne, 2010). At the same time, LPS also can directly interact with host cells via TLRs to regulate the inflammatory responses (Mehta et al., 2010; Larsson et al., 2012). LPS-induced inflammatory responses have been found to be tied to several metabolic disorders, including hyperinflation (high blood glucose; Gomes et al., 2017), obesity and fatty liver (Lepper et al., 2007; Amar et al., 2008). Several studies have found that certain fatty acids can bind to LPS, thereby attenuating the inflammatory response it induces and ameliorating the associated metabolic abnormalities (Hutchinson et al., 2020).




3. Gut macrobiotic and cardiovascular disease


3.1. Gut macrobiotic and hypertension

Hypertension constitutes among the most prevalent CVDs (Yang et al., 2023), which is caused by a wide range of environmental and genetic factors (Kato et al., 2011), which already constitutes one of the main sources with respect to morbidity and mortality in the developed world. According to the WHO statistics, there are about 1.28 billion adults aged 30–79 years worldwide that suffer from hypertension as a result (Ananda Selva das et al., 2022), much attention has been focused on understanding the pathogenesis and treatment of hypertensive disorders. Some evidence suggests a potential link between gut flora dysbiosis and blood pressure (BP; Li et al., 2017).

In several studies on animal have been illustrated the differences in the gut macrobiotic in animal models of hypertension (Mell et al., 2015), and it compared with the gut macrobiotic in controls (Marques et al., 2017). These studies have used various animal models, including rats with Dahlia sensitivity, rats with spontaneous hypertension, rats with oppressiveness-ii indexed hypertension, and mice treated with Deoxycorticosterone Acetate (DOCA) Salt (Verhaar et al., 2020). The differences in gut microbiota in these models were characterized by a threefold and twofold decrease in bacteria producing propionate and butyrate, respectively, and an increase in the abundance of lactate-producing bacteria (Yang et al., 2015). It will promote an increase in blood pressure. In addition, the abundance of proteobacteria and cyanobacteria increased by approximately 20% (Marques et al., 2017; Huart et al., 2019). Furthermore, the integrity of the intestinal barrier was also found to be affected in animal models of hypertension, as evidenced by increased leakiness, fibrosis, and increased inflammatory markers (Honour, 1982; Yang et al., 2015).

Likewise, similar changes were noted in the gut macrobiota of patients with hypertension. By using 16S ribosomal RNA sequencing, the abundance of lactic acid-producing bacteria was increased (Yang et al., 2015). In addition, it was found that Firmicutes accounted for 94.78% of the microbial composition in spontaneously hypertensive rats (SHR), whereas they accounted for only 78.56% in Wistar Kyoto rats (WKY), whereas the abundance of Bacteroidetes was approximately 14% higher than in SHR rats, resulting in an increase in the ratio of Firmicutes to Bacteroidetes (F/B; Yang et al., 2015). And increased F/B ratios are considered a marker of gut ecological dysbiosis (Mariat et al., 2009). Whereas the healthy control’s gut macrobiotic consisted mainly of a gut phenotype enriched with bacteria from the genus Antennae, which is in agreement with the results of the DOCA salt model of hypertension in mice (Santisteban et al., 2017).

Current research increasingly supports the idea that gut microbes regulate blood pressure. Fecal microbiota transplantation experiments have shown that when fecal samples from hypertensive patients and donors with dysbiosis were transferred to non-sensitive mice and rats, both of which had elevated blood pressure (Durgan, 2017). This suggests a reciprocal relationship between gut microbiota and hypertension, highlighting the importance of further investigation of gut microbes to better understand this association (Toral et al., 2019). Therefore, studying gut microbiota could provide valuable insights into the pathogenesis of hypertension and could help to develop related therapeutic strategies.



3.2. Gut macrobiotic and atherosclerosis

Like hypertension, atherosclerosis is a major manifestation of cardiovascular disease today. Atherosclerosis (AS) is recognized as a major contributor to coronary artery disease, chronic kidney disease, and peripheral artery disease. AS involves the proliferation and migration of smooth muscle cells, monocytes, and T-lymphocytes, and cholesterol accumulation, among other factors (Gui et al., 2012). Recent research has strongly implicated that the gut microbiota has been strongly implicated with the progression of atherosclerosis (Kasahara et al., 2017; Papandreou et al., 2020). One study found that in patients with coronary artery disease (CAD), the quantity of Lactobacillus puristic was increased while the amount of Bacteroidetes was significantly decreased compared to healthy controls. Besides Bacteroidetes and Firmicutes constitute over 49% of the healthy gut bacterial population (Qin et al., 2010). This suggests that the gut macrobiotic and its metabolites are engaged in the progression of atherosclerosis, and also that dysbiosis of gut flora is linked with systemic inflammation (Drosos et al., 2015).

Patients with atherosclerosis have higher levels of pro-inflammatory gut microbiota (Thursby and Juge, 2017), including Bacillus, Escherichia coli, Kielbasi, Bifidobacterium erogenous, Streptococcus, and Lactobacillus salivary (Arumugam et al., 2011), in contrast to the lower number of macrobiotic involved in the fermentation process, resulted in a reduction in the yield of SCFAs produced from fiber fermentation (Chen et al., 2020). Whereas SCFAs can have anti-inflammatory effects (Aguilar et al., 2014). They can also reduce atherosclerotic plaque formation through modulation and enhanced cholesterol excretion, but the reduced production of SCFAs promotes the progression of atherosclerosis (Bach Knudsen et al., 2018). Future studies should investigate how to intervene in the progression of atherosclerosis by modulating the complex balance of gut microbiota.



3.3. Gut macrobiotic and heart failure

Heart failure is a clinical diagnosis caused by dysfunction of the left ventricle, either systolic or diastolic (Takala, 1996). HF is not an independent disease, but rather a late stage in the development of cardiac disease and one of the most major sources of death from cardiovascular disease. Recent researches have reported that the gut microbiota of patients with HF is altered compared to that of healthy individuals (Pasini et al., 2016). Sequencing studies of HF cohorts consistently report lower diversity of the gut microbiota and reduced numbers of specific beneficial microbes in patients with HF (Kamo et al., 2017). According to the “leaky gut” theory, these alterations in gut microbiota may be related to inadequate perfusion to the viscera due to cardiac congestion or impaired ejection capacity in patients with HF, and ischemic edema in the intestine caused by ischemia, which might increase the permeability of the intestinal epithelium (Sandek et al., 2007), thus allowing intestinal macrobiotic and bacterial metabolites to gain access to the circulatory system through the compromised barrier. This can trigger both local and systemic inflammations, It even induces atherosclerosis.

Heart failure is linked to atherosclerosis. There is evidence that circulating levels of pro-inflammatory cytokines such as TNF, IL-1, and IL-6 are increased in patients with heart failure (Tang et al., 2019). Elevated concentrations of these inflammatory factors lead to increased intestinal permeability, higher abundance of pathogenic microorganisms such as Candida, Campylobacter, and Shigella, and a reduction in the abundance of the high-butyrate-producing Faecalibacterium prausnitzii (Kamo et al., 2017), which has been shown to contribute to atherosclerotic development by enriching the genes required for the intestinal metabolite, TMAO, in patients with heart failure (Kamo et al., 2017). Moreover, studies have shown that atherosclerosis usually precedes ischemic heart disease (Panizzi et al., 2010), and that atherosclerosis induces myocardial infarction, which leads to a drastic reduction in myocardial contractility, dilation of the left ventricle, and a significant reduction in the heart’s pumping capacity, which can easily lead to heart failure (Swirski and Nahrendorf, 2013). While current research suggests that gut microbiota may have an effect on HF (Conraads et al., 2004), further research is required to determine whether modulating the gut microbiota could relieve heart failure and enhance long-term prognosis (Mann et al., 2004). Later studies should explore potential strategies to treat HF by improving the gut microbiota, such as modulating the complexity and functionality of the intestinal flora through dietary modifications, the employment of probiotics or prebiotics (Hill et al., 2014), and other interventions.




4. Metabolic pathway products and cardiovascular disease


4.1. SCFAs regulate hypertension

It has already been demonstrated in recent years that regulation of the gut microbiota has an impact on hypertension. Specifically, Yang and others demonstrated a significant imbalance in the microbiota of spontaneously hypertensive rats (SHR) compared to non-sensitive Wistar-Kyoto rats, evidenced by a loss of microbiota species and variety (Yang et al., 2015). This dysbiosis may have a latent effect on the progression of cardiovascular disease through the production of compounds known as short-chain fatty acids. SCFAs interact with host cells through reactions with their receptors.

One manner in which SCFA affects host cells is through interactions with G protein-coupled receptors (GPCRs), particularly Gpr41 and Olfr78. Both receptors interact with SCFAs and are engaged with blood pressure regulation. By vasodilating resistive musculature in an endothelial-dependent manner, Gpr41 has demonstrated anti-hypertensive effects, which could potentially be mediated by Olfr78 (Natarajan et al., 2016). Gpr41 acts as the most potent ligand for propionate and synergizes with propionate to induce vasodilatation, thereby lowering blood pressure (Nutting et al., 1991; Pluznick et al., 2013). Besides mice lacking the Gpr41 gene have been shown to develop hypertension (Zhao et al., 2018). Furthermore, Olfr78 is expressed in renal afferent arterioles, which act as part of the juxtaglomerular apparatus (JGA) and mediate the secretion of renin, which has a key role in the regulation of blood pressure, and the activation of Olfr78 induces the secretion of renin and elevates blood pressure (Pluznick et al., 2013). The impact of propionic acid on epinephrine release was demonstrated through a study by Plunk with others demonstrating the chronic hypertensive effects of SCFA on a group of complex pathways which contribute to the adjustment of BP (Felizardo et al., 2019). In one study, mice maintained on a diet rich in Phyto polysaccharides showed a reproducible, rapid decrease in blood pressure with proportionate use of propionic acid, suggesting acute effects on blood pressure. In contrast, Olfr78−/− mice exhibited a hypertensive response to propionic acid, suggesting that there may be another receptor or receptors mediating this response (Pluznick et al., 2013).

Furthermore, in two models of hypertension, increased levels of lactate-producing bacteria were found in studies on Wisteria Kyoto rats and spontaneously hypertensive rats. Additionally plasma lactate levels were associated with elevated blood pressure in both models. Conversely, the number of bacteria producing butyrate and acetate decreased in both hypertension models. Propionate or acetic treatment protects the host against cardiac injury (Bartolomaeus et al., 2019). And another Gpr41 receptor-mediated SCFA (Kimura et al., 2011), propionate, is shown in wild-type mice to induce vasodilation and an acute hypertensive response.

Regularization of the intestinal macrobiotic may contribute to the emergence of hypertension, also SCFAs may regulate blood pressure through influencing the function of blood pressure-regulating receptors (de la Cuesta-Zuluaga et al., 2018). Therefore, some of the SCFAs might appear to be potentially usable on the therapy of hypertension.



4.2. TMA and TMAO affect atherosclerosis

Gut microbial metabolites also correlate with the pathogenesis of atherosclerosis. Atherosclerosis, the primary cause of the progression of coronary heart disease and peripheral vascular disease (Cho and Caudill, 2017). For the past few years, it has been shown that TMAO, a metabolizing substance of the intestinal flora, has a potential effect in the development of atherosclerosis (Koeth et al., 2014), Dietary phospholipases such as phosphatidylcholine or carnitine are metabolized by the enzyme complex of the intestinal microbiota to produce TMA (Zeisel and Warrier, 2017), and then TMA is further metabolized by the hepatic enzymes of the host through the portal circulation, and converted in the liver to TMAO (Figure 3; Wang et al., 2011). Patients with atherosclerosis have been found to have less microbial fermentation in their intestines than healthy individuals, but higher levels of LPS, which activates eutrophic bacteria and promotes the release of pro-inflammatory factors that exacerbate the inflammatory response (Bach Knudsen et al., 2018). Also there is evidence that the release of LPS into the bloodstream triggers an immune response. This immune response increases the production of TMA, and studies have found that higher levels of LPS are associated with higher levels of TMAO (Bach Knudsen et al., 2018). Thus high levels of TMA in plasma are also a risk factor for atherosclerosis (Mueller et al., 2015). Furthermore, studies have reported that increased levels of TMAO in the circulation are associated with an elevated risk of CAD-related outcomes (Li et al., 2017).
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FIGURE 3
 Involvement of TMAO in CVD pathogenesis. TMAO, a metabolite of the gut microbiota, promotes cardiovascular development. The gut microbiota metabolizes complexes containing trimethylamine groups to generate trimethylamine (TMA), which enters the liver via the portal circulation and is oxidized to TMAO by FMO3 and binds to the TMAO sensor, which promotes the release of inflammatory factors by affecting the signaling pathways, such as MAPK and NF-κB, and leads to inflammatory responses, which further induces endothelial dysfunction, resulting in atherosclerosis.


An animal experiment that sequenced the components of the gut macrobiotic in the 13S rRNA gene in the cecum of mice on a normal food diet and on a intervocalic diet found that oral carnitine ingestion causes atherosclerotic CVD through the microbiota metabolite TMAO (Koeth et al., 2013). In another study, oral choline was administered to several omnivores and vegans without a healthy history of previous illnesses after 2 months, TMAO levels were significantly elevated by blood tests (Zhu et al., 2017), revealing a link between dietary red meat intake and the pathogenesis of atherosclerosis (Figure 3). By studying a mouse model of obstructive sleep apnea, it was shown that suppression of TMA produced ameliorates intermittent hypoxia (IH), which leads to atherosclerosis of the pulmonary arteries (Xue et al., 2017). This indirect evidence suggests that targeting microbiota TMA-cleaving enzymes could serve as a potential treatment for atherosclerosis (From the American Association of Neurological Surgeons (AANS), 2018).

Currently, several researchers have identified potential molecular mechanisms of cardiovascular events related to atherosclerosis and thrombosis (Zhu et al., 2016). For instance, treatment with TMAO was found to lower the capacity of human umbilical vein endothelial cells (HUVECs) compared to the control group, suggesting that TMAO can induce vascular endothelial dysfunction through the activation of the NF-κB pathway (Ma et al., 2017). While atherosclerotic CVD is often correlated with endothelial cell dysfunction, suggesting that TMAO can induce endothelial dysfunction to lead to the development of atherosclerosis (Durpès et al., 2015). Further studies will help to reveal the specific mechanisms linking gut macrobiotic to atherosclerosis and offer new targets for atherosclerosis treatment.




5. Targeted therapy for gut macrobiotic


5.1. Dietary interventions

As an important regulator of gut microbiota composition, dietary habits are widely believed to have an impact on the composition and function of the gut macrobiota, thereby regulating human health by affecting the digestive and absorptive properties of various nutrients (Xu et al., 2020; Jin et al., 2021). Several studies today have shown that dietary interventions can alleviate and treat a variety of chronic diseases (Org et al., 2017). For example, De Filippis and others have evidenced the cardiovascular health benefits of a diet high in fiber and rich in vegetables and fruits, legumes, and unsaturated fatty acids (Kopp, 2019), A fiber-rich diet promotes the production of acetate macrobiotic, which reduces cardiac hypertrophy and the incidence of CVD. Moreover, other researches have proposed that a Mediterranean diet results in lower TMAO levels and promotes the growth of certain bacteria belonging to the Firmicutes and the Bacteroidetes (Papadaki et al., 2017), inducing high production of SCFA. On the other hand, diets enriched in phosphatidylcholine and carnitine are tied to elevated levels of TMAO, and lower levels of TMAO are beneficial for the prevention of CVD (Rizzo et al., 2011).

It is known that different gut macrobiotic compositions are linked with different types of cardiovascular disease; therefore, modulating the gut macrobiotic through dietary interventions as a promising therapeutic target in preventing and treating cardiovascular disease. In addition to being less costly than other pharmacological treatments (Grosso et al., 2014). Healthy dietary habits are known to protect against cardiovascular pathogenic factors involving lipid metabolism and inflammation, contributing to the preventive and therapeutic treatment of cardiovascular diseases (De Angelis et al., 2019). In conclusion, influencing the complexity and activity of the gut microbiota by changing dietary habits is a viable approach to preventing and treating cardiovascular disease. However, not all gut microbes are beneficial, as studies have shown that the gut microbial metabolite Levodopa (L-dopa) is capable of decreasing drug availability and causing side effects (Spanogiannopoulos et al., 2016), and accurately identifying “beneficial” and “harmful” microbes remains an important area of interest in the treatment of disease with gut microbes (Maini Rekdal et al., 2019).



5.2. Probiotics and prebiotics

Probiotics and prebiotics are also beneficial in the mitigation and treatment of cardiovascular disease. Probiotics are live strains of microorganisms which have been rigorously screened to provide health benefits to their hosts when consumed in the right amounts (Guarner and Schaafsma, 1998; Hill et al., 2014). In addition, prebiotics include oligonucleotide, oligofructose and so on, which act as fermentation substrates stabilizing a population of favorable bacterial flora (Nicolucci et al., 2017). Probiotics and prebiotics, used separately or in combination, have an effect on changes in gut microbiota composition (Gibson et al., 2004). They have been shown to enhance the activity of the beneficial intestinal flora, improve intestinal permeability and blood glucose levels, and alleviate glucose intolerance in patients with diabetes mellifluous.

Probiotics, on the other hand, are a general term for a type of microorganisms beneficial to human intestinal function with specific strains of beneficial bacteria (Gibson et al., 2017), which can establish the balance of the intestinal microbiome, inhibit inflammatory responses, compete for nutrients and specific adherence sites, interfere with pathogenic bacteria (Markowiak and Slizewska, 2017), influence immune regulation, inhibit colonization of pathogenic bacteria (Oelschlaeger, 2010), and maintain normal physiological functions of the intestinal tract, among other benefits.

Specifically, the genera of Bifidobacterium and Lactobacillus have been widely used, and Bifidobacterium has been considered an important probiotic that has an essential effect on maintaining intestinal homeostasis and improving host intestinal health. A study found that cross-feeding between Fecal coliform and Bifidobacterium adolescence enhanced butyrate formation (Rios-Covian et al., 2015) and reduced risk factors for cardiovascular disease. Gan and others showed that consuming Lactobacillus rhamnosus and Lactobacillus rhamnosus GR-1 helped minimize left ventricular hypertrophy, enhance left ventricular systolic and diastolic function after myocardial infarction (Chan et al., 2016). Several studies demonstrated that lactobacillus-treated mice exhibited tolerance to hyper-salt-induced hypertension by inhibiting TH17 cells (Wilck et al., 2017), Besides the consumption of Lactobacillus rhamnosus was connected with a decrease in cardiovascular risk factors. In addition, a meta-analysis of clinical trials discovered that pro-biotic treatment could powerfully lower total and low-density lipoprotein (LDL) cholesterol levels (Korcz et al., 2018) and improve blood pressure, as well as regulate inflammatory cytokines. Therefore, probiotics have the potential to benefit intestinal health and related disorders, serving as a potential treatment for CVD prevention and lowering the chances of myocardial infarction. Probiotics could potentially be used to prevent coronary artery disease and lower the incidence of CVD (Gan et al., 2014).



5.3. Fecal macrobiotic transplantation

Fecal macrobiotic transplantation (FMT) is a curative strategy that involves transplanting beneficial bacteria from a healthy individual’s body to a patient’s digestive tract, restoring a healthy gut microbiota, and suppressing intestinal pathogens (Gallo et al., 2016). On the basis of origin from which transplant-able fecal microbiota is derived, FMT could be classified as either genealogical FMT (using fecal material from a healthy donor) or as autologous FMT (using the patient’s own fecal material). To prepare fecal microbiota for transplantation, different methods such as crude filtering, filtering plus centrifugal (FPC), micro-filtering plus centrifugal (MPC) and clarification can be used. By doing so, FMT can act therapeutically by modulating the host’s gut microbiota (Khanna et al., 2017). One human studies conducted by Vrieze and others demonstrated that FMT transiently increased peripheral insulin sensitivity in patients with metabolic syndrome, which might be linked to elevated rates in the donor’s gut of pre-production bacteria (Vrieze et al., 2014). However, FMT may alter the levels of both harmful and beneficial bacteria in the intestine, potentially leading to adverse effects (Khanna and Pardi, 2016). Additionally, the long-term safety and effectiveness of FMT still require further studies to determine (Dailey et al., 2019). Overall, holds promise as a therapeutic strategy for improving a variety of diseases by modulating the intestinal microbiota. Nevertheless, further research is still necessary to address safety and efficacy concerns and to determine its role in clinical practice.



5.4. TMAO reduction therapy

Recent studies have identified many clinical links among the TMAO pathway and adverse CVD outcomes (Jin et al., 2021). Additionally, the deleterious influence of TMAO on the metabolic phenotype of the host brain suggests the need for strategies to suppress TMAO production and eliminate TMAO or its precursors (TMAs; Xu et al., 2020). One strategy that has gained widespread attention is the use of a structural analog of choline called 1,3 dimethylbutanol (DMB), which inhibits the microbiota’s production of TMA from various nutrients, including choline, glycerophosphorylcholine, phosphatidylcholine, and carnitine-related nutrients. By limiting plasma levels of TMAO in high-choline or carnitine diets, DMB has the potential to inhibit the progression of atherosclerosis (Wang et al., 2015). Furthermore, Fujii and others demonstrated that an oral charcoal adsorbent known as AST-120 could effectively eliminate uremic toxins and protect against the development of myocardial hypertrophy and fibrosis progression in models of chronic kidney disease and heart failure (Fujii et al., 2016). These studies suggest that the progression of cardiovascular disease can be limited by suppressing TMAO production and removing TMAO or its precursors, providing evidence for the evolution of future interventions targeting cardiac metabolic phenotype (Astudillo and Mayrovitz, 2021). Nevertheless, more research is required to determine the security and efficacy of such strategies in the clinical setting.




6. Conclusion

The gut microbiota forms a commensal association with the human body that is closely linked to human health and disease development. Recent studies have pointed a potential links among the gut microbiota and CVD (Witkowski et al., 2020). First, the gut microbiota could regulate metabolic processes in the human body through gut microbial metabolites as short-chain fatty acids, trimethylamine N-oxide, and bile acids, all of which have been associated with many CAD-related phenotype and can influence the course of cardiovascular disease (Wang and Zhao, 2018). SCFAs can reduce blood cholesterol and triacylglycerol levels and modulate the immune system, thereby reducing the occurrence of atherosclerosis and inflammatory responses (Ott et al., 2006). TMAO promotes the release of inflammatory factors by activating the NF-κB signaling pathway (Seldin et al., 2016), leading to endothelial dysfunction. In addition, the gut microbiota influences thrombosis, as well as vasoconstriction and diastole (Luedde et al., 2017), thus reducing the risk factors for CVD. Cardiovascular disease is strongly influenced by dietary risk factors, and studies have shown that eggs are a major source of dietary cholesterol and that consumption of up to one egg per day can reduce the incidence of CVD (Godos et al., 2021). And with studies finding that Mediterranean Diet (MedDiet) may have anti-inflammatory effects (Casas et al., 2018). MedDiet mainly includes long-chain omega-3 fatty acids from fish and nuts, polyphenols from wine and fruit, probiotics from yogurt products (Chiavaroli et al., 2018). By adding omega-3 s to the diet of hypercholesterolemic rats for 56 days, it was found that the acetylcholine-induced response was mitigated and vascular function was improved in the rats (Mendes Furtado et al., 2022). Research data illustrate that the MedDiet reduces the incidence of CVD by 28% (Chiavaroli et al., 2018). Therefore intervention strategies can be employed to adjust gut microbiota composition and function in CVD patients by dietary modification (David et al., 2014; Verhaar et al., 2020). Studies have shown that increased dietary fiber intake (Cronin et al., 2021), supplementation with prebiotics, probiotics (An et al., 2011; Yoo et al., 2013), and fecal microbiota transplantation (Brandt et al., 2012; Fuentes et al., 2014), which has the potential to improve the therapeutic effects of CVD (Smits et al., 2018), and can influence cardiac metabolism as well as improve inflammatory responses in order to reduce clinical symptoms and disease progression in CVD patients. In addition, researches are underway to develop new drugs targeting the gut microbiota and metabolites for the treatment of cardiovascular disease (Zhou et al., 2020). The gut flora may be able to serve as a new therapeutic target for cardiovascular disease in the future. But further research is required to fully understand the links between the gut microbiota and cardiovascular disease, as well as the underlying mechanisms, offering fresh ideas and approaches for the treatment of cardiovascular disease.
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Introduction: This study aimed to investigated the effects of 10-hydroxy-2-decenoic acid (10-HDA) on the growth performance, intestinal barrier, inflammatory response, oxidative stress, and gut microbiota of chickens challenged with lipopolysaccharide (LPS).

Methods: A total of 240 one-day-old chickens were randomly assigned to five treatment groups: (1) control group (basal diet + saline); (2) LPS group (basal diet + LPS); (3) Chlortetracycline (CTC) group (basal diet containing 75 mg/kg CTC + LPS); (4) 0.1% 10-HDA group (basal diet containing 1 g/kg 10-HDA + LPS); and (5) 0.5% 10-HDA group (basal diet containing 5 g/kg 10-HDA + LPS). All chickens were injected intraperitoneally with 0.5 mg/kg body weight of either LPS or saline at 17, 19, and 21 days of age.

Results: The results showed that dietary 10-HDA supplementation attenuated the loss in growth performance caused by the LPS challenge (p < 0.05). 10-HDA effectively alleviated LPS-induced intestinal mucosal injury, as evidenced by reduced bleeding, decreased serum diamine oxidase levels (p < 0.05), and increased villus/crypt ratios of the jejunum and ileum (p < 0.05). Dietary treatment with 0.1% 10-HDA reduced the concentrations of inflammatory cytokines (TNF-α, IL-1β, IL-6; p < 0.05), and increased immunoglobulin (IgA, IgG) and antioxidant enzyme levels (CAT, GSH-px, T-SOD) in the serum of LPS-challenged chickens (p < 0.05). These effects were similar to those observed in the CTC group. Moreover, 0.1% 10-HDA treatment reversed the LPS-induced variations in the mRNA expression of genes related to inflammation, antioxidant capacity, and intestinal tight junctions (p < 0.05). 16S rRNA analysis revealed that 10-HDA supplementation increased the relative abundance of Faecalibacterium and Clostridia_UCG-014 (p < 0.05). Additionally, it decreased the abundance of Clostridia_vadinBB60_group, Eubacterium_nodatum_group, and UC5-1-2E3 (p < 0.05). These changes were correlated with reduced inflammation and improved antioxidant capacity in the LPS-challenged chickens.

Conclusion: Collectively, dietary 10-HDA supplementation alleviated LPS-induced intestinal mucosal injury and the loss of growth performance through anti-inflammatory, antioxidant, and gut microbiota modulation activities in chickens. Moreover, 0.1% 10-HDA supplementation had comparable or even better protection for LPS-challenged chickens than supplementation with antibiotics or 0.5% 10-HDA. 10-HDA has the potential to be used as an alternative to antibiotics in protecting the intestinal health and improving the performance of poultry.

KEYWORDS
 10-hydroxy-2-decenoic acid, lipopolysaccharide, intestinal barrier, inflammation, antioxidant, gut microbiota


1. Introduction

The intestinal tract is not only the main organ for the digestion and absorption of nutrients in animals, but also acts as an innate barrier to maintain body homeostasis (Vancamelbeke and Vermeire, 2017). Modern intensive production makes poultry more susceptible to various stress factors, such as environmental, nutritional, bacterial, and toxin infections, which may destroy the intestinal barrier function and cause intestinal and systemic diseases in poultry (Yang et al., 2011; Adedokun and Olojede, 2019). Lipopolysaccharide (LPS) is an outer membrane component of Gram-negative bacteria. LPS-mediated intestinal barrier dysfunction increases intestinal permeability, causing systemic inflammatory responses and imbalances in the oxidative and antioxidant defense systems (Chen Y. P. et al., 2018; Zhang et al., 2020; Tao et al., 2022). Therefore, intraperitoneal injection of LPS in animals serves as an effective model to study intestinal mucosal damage and inflammation (Leshchinsky and Klasing, 2001). Antibiotics have been widely used in animal production as feed additives to reduce stress and promote growth (Mehdi et al., 2018). Nevertheless, prolonged antibiotic usage leads to the presence of antibiotic residues, drug resistance, and environmental pollution (Bacanli and Basaran, 2019; Robles-Jimenez et al., 2022). Hence, it is urgent to explore new feed additives that can replace antibiotics in the poultry industry.

10-Hydroxy-2-decenoic acid (10-HDA), an unsaturated medium-chain fatty acid with terminal hydroxylation, is the main fatty acid component in royal jelly. It has various physiological activities, such as antibacterial (Melliou and Chinou, 2005; Gao et al., 2022), anti-inflammatory (Chen Y. F. et al., 2018; You et al., 2020), antioxidant (Gui et al., 2018), and immunomodulation activities (Fan et al., 2020). In-vitro studies conducted on murine macrophages and human colon cancer cells have demonstrated that 10-HDA exerts anti-inflammatory activities through inhibition of the NF-κB pathway and reduction of proinflammatory cytokine secretion (Sugiyama et al., 2012; Yang et al., 2018). Furthermore, 10-HDA mitigates DSS-induced colitis in mice through regulation of the NLRP3 inflammasome-mediated pyroptotic pathway and enhancement of the colonic barrier function (Huang et al., 2022). 10-HDA can also resist oxidative stress by increasing antioxidant oxidase activity and reducing ROS production (Hu X. et al., 2022). Previously, the low yield and high cost of the physical extraction and chemical synthesis of 10-HDA have limited its application. Recently, Li et al. reported the production of 10-HDA by microbial whole-cell catalysis utilizing synthetic biology strategies (Li et al., 2022), which has laid the foundation for the application of 10-HDA in the poultry industry.

A previous study showed that 10-HDA improves the growth performance, immune function, and antioxidant capacity of broilers under non-stress conditions (Zhang et al., 2022). However, the effects of 10-HDA on the intestinal health and the gut microbiota composition in chickens under stressful conditions remain unclear. Therefore, this study aimed to determine the effects of dietary 10-HDA supplementation on the intestinal barrier, inflammatory responses, and oxidative stress, as well as to investigate the potential correlations with alterations in the gut microbiota in chickens subjected to LPS challenge. This study provides valuable references for the application of 10-HDA in protecting intestinal health and improving the performance of poultry.



2. Materials and methods


2.1. Experimental design

A total of 240 one-day-old male chickens (Hy-Line Brown) with similar body weights were randomly assigned to five groups, with six replicates per group and eight chickens per replicate. The five groups were as follows: (1) CON group, basal diet + saline challenge; (2) LPS group, basal diet + LPS challenge; (3) CTC group, basal diet containing 75 mg/kg chlortetracycline (CTC) + LPS challenge; (4) 0.1% 10-HDA group, basal diet containing 1 g/kg 10-HDA + LPS challenge; and (5) 0.5% 10-HDA group, basal diet containing 5 g/kg 10-HDA + LPS challenge. 10-HDA (purity ≥98%) was purchased from Shanghai Deepak Biotechnology Co., Ltd. (Shanghai, China). The Escherichia coli LPS was dissolved in 0.86% sterile saline. On day 17, 19, and 21, the chickens were intraperitoneally injected with LPS (0.5 mg/kg body weight) or an equivalent amount of saline. All chickens were housed in an environmentally controlled room. The temperature was maintained at 33 to 35°C in the first week, and then gradually decreased to 26°C at 21 days of age. Continuous light was provided throughout the experimental period. All chickens had ad-libitum access to feed and fresh water. The composition and nutrient levels of the basal diet are shown in Supplementary Table S1. The basal diet fulfilled the nutritional requirements of chickens (NY/T33-2004, China).



2.2. Growth performance measurement

The body weight and feed intake of all chickens were recorded on day 1 and 21 to determine the average daily gain (ADG) and the average daily feed intake (ADFI). The feed-to-gain ratio (F/G) was defined as ADFI:ADG.



2.3. Sample collection

Three hours after the LPS injection on day 21, one chicken whose body weight was close to the average body weight for each replicate (six chickens per treatment group) was selected for sampling. Blood was collected from the wing vein, and the serum was obtained via centrifugation at 3,000 × g for 15 min at 4°C. The chickens were euthanized via artificial cervical dislocation. Duodenum, jejunum, and ileum specimens were taken from the mesenteric tissue and photographed. An intestinal segment with a size of 2 cm was dissected from both the jejunum and ileum and fixed in 4% paraformaldehyde for histological analysis. Jejunal mucosa was scraped and stored at −80°C for gene expression analysis. Cecal contents were collected for subsequent 16S rRNA sequencing.



2.4. Intestinal morphometry

After fixation, the jejunal and ileal segments were dehydrated using an ethanol gradient, cleared using dimethylbenzene, and subsequently embedded in paraffin. The tissues were sliced and subjected to hematoxylin and eosin (HE) staining. Images were acquired using an Eclipse 80i microscope (Nikon Inc., Tokyo, Japan). The villus height (VH) and crypt depth (CD) were determined using the Image-Pro Plus 6.0 software, and the VH/CD ratios (VCR) were calculated.



2.5. Analysis of the serum biochemical status

The serum levels of diamine oxidase (DAO), tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6, immunoglobulin (Ig) A, IgG, catalase (CAT), total superoxide dismutase (T-SOD), and glutathione peroxidase (GSH-px) were determined by chicken ELISA kits (Hengyuan Biotech. Co., Shanghai, China) according to the manufacturer’s protocols.



2.6. Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from the jejunal mucosa using TRI pure reagent (Aidlab Biotech. Co., Beijing, China). For each sample, cDNA was synthesized with 1 μg of total RNA using a SPARKscript II RT Plus Kit (SparkJade Biotech. Co., Jinan, China) following the manufacturer’s protocol. RT-qPCR was conducted using a real-time PCR system and SYBR Green qPCR Mix (Vazyme, Nanjing, China). The relative mRNA expression levels were analyzed using the 2-ΔΔCT method. The gene-specific primers are shown in Supplementary Table S2, and β-actin was used as the internal standard.



2.7. Analysis of the cecal microbiota composition

The microbial DNA of the cecal contents was extracted using the EZNA® soil DNA Kit (Omega Bio-tek, Norcross, GA, United States). The V3–V4 variable region of the bacterial 16S rRNA gene was amplified using primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Liu et al., 2016). After purification, amplicons were collected and subjected to paired-end sequencing using an Illumina MiSeq PE300 platform (Illumina, CA, United States). The raw FASTQ files underwent quality filtering and merging using FLASH 1.2.11. Subsequently, operational taxonomic units (OTUs) were derived by clustering the optimized sequences at a 97% identity threshold. The taxonomy of the OTU sequences was determined using the RDP Classifier (version 2.13) and the 16S rRNA gene database. Bioinformatic analysis of the cecal microbiota was performed on the Majorbio Cloud platform.1



2.8. Statistical analysis

Data were analyzed using SPSS 26.0 (SPSS Inc., Armonk, NY, USA). Variations among groups were compared using one-way ANOVA, followed by Duncan’s multiple range test. Data are presented as the mean ± standard error of the mean (SEM). Differences were considered significant at p < 0.05.




3. Results


3.1. Growth performance

The effects of 10-HDA supplementation on the growth performance of LPS-challenged chickens are shown in Table 1. The LPS challenge resulted in a significant decrease in ADFI (p < 0.05) and ADG (p < 0.05), as well as in an increase in the feed to gain ratio of chickens from 1 to 21 days (p < 0.05) when compared to the control group. Dietary addition of 0.1 and 0.5% 10-HDA significantly reduced the feed-to-gain ratio of the LPS-challenged chickens (p < 0.05), but had no significant effects on ADFI or ADG during the experimental period (p > 0.05). The CTC supplementation did not show any significant effect on the LPS-induced decline in the growth performance of chickens (p > 0.05).



TABLE 1 Effects of dietary 10-HDA supplementation on the growth performance of LPS-challenged chickens.
[image: Table1]



3.2. Intestinal morphology and permeability

The intestinal morphology of chickens is shown in Figure 1A. After the LPS challenge, the duodenum, jejunum, and ileum showed obvious bleeding spots. Dietary addition of CTC or 10-HDA effectively alleviated the bleeding, and the 0.1% 10-HDA treatment appeared to be more effective than the CTC and 0.5% 10-HDA treatments. The HE staining results revealed that the epithelial villi of the jejunum and ileum were severely damaged, and a large area of the intestinal villi epithelium was shed in response to the LPS challenge, whereas the CTC or 10-HDA treatments alleviated this damage (Figure 1B). Moreover, the integrity of the intestinal barrier was determined by measuring the activity of DAO in the serum. The LPS challenge resulted in a notable increase in the serum DAO levels compared to those of the control (p < 0.05). In contrast, the addition of CTC or 10-HDA markedly reduced the LPS-induced elevation in the serum DAO levels (p < 0.05). Moreover, no significant differences were observed between the 10-HDA and CTC groups (p > 0.05; Table 2).

[image: Figure 1]

FIGURE 1
 Effect of 10-HDA supplementation on the intestinal morphology of LPS-challenged chickens. (A) Photographs of the duodenum, jejunum, and ileum. (B) Morphological structure of the jejunum and ileum by HE staining. Scale bar 500 μm, 40×. Scale bar 100 μm, 100 ×. CON, basal diet + saline challenge; LPS, basal diet + LPS challenge; CTC, basal diet containing 75 mg/kg chlortetracycline + LPS challenge; 0.1% 10-HDA, basal diet containing 1 g/kg 10-HDA + LPS challenge; 0.5% 10-HDA, basal diet containing 5 g/kg 10-HDA + LPS challenge.




TABLE 2 Effects of dietary 10-HDA supplementation on serum DAO levels and the intestinal histomorphology of LPS-challenged chickens.
[image: Table2]

As shown in Table 2, LPS challenge significantly increased the CD in the jejunum (p < 0.05) and decreased the VCR of the jejunum and ileum (p < 0.05). In contrast, dietary 10-HDA supplementation significantly decreased the CD in the jejunum (p < 0.05) and increased the VCR of the jejunum and ileum compared to the LPS group (p < 0.05). These effects were similar to those observed in the CTC group (p > 0.05). Additionally, 0.1% 10-HDA supplementation significantly increased the ileal VH (p < 0.05). The results indicate that 10-HDA could replace antibiotics to alleviate LPS-induced injury to the intestinal mucosal structure.



3.3. Serum cytokines, immunoglobulin levels, and oxidation status

The effects of 10-HDA supplementation on the inflammatory cytokine and immunoglobulin levels and antioxidant enzyme activities in the serum of LPS-challenged chickens are shown in Figure 2. LPS challenge significantly increased the serum levels of cytokines TNF-α, IL-1β, and IL-6 (p < 0.05), whereas CTC or 0.1% 10-HDA supplementation significantly dampened the increase in the levels of these cytokines (p < 0.05). Moreover, no significant differences were observed between the 0.1% 10-HDA group and the CTC group (p > 0.05). Compared to the LPS group, the 0.5% 10-HDA treatment reduced IL-6 levels (p < 0.05), but had no significant effect on TNF-α and IL-1β levels (p > 0.05) (Figure 2A). Figure 2B shows that LPS challenge decreased the activities of CAT, GSH-px, and T-SOD in the serum (p < 0.05), whereas the CTC or 0.1% 10-HDA pretreatment significantly increased their activities (p < 0.05). Furthermore, treatment with 0.5% 10-HDA increased CAT and GSH-px activities (p < 0.05), but had no significant effect on T-SOD activity (p > 0.05). As shown in Figure 2C, LPS challenge reduced serum IgA and IgG concentrations (p < 0.05), whereas the CTC or 10-HDA treatments significantly reversed this decrease (p < 0.05). These results indicate that dietary supplementation with 10-HDA, particularly at a concentration of 0.1%, could effectively alleviate LPS-induced inflammation and oxidative stress in chickens.
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FIGURE 2
 Effect of 10-HDA on the serum biochemical indices of LPS-challenged chickens. (A) Serum levels of inflammatory cytokines. (B) Activity of antioxidant enzymes. (C) Serum concentrations of immunoglobulins. Grouping information is the same as that in Figure 1. a, b, c Means with different superscripts are significantly different (p < 0.05).




3.4. Inflammation-related gene expression

Quantitative PCR was used to investigate the mRNA expression of inflammatory cytokines and apoptotic regulators in the chicken jejunum (Figure 3). The results revealed that LPS challenge dramatically enhanced the expression levels of TLR4, NF-κB, IL-1β, IL-6, TNF-α, and Caspase-3 (p < 0.05), whereas 0.1% 10-HDA supplementation mitigated the up-regulation of these genes (p < 0.05). CTC supplementation decreased the expression of TLR4, IL-6, and TNF-α compared to the LPS group (p < 0.05), but had no considerable effect on NF-κB and IL-1β expression (p > 0.05). Treatment with 0.5% 10-HDA decreased the expression of TNF-α (p < 0.05), increased the expression of NF-κB (p < 0.05), and had no significant effect on TLR4, IL-1β, IL-6, Bax, and Caspase-3 levels (p > 0.05). LPS challenge decreased the expression of the antiapoptotic gene Bcl2 (p < 0.05), whereas treatment with CTC or 10-HDA significantly increased Bcl2 expression (p < 0.05). These results further demonstrate the superiority of 0.1% 10-HDA supplementation in alleviating LPS-induced intestinal inflammation in chickens.
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FIGURE 3
 Effect of 10-HDA on the mRNA expression of inflammatory cytokines and apoptosis genes in the jejunum of chickens challenged with LPS. Grouping information is the same as that in Figure 1. a, b, c, d Means with different superscripts are significantly different (p < 0.05).




3.5. Expression of antioxidant and tight junction genes

The mRNA expression of antioxidant and tight junction genes in the jejunum of chickens is presented in Figure 4. LPS stimulation reduced the expression of CAT, SOD2, and OCLN (p < 0.05). Compared with those of the LPS group, the expression levels of CAT, SOD2, ZO-1, and OCLN were significantly increased by the supplementation with 0.1 and 0.5% 10-HDA (p < 0.05). The CTC treatment enhanced the expression levels of GSH-px, SOD2, ZO-1, and OCLN (p < 0.05).
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FIGURE 4
 Effect of 10-HDA on the mRNA expression of antioxidant and tight junction genes in the jejunum of LPS-challenged chickens. Grouping information is the same as that in Figure 1. a, b, c, d Means with different superscripts are significantly different (p < 0.05).




3.6. Cecal microbial composition

We investigated the effects of 10-HDA on the cecal microbiota of chickens treated with LPS using 16S rRNA high-throughput sequencing. The Venn diagram in Figure 5A shows that the total OTUs in the CON, LPS, CTC, 0.1% 10-HDA, and 0.5% 10-HDA groups were 774, 844, 774, 798, and 758, respectively, and 460 mutual OTUs were detected among the five groups. The Chao1, Faith PD, Shannon, and Simpson indices were calculated to assess the alpha diversity of the samples. However, no significant variations were detected among the groups (Figure 5B). PCoA and PLS-DA analysis showed that the samples of the LPS group were clearly separated from those of the CON group, suggesting that the cecal microbial community of the LPS group was distinct from that of the CON group (Figures 5C,D). The distribution of samples in the 0.1% 10-HDA group was similar to that of the CON group.
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FIGURE 5
 Effects of dietary 10-HDA supplementation on the cecal microbiota diversity of LPS-challenged chickens. (A) Venn diagram. (B) Alpha diversity index analysis. (C) PCoA based on the Euclidean distance. (D) Partial least squares discriminant analysis (PLS-DA). Grouping information is the same as that in Figure 1.


Figure 6 shows the differences in microbial composition at the phylum level. The results indicate that Firmicutes and Bacteroidetes were the predominant intestinal phyla in all groups. Dietary 0.1% 10-HDA supplementation decreased the proportion of Actinobacteria and Desulfobacterota in the LPS-challenged chickens (p < 0.05). At the genus level, we analyzed the abundance of the community of the 20 dominant genera within each group (Figure 7A). Compared with the LPS group, the 0.1% 10-HDA treatment significantly increased the abundance of Faecalibacterium (p < 0.05) and reduced the abundance of Clostridia_vadinBB60_group (p < 0.05) and Eubacterium_nodatum (p < 0.01). Dietary 0.5% 10-HDA increased the abundance of Faecalibacterium (p < 0.05) and Clostridia_UCG-014 (p < 0.05), and reduced the abundance of Eubacterium_nodatum (p < 0.05) and UC5-1-2E3 (p < 0.05) (Figure 7B). Furthermore, the Circos diagram illustrates that the proportion of Lactobacillus and Butyricicoccus in the 0.1 and 0.5% 10-HDA groups was higher than that in the LPS group. Alistipes was the dominant genus in the LPS group (Figure 7C).
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FIGURE 6
 Effects of 10-HDA on the cecal microbiota composition in LPS-challenged chickens at the phylum level. (A) Gut microbiota composition. (B) Analysis of differences in abundance among groups. Grouping information is the same as that in Figure 1; *p < 0.05, **p < 0.01.
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FIGURE 7
 Effects of 10-HDA on the cecal microbiota composition of LPS-challenged chickens at the genus level. (A) Gut microbiota composition. (B) Analysis of differences in abundance among groups. (C) Circos diagram showing the dominant genera in each group. Grouping information is the same as that in Figure 1; *p < 0.05, **p < 0.01.


Spearman correlation analysis was performed to investigate the correlation between the gut microbiota and the expression of genes related to gut inflammation, oxidative stress, and intestinal barrier. As shown in Figure 8, the abundance of Faecalibacterium, Clostridia_UCG-014, Anaerofilum, Butyricicoccus, and Lactobacillus was positively correlated with the expression of antioxidant genes (CAT, GSH-px, SOD2), intestinal tight junction genes (ZO-1, OCLN), and anti-apoptotic genes (Bcl2), while exhibiting a negative correlation with the expression of inflammatory genes (IL-1β, TNF-α). The abundance of UCG-005, Bilophila, Eisenbergiella, Alistipes, Clostridia_vadinBB60_group, unclassified Ruminococcaceae, and DTU089 was positively correlated with the expression of inflammatory cytokines (TLR4, IL-6, TNF-α, NF-κB) and apoptotic genes (Caspase-3), and negatively associated with the expression of OCLN and SOD2.
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FIGURE 8
 Heatmaps of the Spearman correlation between the gut microbiota and the expression of genes related to gut inflammation, oxidative stress, and the intestinal barrier; *p < 0.05, **p < 0.01, ***p < 0.001.





4. Discussion

Bacterial LPS challenge induces immune and oxidative stress in animals, which subsequently affects energy utilization and decreases animal growth performance (Liu et al., 2015; Shi et al., 2022). Similarly, we found that LPS challenge reduced the growth performance of chickens, as evidenced by the decreased ADFI and ADG, and the increased feed-to-gain ratio. Dietary 10-HDA supplementation reduced the feed-to-gain ratio and attenuated the growth performance loss induced by LPS in chickens; however, high supplementation doses of 10-HDA were not superior to low supplementation doses. A previous study demonstrated that 10-HDA supplementation improved the growth performance of broiler chickens by increasing the ADG on days 22–42 and 0–42 (Zhang et al., 2022). Here, the addition of 10-HDA did not have a significant effect on the ADFI and ADG in chickens challenged with LPS, which may be attributed to various factors such as the breed or age of the chickens, as well as the ingredients of their diet.

The intestinal mucosal barrier is essential for maintaining homeostasis and preventing intestinal inflammation (Okumura and Takeda, 2018). LPS can induce intestinal inflammation, disrupt the structural integrity of the intestinal wall, and impair intestinal barrier function (Wu et al., 2021). Damage of the intestinal mucosal barrier increases serum DAO activity, which is considered an intestinal permeability marker (Jiang et al., 2019). Here, dietary supplementation with CTC or 10-HDA effectively reduced the LPS-induced elevation of serum DAO levels. Moreover, intestinal tight junction proteins play key roles in the formation of the intestinal selective permeability barrier, contributing to maintaining the integrity of the intestinal structure (Ren et al., 2022). We found that supplementation with CTC or 10-HDA could ameliorate the downregulation of ZO-1 and OCLN expression in the chickens’ jejunum induced by LPS. The unique architecture of the villus crypt of the intestinal tract plays a crucial role in intestinal health (Tong et al., 2023). A higher VCR is associated with stronger digestive and absorptive capacities in the intestines (Saadatmand et al., 2019). Our results showed that the jejunal and ileal VCR decreased after LPS challenge, whereas supplementation with CTC or 10-HDA reversed this decline.

Cytokines are involved in the pathogenesis of inflammatory intestinal diseases (Neurath, 2014). LPS induces intestinal inflammatory responses in chickens by increasing the levels of proinflammatory cytokines (Wang et al., 2014; Shang et al., 2015; Zhang et al., 2021). TLR4 functions as a receptor for LPS, binding to LPS and initiating the TLR4/NF-κB signaling pathway, thereby facilitating the secretion of proinflammatory cytokines (Park and Lee, 2013). NF-κB is a crucial regulatory factor in inflammatory responses and essential in maintaining immune system homeostasis (Christian et al., 2016). Previous studies on murine macrophage cell lines indicated that 10-HDA inhibits the LPS-induced NF-κB pathway and reduces the release of downstream IL-6 (Sugiyama et al., 2012). Chen Y. F. et al. (2018) demonstrated that oral administration of 10-HDA lowered the serum levels of TNF-α, IL-6, and IL-10 in mice. In the current study, LPS stimulation up-regulated the mRNA expression of TLR4, NF-κB, TNF-α, IL-1β, and IL-6 in chicken jejunal mucosa, and elevated the serum concentration of TNF-α, IL-1β, and IL-6, whereas 0.1% 10-HDA supplementation effectively decreased the expression and secretion of these inflammatory cytokines. However, the mRNA expression of TLR4, NF-κB, IL-1β, IL-6, and the serum levels of TNF-α and IL-1β induced by LPS were not reversed by 0.5% 10-HDA supplementation. These results suggest that 0.1% 10-HDA supplementation can effectively inhibit intestinal inflammation to attenuate LPS-induced intestinal damage in chickens.

In addition, LPS challenge induces oxidative stress, leading to intestinal injury in chickens (Wu et al., 2013). Antioxidant enzymes could effectively inhibit oxidative damage and reflect the oxidative stress state of animals (Zheng Y. et al., 2020). This study revealed that LPS challenge reduced the activity of T-SOD, CAT, and GSH-px in the serum, and downregulated the expression of the genes encoding these antioxidant enzymes in the jejunal mucosa. Previous studies have shown that 10-HDA increases antioxidant enzyme activity in the liver of diabetic mice and reduces the production of free radicals and lipid peroxidation (Hu X. et al., 2022). Similarly, our results revealed that dietary 0.1% 10-HDA supplementation improved the activities of T-SOD, CAT, and GSH-px in LPS-challenged chickens, indicating that 10-HDA exerts an antioxidant function to maintain the intestinal health of chickens. No significant differences were observed in the activities of CAT and T-SOD between the 0.1% 10-HDA and CTC groups. Moreover, intestinal inflammation and oxidative stress can trigger excessive apoptosis in intestinal mucosal cells and inhibit cell proliferation, thereby destroying intestinal barrier function (Jiang et al., 2019; Chang et al., 2020). We found that the addition of 0.1% 10-HDA to the diet inhibited LPS-induced apoptosis by downregulating the mRNA expression of Caspase-3 and Bax and increasing Bcl2 expression.

The intestinal microbiota plays key roles in preventing pathogen invasion and regulating intestinal homeostasis, which is essential for maintaining the intestinal health of chickens (Carrasco et al., 2019). LPS stimulation disrupts the ecological balance of the gut microbiota (Lucke et al., 2018; He et al., 2022; Ye et al., 2023). Our PCoA and PLS-DA results demonstrated a significant separation of the gut microbiota between the LPS and control groups. However, the addition of 10-HDA attenuated these differences and improved the compositional structure of the cecal microbiota. 10-HDA treatment increased the abundance of Faecalibacterium and Clostridia_UCG-014, while reducing the abundance of Clostridia_vadinBB60_group, Eubacterium_nodatum, and UC5-1-2E3. Faecalibacterium is closely related to butyrate production in the chicken intestinal tract and plays a crucial role in anti-inflammation and recovery from intestinal injury (Singh et al., 2014; Breyner et al., 2017; Sun Y. et al., 2022). Our study revealed that the abundance of Faecalibacterium was negatively correlated with the expression of IL-1β and positively correlated with CAT levels. The probiotic genus Clostridia_UCG-014 is associated with tryptophan metabolism and inflammation. It has been shown to be beneficial in treating disorders of glucose and lipid metabolism (Hu Q. et al., 2022; Niu et al., 2022). Clostridia_vadinBB60_group is positively correlated with inflammatory markers and negatively correlated with anti-inflammatory markers (Sun J. et al., 2022). Eubacterium_nodatum is an opportunistic pathogen associated with chronic inflammation (Moen et al., 2006). It has been reported that a pro-inflammatory diet is linked to a higher abundance of Eubacterium_nodatum (Zheng J. et al., 2020). Furthermore, Eubacterium_nodatum is positively correlated with intestinal disorder indices in DSS-induced colitis mice (Ma et al., 2022). Circos analysis revealed that Alistipes was the dominant genus in the LPS group, and the addition of 10-HDA reduced its abundance. Alistipes is an opportunistic pathogen associated with inflammation and dysbiosis (Kong et al., 2019; Parker et al., 2020). Our study demonstrated a significant positive correlation between the abundance of Alistipes and the expression of TLR4, NF-κB, TNF-α, IL-6, and Caspase-3. Overall, the results indicate that 10-HDA supplementation can alter the cecal microbial composition in LPS-challenged chickens. This alteration may contribute to an enhancement in antioxidant capacity and a reduction in LPS-induced intestinal inflammation and injury.



5. Conclusion

In conclusion, 10-HDA alleviated the LPS-induced intestinal damage and growth performance loss in chickens through anti-inflammatory, antioxidant, and gut microbiota-modulating activities. The alterations in the cecal microbiota caused by 10-HDA supplementation might be related to the recovery of intestinal health in chickens subjected to LPS challenge. Moreover, dietary supplementation with 0.1% 10-HDA had comparable or even better protection for LPS-challenged chickens than supplementation with antibiotics or 0.5% 10-HDA. This study provides valuable references for the application of 10-HDA as an alternative to antibiotics in protecting the intestinal health and improving the performance of poultry.
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The objective of this study was to evaluate the potential modulating effects of Allium mongolicum regel ethanol extract (AME) on rumen fermentation and biohydrogenation (BH) bacteria in vitro. Four Holstein cows were used as donors for the rumen fluid used in this study. In experiment 1, five treatments (supplemented with 0 mg/g, 1 mg/g, 2 mg/g, 3 mg/g, and 4 mg/g of AME based on fermentation substrate, respectively) were conducted to evaluate the effects of different levels of AME on fermentation status in vitro. The results showed that after 24 h of fermentation, MCP was reduced with AME supplementation (p < 0.05), and the multiple combinations of different combinations index (MFAEI) value was the highest with 3 mg/g of AME. In experiment 2, six treatments were constructed which contained: control group (A1); the unsaturated fatty acid (UFA) mixture at 3% concentration (A2); the mixture of A2 and 3 mg/g of AME (A3); 3 mg/g of AME (A4); the UFA mixture at 1.5% concentration (A5); the mixture of A5 and 3 mg/g of AME (A6). The abundance of bacterial species involved in BH was measured to evaluate the potential modulating effect of AME on rumen BH in vitro. Compared with the A1 group, the A3, A4, and A6 groups both showed significant decreases in the abundance of rumen BH microbial flora including Butyrivibrio proteoclasticus, Butyrivibrio fibrisolvens, Ruminococcus albus and Clostridium aminophilum (p < 0.01). The A3 group was less inhibitory than A4 in the abundance of B. proteoclasticus, B. fibrisolvens, and R. albus, and the inhibitory effect of the A6 group was higher than that of A4. In conclusion, the supplementation with 3 mg/g of AME could modulate the rumen fermentation and affect BH key bacteria, which suggests that AME may have the potential to inhibit the rumen BH of dairy cows.

KEYWORDS
 Allium mongolicum regel, rumen fermentation, rumen hydrogenation, dairy cows, in vitro


1. Introduction

Plant extracts (PE) have been extensively studied in recent ruminant research due to their significant regulatory effects on rumen fermentation (Cobellis et al., 2016) and rumen biohydrogenation (BH; Durmic et al., 2008). In addition, UFAs are of considerable benefit to human health (Du et al., 2018), and reduced intake of saturated fatty acid (SFA) products may reduce cardiovascular disease risk (Xie et al., 2018). Improving the unsaturated fatty acid (UFA) profile of meat and milk is an important topic in ruminant production. Regulating the rumen fermentation pattern and optimizing the structure of rumen microflora involved in hydrogenation have been considered effective approaches to increase the level of post-ruminal UFAs (Dewhurst and Moloney, 2013). In addition, rumen health is crucial for ensuring high-quality livestock products (Pang et al., 2022). Pan et al. (2014) reported that dietary-supplemented PE facilitates maintaining the homeostasis of the rumen environment and promotes ruminant performance. Griinari et al. (1988) reported that the rumen fermentation may cause milk fat depression, characterized by a decline in rumen pH and a shift in the rumen pattern of VFA (lower acetate and higher propionate proportions).

Partial PE supplementation in diets could modify the UFA composition of meat and milk (Frutos et al., 2020). Dietary inclusion of grapeseed, which contains high levels of phenolic compounds, resulted in greater linoleic acid (LA) and CLA levels in milk (Correddu et al., 2016). This may be related to the regulation effect of PE on rumen fermentation and BH. Diet supplementation with compound phenolic enriched yerba mate extracts resulted in less BH time, which increased the content of polyunsaturated fatty acid (PUFA) deposited in lamb tissues (Pena-Bermudez et al., 2022). Another study pointed out that supplementation of essential oil from anise increased ruminal pH and increased UFA concentrations in the rumen (El-Essawy et al., 2021). Furthermore, A recent study showed that condensed tannins from grapeseed induced slight change in microbial structural lipids, which decreased the level of cis-9, cis-12 C18:2 and increased the levels of cis-9, trans-11 C18:2 and trans-11 C18:1 in vitro (Costa et al., 2017). According to Liu et al. (2022), including Moringa leaf flavonoids in the diet can boost the protein content in milk. Similarly, Zhao et al. (2022a) discovered that adding citrus peel extract to milk can decrease SFA and increase MUFA and CLA due to its high flavonoid content. Santos et al. (2014) also support this finding. Kumar et al. (2014) pointed out that the possibility of PE flavonoids may improve the production performance of ruminants by changes in the rumen microbiota and intermediate nutrient metabolism. Another study showed that Pistacia atlantica gum essential oil decreased the production of propionic acid and increased the relative abundance of Ruminococus flavefaciens (Naseri et al., 2022). Butyrivibrio (Paillard et al., 2007; Choi et al., 2009; Maia et al., 2010; Ramos-Morales et al., 2013), Ruminococcus albus (Nam and Garnsworthy, 2007) and Clostridium aminophilum (Moon et al., 2008) have been considered to play a major role in the rumen fermentation and ruminal BH process. Buccioni et al. (2015) reported that diet supplementation with quebracho tannins decreased the abundance of Butyrivibrio proteoclasticus and Butyrivibrio fibrisolvens and increased the levels of cis-9 trans-11 conjugated linoleic acid (CLA) and vaccenic acid (VA) in milk fat. It has been shown that phenolic compounds suppressed the last step of BH of PUFAs, which was achieved by inhibiting the proliferation and activity of Butyrivibrio proteoclasticus (Vasta et al., 2010).

Allium mongolicum regel (AMR), a typical herb in the genus Allium and the family Liliaceae, grows extensively in the northern and northwestern grasslands and deserts in China (Ding et al., 2021). The extracts of AMR have been shown to regulate the rumen environment and FA metabolism by increasing the concentration of total VFA and propionic acid in the rumen and the contents of UFAs in the longissimus dorsi muscle of lambs (Liu et al., 2019). Recent research reported that C17:0, and C18:0, which correlated with the “mutton flavor” of Small-Tailed Han sheep were decreased by adding AME (Watkins and Frank, 2019; Zhao et al., 2022b). The structure of rumen microflora is closely related to FA deposition in the longissimus dorsi muscle. Diet supplemented with AME changed the rumen fermentation pattern and the structure of rumen microflora (Zhao et al., 2022c), thus influencing the FA metabolism by improving MUFA and PUFA deposition in longissimus dorsi muscle (Zhao et al., 2022b). Existing research has demonstrated that AMR has significantly modulating effects on rumen microbial flora and FA metabolism in mutton sheep, its potential modulating effects on the rumen of dairy cows remain unknown.

Rumen fermentation and fatty acids BH could influence the UFA metabolism in dairy cows and thus regulate milk UFA profile. It is speculated that the AME would regulate the rumen fermentation and key bacteria involved in BH in dairy cows. Thus, this experiment aimed to evaluate the effect of AME on the bacteria involved in the hydrogenation and rumen fermentation of dairy cows in vitro.



2. Materials and methods


2.1. AME preparation

AMR was purchased from the company (Haohai Technology Co., Ltd., Alxa League, China) and was dried at 65°C and then ground (DFT-300, Shanghai Xinnuo Instrument Group CO., LTD, Shanghai, China) to powder form, was passed through an 80-mesh sieve (Shaoxing Shangyu Shengchao Instrument CO., Zhejiang, China).

The dried AMR powder was mixed with petroleum ether (Tianjin Beilian Fine Chemical Development Co., Tianjin, China) at a ratio of 1:5 (wt/vol) and placed on a shaker (KS 501 digital, IKA (Guangzhou) Instrumentation Co., Guangdong, China) set at 100 r/min for 24 h, after which the upper layer of petroleum ether was discarded to obtain the defatted and decolored AMR powder.

After defatting and decolorization, the AMR powder was mixed with 75% ethanol at a ratio of 1:30 (wt/vol), placed in an ultrasonic cell pulverizer (KQ-300DE, Kunshan Ultrasonic Instruments Co., Ltd., Jiangsu, China) and then filtered through a vacuum pump (FUD-2110, Tokyo Rikakikai CO., LTD., Tokyo, Japan) to obtain a filtrate. The filtrate was added to 75% ethanol and mixed at a ratio of 1:30; the above process was repeated, and the resulting filtrate was distilled through a rotary evaporator (65 r/min, 75°C, 15–18 min) to obtain the AME concentrate, which was lyophilized to remove excess water and obtain the AME powder. The main components of AME are flavonoids, organic acids and their derivatives, nucleotides and their derivatives, amino acids, phenol amine, choline, lipids, and others (Zhao et al., 2021).



2.2. Experimental design

The experiment contained two parts:

Experiment 1 was conducted to screen appropriate AME supplementation concentrations for experiment 2. The treatments were supplemented with 0 (control group), 1, 2, 3, and 4 mg of AME per gram of fermentation substrate for simulated diets. Each treatment had three technical replicates.

Experiment 2 contained 6 treatments. The treatments were designed as rumen fluid culture supplemented with (1) none (control group, A1); (2) 3% UFA (mixture of cis-9 C18:1, cis-9,cis-12 C18:2 and cis-9,cis-12,cis-15 C18:3, A2); (3) 3% UFA plus AME (A3); (4) AME (A4); (5) 1.5% UFA (mixture of cis-9 C18:1, cis-9, cis-12 C18:2 and cis-9, cis-12, cis-15 C18:3, A5); and (6) 1.5% UFA plus AME (A6); the supplementation of AME was 3 mg/g.

Each treatment had three technical replicates. The AME supplemental concentration in experiment 2 was determined from experiment 1. The UFA mixture contained the same levels of cis-9 C18:1, cis-9, cis-12 C18:2, and cis-9, cis-12, cis-15 C18:3 and was purchased from Sigma-Aldrich [Sigma Aldrich (Shanghai) Trading Ltd., Shanghai, China].



2.3. Incubation with ruminal fluid in vitro

Experiments were conducted in December 2021. The rumen fluid was obtained from Beiya Halal Slaughterhouse in Hohhot, China (111°63′E, 40°80’N). Four Holstein cows (550 ± 30 kg, two cows for each experiment) were subjected to strict quarantine at the slaughterhouse to ensure healthy body condition. The rumen fluid sample was filtered through 4 layers of gauze and then transported in a preheated flask with CO2 at 40°C to prevent temperature drop before sampling. In experiment 1, rumen fluid was mixed with artificial saliva at a ratio of 1:2 (15 mL,30 mL) and added to the culture flasks that were prefilled with different concentrations of AME and fermentation substrate, for details of each additive, refer to 2.2 (Experimental design). Artificial saliva was constructed according to a previous study (Menke et al., 1979). The composition and nutrient levels of the fermentation substrate are shown in Table 1. Fermentation was performed in an air bath shaker (39°C, 120 r/min). Fermentation lasted 24 h, and the samples were immediately placed on ice at the 24th hour to ensure that fermentation was stopped simultaneously to determine fermentation indicators.



TABLE 1 Substrate composition and nutrient levels.
[image: Table1]

The procedures for acquiring and cultivating rumen fluid in experiment 2 were consistent with experiment 1. The culture flasks that were prefilled with different concentration of UFA or AME and fermentation. This approach ensured the maintenance of standardized experimental conditions throughout the entire study.



2.4. Sample collection and analysis

At 24 h of fermentation in experiment 1 and at 24 h of fermentation in experiment 2, samples were collected to immediately determine pH by using a precalibrated hand-held precision pH meter (PHS-3C, Shanghai Osterol Industrial Co., Shanghai, China). After pH determination, the collected filtrate was placed in a centrifuge, centrifuged at 4000 r/min for 10 min, and stored at −20°C to determine ammonia-N (NH3-N), microbial crude protein (MCP) and volatile fatty acid (VFA) levels. Other samples were stored at room temperature overnight to count the protozoa using a hemocytometer. The rumen fluid of each sample was centrifuged, and the pellet was collected in a 5-mL cryopreservation tube and stored immediately at −80°C until DNA extraction.

The concentration of NH3-N was determined in the filtered solution by the indophenol colorimetric method (Chaney and Marbach, 1962). The VFAs of rumen fluid samples were determined using gas chromatography (GC-2014, SHIMADZU), which was equipped with a hydrogen flame detector and a capillary column (SHIMADZU, Technologies; 60-m long, 0.25-mm diameter; 50-μm film thickness) according to the method described in a previous study with modifications (Guo et al., 2021). The concentration of MCP was determined by the Coomassie brilliant blue method (Broderick and Craig, 1989).

The DNA of rumen bacteria was extracted by an E.Z.N. A® Bacterial DNA Kit (Omega Bio-Tek, Inc., Norcross, GA, United States) according to the instructions from the manufacturer. The final elution volume was 100 μL, and the NDA concentration and purity were measured by a spectrophotometer (NanoDrop 2000c; Thermo Fisher Scientific, DE, United States). The plasmid construction was confirmed, and the primer sequences (Table 2) were designed using primer-BLAST (NCBI). Each sample contained 2 μL of DNA, 0.4 μL 50 × ROX Reference Dye1 (Biolile, Xi’an, China), 0.8 μL of each primer, and 6 μL ddH2O in a final volume of 20 μL. Total DNA extracted from rumen samples was used as a template for PCR amplification. Six species of bacteria involved in hydrogenation were preamplified by qPCR, and two samples failed to amplify. The PCR program included 95°C for 5 min initial denaturation, 1 PCR cycle of 95°C for 30 s, 35 PCR cycles of 58°C for 30 s, and a final extension step at 72°C for 1 min.



TABLE 2 Primer sequences.
[image: Table2]

The plasmid copy number was calculated using the following formula: plasmid copy number (copies/μL) = [10−9 × plasmid concentration (ng/μL) × 6.02 × 1023]/(plasmid length×660).

The plasmid abundance was calculated from the plasmid concentration determined by a NanoDrop2000 c spectrophotometer.



2.5. Statistical analysis

Data were analyzed by one-way ANOVA using SAS 9.21 software. Duncan’s multiple range test was used for multiple comparisons. The significant differences were indicated by p < 0.05, and a statistically meaningful trend was determined as 0.05 < p < 0.1.

When the combination effect is greater, the reaction is more favorable to the rumen’s fermentation or the component’s use. The multiple combinations of different combinations indexes (MFAEI) is the sum of the single combination effect indexes (SFAEI) of the different combinations (treatments) and can be used to determine the fermentation status of the rumen (Yuan and Wan, 2019). The calculation is as follows.

[image: image]

m: Time of each fermentation point.

n: Total number of fermentation time points.

Q: Values of each indicator at each time point for the control group.

T: Values of each indicator at each time point for each experimental group.

R: Mean of the sum of T at each time point.




3. Results

The results are presented in two sections: screening suitable concentrations of AME and additives (Experiment 1), and evaluating changes in BH key bacteria in vitro (Experiment 2).


3.1. AME on rumen fermentation (experiment 1)

The effects of AME on rumen fermentation in vitro are outlined in Table 3. After 24 h of fermentation, the addition of AME did not affect rumen pH, TVFA, acetate, propionate, protozoa, and NH3-N, and MCP was reduced in response to AME supplementation (p < 0.05).



TABLE 3 Effect of AME at different concentrations on rumen fermentation parameters in experiment 1.
[image: Table3]

Table 4 shows the effect of AME on rumen fermentation. The MFAEI value under an AME concentration of 3 mg/g was the absolute maximum value of the experiments in this study, and the result shows that the suitable concentration of AME in modulating rumen fermentation was 3 mg/g.



TABLE 4 SFAEI and MFAEI values under different AME concentrations in experiment 1.
[image: Table4]



3.2. AME-USFA and AME on rumen fermentation (experiment 2)

The effects of AME and UFA on rumen fermentation in experiment 2 are presented in Table 5. There were no effects of additives on rumen concentrations of acetate and total VFA. Whereas the amount of Propionate in the A4 group was lower than in other groups (p < 0.01), and the proportion of Acetate: Propionate ratio in the A4 group was higher than in other groups (p < 0.01). Significantly lower concentrations were detected in Butyrate acid that was supplemented with both UFA and AME groups (p < 0.01). The pH of A1 was significantly lower than that of the other treatment groups (p < 0.01). The number of protozoa in the A5 and A6 groups was significantly lower than that in the A1, A2, A3, and A4 groups. In addition, the number of protozoa in the A5 group was significantly lower than that in the control group and the other treatment groups (p < 0.05). The highest concentration of MCP was observed in the A3 group (p < 0.01), and the A4 group was significantly lower than the control group and other treatment groups (p < 0.01). The concentrations of NH3-N in the A1, A2, and A4 groups were significantly lower than those in the A3, A5, and A6 groups (p < 0.01).



TABLE 5 Effects of AME on rumen fermentation in experiment 2.
[image: Table5]



3.3. AME-USFA on rumen biohydrogenation-related microbial flora (experiment 2)

Supplementation with AME and the AME-UFA mixture significantly affected the bacteria involved in hydrogenation, as shown in Table 6. Compared with the control group, the treatment groups exhibited decreased relative abundances of B. proteoclasticus, R. albus, and B. fibrisolven (p < 0.01; Table 5). The abundance of B. proteoclasticus in A2 was significantly lower than that in A5 (p < 0.01). The A4, A5, and A6 groups showed inhibition of R. albus growth, and R. albus growth in the A6 group was significantly lower than that in the other treatment groups (p < 0.01). Supplementation with AME and UFAs also significantly affected the relative abundances of B. fibrisolvens, and the abundance of B. fibrisolvens was lower than that in the control group in each treatment (p < 0.01). The growth of C. aminophilum was inhibited (p < 0.01) in the AME supplementation group (A4) after fermentation for 24 h.




4. Discussion


4.1. Effects of AME on rumen fermentation

The effects of PE on ruminal fermentation are variable (Naseri et al., 2022). In experiment 1, the concentration of NH3-N in the rumen fluid did not change in the AME supplementation group at 24 h. It has been reported that PE may not affect the concentration of NH3-N (Kozłowska et al., 2021). Moreover, a previous study reported that tannins as feed additives to modulate ruminal fermentation and ruminal BH in dairy ewes had no effects on NH3-N concentration (Toral et al., 2011). The addition of garlic oil to the diet of lactating dairy cows did not affect the concentration of NH3-N (Blanch et al., 2016). Furthermore, the NH3-N concentration in dairy cows did not change when feeding them high or low doses of Origanum vulgare L. extract (Olijhoek et al., 2019). However, a previous study reported that Pistacia atlantica gum essential oil may change the ruminal NH3-N concentration (Naseri et al., 2022). In addition, a high dose of thymol decreased the ruminal concentration of NH3-N, but lower doses did not affect the NH3-N concentration (Castillejos et al., 2006). Vakili et al. (2013) indicated that the effect of thymol on ruminal NH3-N concentration is dose-dependent. Zhao et al. (2022a) pointed out that AME supplementation in lambs did not affect ruminal NH3-N. In addition, although the treatments did not significantly affect the NH3-N concentration, 4 mg/g AME supplementation increased the in vitro MCP concentration after 24 h of fermentation.

A previous study considered protozoan variation to be positively correlated with NH3-N concentration (Spanghero et al., 2022). However, in another study, the type and concentration of the main active compounds in different PEs resulted in inconsistent protozoan population results (Soltan et al., 2018). In the present study, the number of protozoa was decreased by AME supplementation at 24 h. A study by Totakul et al. (2022) suggested that Chaya may directly inhibit the protozoal population by interrupting cell wall synthesis or nucleic acid synthesis. The additional microbial reduction caused by PE may be attributed to the destruction of the cell membrane. A study by Francis et al. (2002) showed that phyto-saponins can form irreversible complexes with cholesterol in the bacterial cell membrane, which causes membrane breakdown and cell death. However, research by Śliwiński et al. (2002) demonstrated that saponin-rich products did not affect rumen fluid protozoal counts. Another study suggested that the type and origin of the PE may play a role in the differential effects against protozoa (Makkar and Becker, 1996).

Some previous studies have found that the effects of PE supplementation on rumen fermentation may be contradictory. It has been reported that flaxseed oil supplementation did not affect VFAs (Ueda et al., 2003). In another major study, Yang et al. (2022) found that adding flaxseed oil did not shift the concentration of VFAs, in the meantime, UFA proportion would change the microbial community’s diversity and abundance. Our study in experiment 2 found that adding AME can significantly decrease the concentration of MCP and increase the concentration of NH3-N, which indicated that AME may regulate rumen fermentation by changing the microflora. Additionally, we noticed that the pH was significantly increased in A4 as compared with the A1 group, which might affect the rumen BH pathways by AME supplementation. Harvatine et al. (2009) opined that typical pathways of rumen BH are altered when rumen pH is low. The low proportion of cis-9, trans-11 CLA, and trans-11 C18:1 at low pH was also observed by Troegeler-Meynadier et al. (2003). Piperova et al. (2002) observed that the low rumen pH resulted in higher trans-10 C18:1 produced and the effluent proportion of trans-10 C18:1 was positively related to BH (Bauman and Griinari, 2003). Results of the present experiment indicate that the pH is an important factor that may affect the BH process. It appears that a substantial correlation exists between AME and pH in relation to rumen BH. A possible hypothesis is that higher pH levels lead to a decrease in hydrogen ions, which are essential for hydrogenation during the process. Alternatively, an increase in pH induced by AME supplementation may potentially affect the hydrogenation process by limiting the availability of hydrogen ions in the rumen. However, additional experiments are needed to verify this hypothesis.



4.2. Effects of AME on rumen biohydrogenation bacteria

PE may have the potential to limit ruminal BH (Guerreiro et al., 2016). Published research suggests that PE causes certain changes in the rumen microflora and beneficial changes in rumen lipid metabolism (Huws et al., 2013). The inhibitory effect of PE on hydrogenation has been reported before. A study by Wood et al. (2010) suggested that PE potentially inhibits BH by acting on microorganisms. Several bacteria involved in BH function were identified: B. fibrisolvens, B. proteoclasticus, and B. crossotus (Palevich et al., 2017). Moreover, other microorganisms may participate in the process of BH, such as members of the B. fibrisolvens group, which convert LA to VA (trans-11-18:1) via cis-9, trans-11-CLA (Ramos-Morales et al., 2016).



TABLE 6 Effects of AME on key bacteria of rumen hydrogenation in experiment 2 [lg (copies/μL)].
[image: Table6]

Diet supplementation with UFAs may interfere with the BH process (Kamel et al., 2018). A study by Maia et al. (2010) suggested that UFAs play a preventive role in the BH process and disrupt the lipid bilayer structure of bacteria. Studies of other sulfur-containing PEs have also shown inhibitory effects on gram-positive bacteria. Busquet et al. (2005) suggested that the inhibitory effect of garlic oil may be mediated by inhibiting HMG-CoA reductase, which plays a role in the synthesis of isoprenoid ethers, and this process is also achieved by mediating the cell membrane (Busquet et al., 2005). A previous study showed that phenolic compounds have a toxic effect on certain rumen microbes, which contributed to the permeability of membranes and inhibited the enzyme activity of ruminal microorganisms (Jones et al., 1994). Moreover, research has shown that phenolic compounds can trigger endogenous oxidative stress in bacterial cells by inducing ROS formation, which can lead to bacteria cell death (Efenberger-Szmechtyk et al., 2021).

Kim et al. (2015) showed that rumen fluid incubated with PE (Punica granatum, Betula schmidtii, Ginkgo biloba, and Camellia japonica) decreased populations of R. albus, which is a cellulose-digesting species that has been identified as the major hydrogenating bacteria in the rumen. These bacteria benefit fungi by rapidly hydrogenating UFAs (Nam and Garnsworthy, 2007). R. albus belongs to “Type A” bacteria, which can hydrogenate C18:2n-6 and C18:3n-3, with VA being their major end product (Ishlak et al., 2015). In experiment 2, AME was added at 3 mg/g as determined by experiment 1. We observed that the abundance of R. albus was decreased in the AME treatment groups (A3, A4, A6). Interestingly, we noticed variability in the antibacterial rate between groups treated with different concentrations of the AME-UFA mixture. The low-concentration AME-UFA mixture group (A6) exhibited a higher antibacterial rate than the low-concentration UFA group (A5), but the high-concentration UFA mixture group (A2) was not as effective as the high-concentration AME-UFA group (A3). This observation suggests that AME may play an ‘adjuvant’ role in the inhibition of R. albus by supplementing UFAs.

B. proteoclasticus is a proteolytic bacterium in the rumen that produces rumenic acid (RA) together with VA and is the only species to form stearic acid (SA; Wallace et al., 2006). Another study reported that B. proteoclasticus could reduce trans-18:1 FA to SA (Ramos-Morales et al., 2013). Furthermore, several studies have also verified the association between SA and decreased B. proteoclasticus abundance (Zhu et al., 2012). A study by Henderson (1973) noted that Butyribrio sp. was most sensitive to FA. Therefore, the mixed acid used in the present study was greatly toxic to Butyribrio sp. Although the abundance of B. proteoclasticus in the A4 treatment group was not different from that in the A2, A3, A5, and A6 treatment groups, it was still significantly lower than that in the A1. In addition, the antibacterial effect of AME on B. fibrisolvens was observed. B. fibrisolvens are highly prevalent gram-positive bacteria in the rumen (Maia et al., 2010). Studies have shown that B. fibrisolvens considerably contributes to the BH of UFAs in the rumen. In our study, the antimicrobial effect of UFAs at high concentrations (A2) was more pronounced than that of the AME-UFA mixture (A3, A6), and the antimicrobial effect of the AME-FA mixture (A3, A6) was more pronounced than that of the single AME additive (A4). Despite this, the A4 group significantly inhibited (p < 0.01) the growth of B. fibrisolvens, which indicates the inhibitory potential of AME for BH in the rumen.

C. aminophilum is the typical ammonia producer in the rumen (Shen et al., 2017), which is closely related to B. proteoclasticus and involved in BH in the rumen (Moon et al., 2008). Compared to other bacteria in this study, C. aminophilum was more sensitive to the A4 treatment group and low concentrations of UFAs (A5) and AME-UFA mixtures (A3, A6). Compared to the A3, A5, and A6 treatment groups, the A4 treatment group significantly inhibited the growth of C. aminophilum (p < 0.01); however, C. aminophilum does not appear to be largely sensitive to UFAs at high concentrations (A2), and between A1 and A2 groups, there was no significant difference in microbial counts.

AME had a significant inhibitory (p < 0.01) effect on B. proteoclasticus, and the higher concentration AME-UFA mixture group (A3) was less inhibitory than the single AME treatment group (A4). However, the inhibitory effect of the lower concentration AME-UFA mixture (A6) was higher than that of the single AME treatment group (A4), and the underlying mechanism for this phenomenon is not yet clear. Above all, AME reduced the abundance of key BH bacteria. Such impacts may contribute to the production of high-quality livestock products.




5. Conclusion

Supplementation of AME could modulate ruminal fermentation in vitro of dairy cows. The suitable concentration of AME in modulating rumen fermentation is 3 mg/g, which reduces the MCP concentration significantly without compromising total VFA and tends to reduce the concentration of propionate and the population of protozoa. AME and AME with low concentration UFA mixture decreased the abundance of B. proteoclasticus, R. albus, B. fibrisolvens, and C. aminophilum. Based on our results, AME has the potential to inhibit rumen BH and thus may influence the UFA metabolism in dairy cows. However, the results need further in vivo research to confirm.
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Prickly Ash Seeds (PAS), as a traditional Chinese medicinal herb, have pharmacological effects such as anti-asthma, anti-thrombotic, and anti-bacterial, but their impact on gut microbiota is still unclear. This study used a full-length 16 s rRNA gene sequencing technique to determine the effect of adding PAS to the diet on the structure and distribution of gut microbiota in Hu sheep. All lambs were randomly divided into two groups, the CK group was fed with a basal ration, and the LZS group was given a basal diet with 3% of PAS added to the ration. The levels of inflammatory factors (IL-10, IL-1β, and TNF-α) in intestinal tissues were measured by enzyme-linked immunosorbent assay (ELISA) for Hu sheep in the CK and LZS group. The results indicate that PAS can increase the diversity and richness of gut microbiota, and can affect the community composition of gut microbiota. LEfSe analysis revealed that Verrucomicrobiota, Kiritimatiella, WCHB 41, and uncultured_rumen_bacterium were significantly enriched in the LZS group. KEGG pathway analysis found that LZS was significantly higher than the CK group in the Excretory system, Folding, sorting and degradation, and Immune system pathways (p < 0.05). The results of ELISA assay showed that the level of IL-10 was significantly higher in the LZS group than in the CK group (p < 0.05), and the levels of TNF-α and IL-1β were significantly higher in the CK group than in the LZS group (p < 0.05). LEfSe analysis revealed that the dominant flora in the large intestine segment changed from Bacteroidota and Gammaproteobacteria to Akkermansiaceae and Verrucomicrobiae after PAS addition to Hu sheep lambs; the dominant flora in the small intestine segment changed from Lactobacillales and Aeriscardovia to Kiritimatiellae and WCHB1 41. In conclusion, the addition of PAS to sheep diets can increase the number and types of beneficial bacteria in the intestinal tract, improve lamb immunity, and reduce intestinal inflammation. It provides new insights into healthy sheep production.

KEYWORDS
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1. Introduction

A large number of microorganisms live in the intestinal tract of sheep and are closely involved in host metabolism, immunity, tissue homeostasis, and intracellular homeostasis (Su et al., 2022). The composition and diversity of microorganisms are influenced by diet composition, host genetics, and external environment. For example, parasitic infections increase pathogenic bacteria and decrease beneficial bacteria in sheep (Chatanga et al., 2021; Liu and Yin, 2021). Studies have shown that the addition of oregano essential oil to diets increases the abundance of Rumenococci, Bifidobacteria, and Enterococci (Jia et al., 2022). Rumen degradable starch as a ration alters intestinal bacterial communities and carbohydrate digestibility in dairy goats (Han et al., 2021). In addition, the microbial communities in different intestinal segments of sheep have unique characteristics. According to the similarity of community composition determined by principal coordinate analysis, the microbial community of the entire intestine can be divided into two groups: small intestine and large intestine (Wang et al., 2017). Dominant microbiota from the foregut to hindgut of Aohan wool sheep has changed from Proteobacteria to Bacteroidota (Ma et al., 2022).

PAS is the seed left behind by the ripening, drying, and filtration of Chinese prickly ash. Which are rich in α- Linolenic acid plays an important role in anti-asthma and anti-thrombosis (Tang et al., 2014; Yang et al., 2014). In addition, the anti-inflammatory ability of prickly ash extract has been proven multiple times (Hou et al., 2021). An antimicrobial peptide named NP-6 in PAS inhibited all tested strains (Hou et al., 2019). PAS may inhibit lung inflammation and tissue damage during asthma (Wang et al., 2016). The research shows that Prickly Ash oil extracted from PAS has inhibited osteoclastogenesis and anticancer effects against malignant melanoma (Pang et al., 2019; Zhang B. et al., 2023). The addition of PAS to the diet was effective in improving the fatty acid composition of the longest muscle of the pig’s back (Song et al., 2020). Different flora produced by Prickly Ash oil fed to small-tailed frigid sheep affected on nutrient digestion and absorption and gut health of the host and significantly altered the abundance of rumen microbiota (Zhang et al., 2022a,b). Lamb diarrhea is a common disease caused by pathogenic microbial infection and digestive system dysfunction, which poses a significant threat to the sheep industry. Diarrhea in sheep is mainly caused by rotavirus, Escherichia coli, streptococcus, salmonella, clostridium welchii, and Parasitic disease. And PAS has potential anti-inflammatory, antibacterial, and antioxidant properties (Fortuoso et al., 2019; Zhong et al., 2022).

The inflammatory response promotes tissue repair and an immune response, but when the immune response is excessive or persistent, it can trigger a range of serious diseases (Neurath, 2014). Inflammatory factor refers to a class of signaling factors produced by cells in the process of inflammatory response, which can stimulate immune cells to further release other inflammatory factors (Kong et al., 2021). Among inflammatory cytokines, IL-1β is considered a typical multifunctional cytokine that affects virtually all types of cells, whether acting alone or in combination with other cytokines. IL-1β is essential for cellular defense and tissue repair in almost all tissues, and has been implicated in pain, inflammation, and autoimmunity (Zhou et al., 2019). IL-1β is also involved in neuroprotection, tissue remodeling and repair (Tran et al., 2023). TNF-α enhances macrophage activity and killing function, and enhances the ability of macrophages to promote immune response; it also has a promoting effect on the activity and aggregation of neutrophils localized in inflammation (Zhang et al., 2021). IL-10 is also an important immunomodulator, which mainly inhibits and terminates inflammatory immune responses by inhibiting monocyte and macrophage activation (Bouquet et al., 2020).

In this study, a total of 60 samples from the intestinal tract (duodenum, jejunum, ileum, cecum, and colon) of normally fed and PAS-intervened sheep were studied for a comparative study of bacterial community structure and distribution by using 16 s rRNA full-length sequencing. Relevant inflammatory factors were then validated using ELISA kits. The aim was to complement the incomplete study of PAS on the intestinal flora of sheep and to provide a theoretical basis for the application of PAS to the regulation of intestinal health in ruminants.



2. Materials and methods


2.1. Ethics statement

All experimental designs and procedures were approved by the Animal Care Committee of Gansu Agricultural University (GSAU-AEW-2020-0057). in accordance with the Guidelines for Animal Care and Experimental Procedures established by the Ministry of Science and Technology of the People’s Republic of China (Approval No. 2006-398).



2.2. Animals and sample collection

During the study, 12 weaned male lambs (aged 90 ± 5 days; 25.66 ± 3.03 kg body weight) of Hu sheep were selected from Dongxiang County Dawan Breeding Farmers’ Specialized Co-operative Society (Linxia City, Gansu Province, China). The nutrient composition of PAS is shown in Table 1. The composition and nutrient levels of the basal rations of the CK and LZS groups are shown in Table 2. All lambs were fed according to standard livestock management practices. During the pretest period of 10 d and the LZS period of 90 d, the lambs were fed the total mixed ration (TMR) at 07:00 and 18:00 every day, and during the feeding period, the lambs were fed and watered freely, and the pens were disinfected regularly. All lambs were euthanized early in the morning of day 91. Fresh intestinal contents (~10 g) and intestinal tissue samples (~15 g) were collected from the duodenum, jejunum, ileum, cecum, and colon. In order to distinguish different intestinal segments, duodenal specimens from the CK and LZS groups were recorded as DuCK1-DuCK6 and DuLZS1-DuLZS6, respectively; jejunal specimens were recorded as JeCK1-JeCK6 and JeLZS1-JeLZS6, respectively; ileal specimens were recorded as I1CK1-I1CK6 and I1LZS1-I1LZS6, respectively; cecum specimens were recorded as CeCK1-CeCK6 and CeLZS1-CeLZS6, respectively; colon specimens were recorded as CoCK1-CoCK6 and CoLZS1 and CoLZS6, respectively. Samples were preserved in 50 mL sterile, enzyme-free centrifuge tubes and immediately placed in liquid nitrogen, then transferred to a −80°C ultra-low-temperature refrigerator for storage.



TABLE 1 Content of conventional nutrients in Prickly Ash Seeds (dry matter basis).
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TABLE 2 Composition and nutrient levels of basal diet (dry matter basis).
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2.3. Full-length 16S rRNA sequencing

Genomic DNA was extracted from the contents of duodenum, jejunum, ileum, cecum and colon using the TGuide S96 Magnetic Bead Method Soil and Fecal Genomic DNA Extraction Kit (Tiangen Biotechnology (Beijing, China) Co., Ltd.) according to the instruction manual, and the concentration of the DNA was determined by Nanodrop, and the purity of the DNA was determined by agarose gel electrophoresis, which was qualified and used for the amplification of full-length 16S rRNA gene amplification.

After extracting the total DNA of the samples, specific primers with Barcode were synthesized according to the full-length primer sequences (27F: AGRGTTTGATYNTGGCTCAG; 1492R: TASGGHTACCTTGTTASGACTT), and the products were purified, quantified, and normalized to form a sequencing library (SMRT Bell). The constructed libraries were first subjected to library quality control, and the qualified libraries were sequenced by PacBio Sequel II. Sequencing was performed by Biomarker Technologies (Beijing, China).



2.4. Enzyme-linked immunosorbent assay

Corresponding intestinal tissues (18 samples) from the jejunum, ileum, and cecum were selected for enzyme-linked immunosorbent assay. Three inflammatory factors were measured by double-antibody sandwich ELISA provided by Jingmei Biotechnology Co., Ltd. (Jiangsu, China): TNF-α (JM-07817S1), IL-1β (JM-00413S1), and IL-10 (JM-07814S1).



2.5. Bioinformatics analysis and statistics

After exporting the CCS (Circular Consensus Sequencing) file through smrtlink analysis software. Firstly, the Raw-CCS sequence data were obtained based on Barcode sequence identification, followed by CCS filtering using cutadapt (version 2.7) software (Bolger et al., 2014), and finally, the chimeric sequences were identified and removed to obtain Effective-CCS sequences using UCHIME (v8.1) software. The Reads were clustered using Usearch software (v10.0) (Edgar, 2013) at 97.0% similarity level, divided into OTUs/ASVs (hereafter referred to uniformly as Features). Use Venn plots to show the number of shared, unique features between individual bowel segments or groups. Using Silva.138 as a reference database, we annotated the feature sequences taxonomically using a simple Bayesian classifier to obtain the taxonomic information of the species corresponding to each feature, and then counted the composition of each sample community at the phylum level. QIIME software was used to generate species abundance tables at different taxonomic levels, which were then plotted as community structure maps at each taxonomic level of the samples using R language tools. Using QIIME2 software, the Alpha diversity index of the samples was evaluated and dilution curves were plotted (Wang et al., 2012); Beta diversity analysis was used to compare the magnitude of differences in species diversity (community composition and structure) among samples. Sample hierarchical clustering (UPGMA) trees, sample clustering heatmaps, and sample PCoA plots under the corresponding distances are obtained based on the distance matrix; Statistically different Biomarkers were searched for between groups by intergroup sample LEfSe analysis, to further measure differences in species abundance composition between samples (groups); Finally, the 16S rRNA gene sequences were analyzed for functional prediction in the KEGG database using PICRUSt2.

Correlation analysis was performed using Spearman correlation coefficient (Spearman correlation); r < 0 means negative correlation, r > 0 means positive correlation, p > 0.05 means insignificant difference, *p < 0.05 means significant difference, **p < 0.01 means the difference is highly significant.




3. Results


3.1. Sequencing results and bacterial diversity of the whole gut

We collected five intestinal segment sites (duodenum, jejunum, ileum, colon, and cecum) and obtained a total of 60 samples for sequencing. A total of 1,200,134 CCS sequences were obtained by Barcode identification, with at least 11,700 CCS sequences per sample and an average of 20,002 CCS sequences. First, we analyzed the number of features in the CK and LZS groups. The total number of intestinal features in the CK and LZS groups was 1,424, the number of shared OTUs was 1,296, and the number of observed features in the intestines of the CK and LZS groups was 1,361 and 1,359, respectively, with no significant difference (Figure 1B). Rarefaction curves flatten out and all sequencing data are reasonable (Supplementary Figure S1). Next, we analyzed the number of features in different intestinal segments for the CK and LZS groups separately. Except for the ileum, the number of features unique to other intestinal segments was more in the LZS group than in the CK group. And the number of features contained in each intestinal segment in both CK and LZS groups was jejunum > ileum > duodenum > cecum > colon (Figures 1A,C).
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FIGURE 1
 Sequencing results and statistical analysis of diversity. (A) Venn diagram showing the OTUs shared by each intestinal segment in the CK group. (B) Venn diagram showing OTUs shared in the gut between the CK and LZS groups. (C) Venn diagram showing the OTUs shared by each intestinal segment in the LZS group. (D–G) The simpson, shannon, Chao1, and ACE indices for the six bowel segments. Adjusted *p < 0.05 and **p < 0.01 by Student’s T test.


To prove the accuracy of the analyzed results, we performed intestinal microbial diversity analysis. The results showed that the addition of PAS to the diet was able to influence gut microbial richness and diversity. The Shannon, Simpson, and Chao1 indices of the LZS group were higher than those of the CK group (Figures 1D–F), indicating that feeding PAS increased the diversity and abundance of gut microorganisms. However, the ACE index was lower in the LZS group than in the CK group (Figure 1G). The dilution curves of both the LZS group and the CK group flattened out as the number of sequencing strips increased. The results showed that the sequencing data were sufficient to cover all bacterial communities.



3.2. Cluster analysis and microbial composition of the intestine

PCoA and NMDS analyses revealed a significant separation of the microbial population structure in the gut of the LZS group from that of the CK group (Figures 2B,C). Next, we performed a heat map analysis of clustering at the genus level, which showed that the cecum and colon clustered into one group, while the duodenum, jejunum, and ileum clustered into one group (Figure 2A). Additional species distribution analysis of all samples at the genus level revealed that the large and small intestinal segments of sheep lambs were differentially affected by PAS (Supplementary Figure S2).
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FIGURE 2
 Cluster analysis. (A) Heatmap of species abundance at genus level. (B) Principal coordinate analysis (PCoA) based on all samples. (C) Non-MetricMulti-Dimensional Scaling (NMDS) based on all samples. (D) The genus-level microbial composition of the intestinal segments of the CK and LZS groups. (E) The phylum-level microbial composition of the intestinal segments of the CK and LZS groups.


In the analysis of microbial composition, we focused on exploring the top 10 bacteria at the phylum and genus level. The level of microorganisms at each taxonomic level was analyzed. At the phylum level (Figure 2E), Firmicutes were both dominant bacterial gates in the CK group (58.10%) and the LZS group (52.82%). There were differences in the proportions of Verrucomicrobiota (24.06% in the LZS group and 13.78% in the CK group), Cyanobacteria (6.45% in the LZS group and 2.71% in the CK group), and Desulfobacterota (0.75% in the LZS group and 0.18% in the CK group) in the CK and LZS groups. This suggests that these bacteria are more active in the LZS group. At the genus level (Figure 2D), the dominant genera in the CK group were uncultured_rumen_bacterium (11.95%) and Akkermansia (9.26%), and the dominant genera in the LZS group were uncultured_rumen_bacterium (25.67%) and Mycoplasma (10.18%). In addition to this, most of the annotated bacteria were more abundant in the LZS group compared to the CK group. For example, Mycoplasma (10.18% in LZS group, 5.19% in CK group), Christensenellaceae_R_7_group (4.55% in LZS group, 2.25% in CK group), Clostridium_sensu_stricto_1 (4.09% in LZS group, 4.23% in CK group) and Romboutsia (3.01% in LZS group, 2.57% in CK group).



3.3. Microbial communities and metabolic pathways in the gut

Based on the results of cluster analysis, we performed LEfSe analysis on LZS and CK groups. It was found that the significantly enriched bacteria in the CK group were mainly Aeriscardovia, Streptococcus and Enterobacterales and were significantly higher than those in the LZS group (LDA > 4, p < 0.05; Figures 3A,B). The LZS group Verrucomicrobiota, Kiritimatiellae, WCHBI_41, and uncultured_rumen_bacterium were significantly higher in abundance than in the CK group (LDA > 4, p < 0.05). The LZS and CK groups contained taxa with significant differences in microbial communities for abundance, which may be related to the feeding of PAS. In order to investigate the effect of feeding PAS on intestinal metabolic pathways, we used a p-value of < 0.05 as a criterion for differential enrichment analysis. As shown in Figure 3C, Digestive system and Infectious diseases: Parasitic were significantly higher in the CK group than in the LZS group (p < 0.05); whereas the LZS group was significantly higher than the CK group (p < 0.05) in Excretory system, Folding, sorting and degradation, and Immune system pathways were significantly higher in CK group (p < 0.05).
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FIGURE 3
 (A) Evolution cladogram. (B) LDA score chart, LDA > 4, p < 0.05. (C) Differential analysis of KEGG metabolic pathways graph.




3.4. Sequencing results of large and small intestinal segments and bacterial diversity

To study the effect of PAS on large and small intestine, respectively. We analyzed 1,424 Features and found that the number of Features observed in the large intestine of the CK group, the small intestine of the CK group, the large intestine of the LZS group, and the small intestine of the LZS group were 504, 980, 507, and 1,137, respectively (Figure 4A). The number of features unique to the small intestine in the CK group and the small intestine in the LZS group were both greater than the large intestine. We then performed a gut microbial diversity analysis (Figures 4C–F). The results showed that the Shannon, ACE, Simpson and Chao1 indices were significantly higher in the CK group than in the LZS group for the large intestinal segment (p < 0.05), and significantly higher in the small intestinal segment than in the large intestinal segment for the CK group and the LZS group for the ACE and Chao1 indices (p < 0.05). Additionally it was shown by the dilution curve that the sequencing data could be used; Finally, the PCoA analysis revealed that the differences explained by principal component 1 (PC1) and principal component 2 (PC2) were 65.91 and 6.83%, respectively (Figure 4B). The results showed that the small intestine had a higher abundance and diversity of gut microorganisms than the large intestine, and that the flora of the small and large intestines did not correlate well.
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FIGURE 4
 Sequencing results and statistical analysis of diversity. (A) Venn diagram showing OTUs shared by CK and LZS groups in large and small intestinal segments. (B) Principal coordinate analysis (PCoA) based on all groups. (C–F) Chao1, ACE, Shannon index and Simpson index for each group. Adjusted *p < 0.05 and **p < 0.01 by Student’s T-test.




3.5. Effect of PAS on the abundance of large intestine microbiome

In the large intestine, by performing UPGMA analysis at the phylum level, it was found that PAS had some effect on the important flora of the large intestinal segments, but Verrucomicrobiota was predominant in all samples, followed by Bacteroidota, Firmicutes, Proteobacteria (Figure 5A). Then explore the top 10 bacteria at the phylum and genus level in microbial composition. At the genus level (Figure 5C), the colon and cecum were affected by PAS to essentially the same extent. For example, the addition of PAS resulted in a much higher abundance of both Akkermansis as the dominant group, an increase in the abundance of both UCG_005 and Bacteroides, and a decrease in the abundance of both Succinivibrio and Alistipes. At the phylum level (Figure 5B), the addition of PAS resulted in a significant increase in the abundance of Verrucomicrobiota, a significant decrease in the abundance of Proteobacteria, and little change in the abundance of Bacteroidota and Firmicutes. Finally, based on the results of the cluster analysis, we performed LEfSe analysis on the LZS and CK groups (Figure 6A). The bacteria found to be significantly enriched in the LZS group were Akkermansiaceae (Figure 6C) and Verrucomicrobiota (Figure 6D), both belonging to the phylum Verrucomicrobia, Bacteria significantly enriched in the CK group were mainly Gammaproteobacteria, Enterobacteriales and succinivibrionaceae, and all belonged to the phylum Proteobacteria. Therefore, we concluded that the addition of PAS changed the dominant small intestinal flora of sheep from Proteobacteria to Verrucomicrobia (Figure 6B).
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FIGURE 5
 Cluster analysis. (A) UPGMA analysis of bacterial communities based on binary_jaccard distance. (B) Phylum-level microbial composition of large intestine segments of CK and LZS groups. (C) Genus-level microbial composition of the large intestine segments of the CK and LZS groups.
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FIGURE 6
 (A) Evolution cladogram. (B) LDA score chart, LDA > 4, p < 0.05. (C) Comparison of Akkermansiaceae content between CK and LZS groups. (D) Comparison of Verrucomicrobiae content between CK and LZS groups.




3.6. Effect of PAS on the abundance of small intestine microbiome

In the small intestine, by performing UPGMA analysis at the phylum level (Figure 7A), it was observed that there was also some variation in the samples from the small intestine segments, but the samples were dominated by Firmicutes, followed by Patescibacteris, Verrucomicrobiota, Cyanobacteria, and others. At the phylum level (Figure 7B), the duodenum, jejunum, and ileum underwent essentially the same changes under the influence of feeding PAS. Firmicutes were the dominant group in both the CK and LZS groups, and their abundance was higher in the CK group than in the LZS group. The abundance of Verrucomicrobiota and Cyanobacteria was increased by the effects of PAS. In addition the abundance of Actinobacteriota showed a decrease under the effect of PAS. At the genus level (Figure 7C), the duodenum, jejunum, and ileum differed considerably in the changes that occurred under the influence of feeding PAS. Among them, Mycoplasma declined in the ileum but was significantly elevated in the jejunum. The abundance of Turicibacter declined only in the ileum, and the abundance of Ureaplasma declined only in the duodenum. Interestingly though the abundance of Christensenellaceae_R_7_group was significantly increased in all three intestinal segments. Finally, based on the results of the cluster analysis, we performed LEfSe analysis on the LZS and CK groups (Figure 8A). Bacteria found to be significantly abundant in the LZS group were Kiritimatiellae (Figure 8C), WCHB1_41 (Figure 8D) and Verrucomicrobiota. Bacteria found to be significantly enriched in the LZS group were Kiritimatiellae, WCHB1_41, and Verrucomicrobiota. Bacteria significantly enriched in the CK group were mainly Lactobacillales, Aeriscardovia, Actinobacteriota, Streptococcus, and Bifidobacteriales (Figure 8B).
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FIGURE 7
 Cluster analysis. (A) UPGMA analysis of bacterial communities based on binary_jaccard distance. (B) Phylum-level microbial composition of small intestine segments of CK and LZS groups. (C) Genus-level microbial composition of the small intestine segments of the CK and LZS groups.
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FIGURE 8
 (A) Evolution cladogram. (B) LDA score chart, LDA > 4, p < 0.05. (C) Comparison of Kiritimatiellae content between CK and LZS groups. (D) Comparison of WCHB1-41 content between CK and LZS groups.




3.7. Analysis of the correlation between inflammatory factors and gut microbial

Changes of inflammatory factors (TNF-α, IL-1β, and IL-10) were measured by enzyme-linked immunosorbent assay (Figures 9A,B). The levels of TNF-α and IL-1β in the intestinal tissues of sheep in the LZS group were significantly lower than those of the CK group (p < 0.05); The level of IL-10 in the intestinal tissues of sheep was significantly lower than that of the LZS group (p < 0.05). Inflammatory factors were correlated with the top 10 gut flora phylum and genus level abundance (Figures 9C,D). The results showed that IL-1β and TNF-α were significantly different (p < 0.05) and negatively correlated (r < 0) with Verrucomicrobiota. IL-10 was significantly different (p < 0.05) and positively correlated (r > 0) with Verrucomicrobiota. TNF-α and IL-1β were significantly different (p < 0.05) and positively correlated (r > 0) with Actinobacteriota, Aeriscardovia, and Streptococcus. IL-10 was significantly different (p < 0.05) and negatively correlated (r < 0) with Actinobacteriota, Aeriscardovia, and Streptococcus.
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FIGURE 9
 (A) Results of changes in pro-inflammatory factor levels in the CK and LZS groups. (B) Results of changes in anti-inflammatory factor levels in the CK and LZS groups. (C) Heat map analysis results of inflammation factors associated with gut microbiota at the phylum level. (D) Heat map analysis results of inflammation factors associated with gut microbiota at the genus level. Adjusted *p value < 0.05 and **p < 0.01 by Student’s T test.





4. Discussion

Increased α-diversity of the gut microbiota is thought to be closely associated with intestinal homeostasis and health. A high diversity of intestinal flora can effectively resist the attack of harmful bacteria, improve intestinal immunity, and promote food digestion and absorption. A high diversity of flora also contributes to the maintenance of gut microbial balance and overall health. In this study, the diversity and richness of gut microorganisms were increased by the addition of PAS. It indicates that PAS helps to improve intestinal immunity and maintain intestinal microbial balance in sheep lambs. The Ace index was lower in the LZS group than in the CK group, probably because ACE considered a wider range of rare species and made corrections for coefficient of variation and sample coverage. Both PCoA and NMDS analysis results showed that PAS altered the community composition of gut microbiota in Hu sheep. Heat map analysis shows significant differences in the microbiota of the small intestine and large intestine. Comparing the species distribution of LZS group and CK group at the phylum level, it was found that Firmicutes were the most important flora in the intestine, which was also found in other mammals (Chang et al., 2020; Minozzi et al., 2020). Firmicutes is an efficient energy harvesting bacterium, which is closely related to the energy acquisition and immune response regulation of the body. The increased abundance of Firmicutes is to meet the energy demand of muscle growth (Du et al., 2022). PAS increased the number of Verrucomicrobiota and Cyanobacteria in the intestine. Verrucomicrobia is a newly classified bacterium, which exists in the intestinal mucosa of healthy people, and has also been found in the Gut microbiota of Tan sheep, blue sheep (Pseudois nayaur) and other groups (Wang et al., 2023; Zhao et al., 2023). Research has found that Verrucomimicrobia has anti-inflammatory effects and can maintain glucose homeostasis in the host microbiota (Wang X. et al., 2022). Christensenellaceae_R_7_group as highly efficient hydrogen-producing bacteria, and when enriched with methanogens at the same time, they were able to work synergistically to improve the efficiency of enteric fermentation of starch and other polysaccharides (Li et al., 2023). Cyanobacteria have a number of specialized functions, including vitamin B speciali K synthesis, specialized anaerobic fermentation, coprophilic H2 production y and nitrogen fixation. It was also found that cyanobacteria are one of the main gates of gut microorganisms in sheep (Di Rienzi et al., 2013). At the genus level, PAS increased the number of Gut microbiota Christensenellaceae_R_7_group and Romboutsia. Romboutsia was an ileum-specific genus of bacteria. Romboutsia has effects on the inflammatory process and is inversely related to inflammatory bowel disease (Schirmer et al., 2019). Christensenellaceae_R_7_group is a highly efficient hydrogen producing bacterium. When it is enriched with Methanogen, they can synergistically improve the intestinal fermentation efficiency of starch and other polysaccharides (Li et al., 2023). These results are basically consistent with previous studies, indicating that adding prickly ash products can have beneficial effects on the gut of sheep (Zhang et al., 2022b). LEfSe analysis showed that the LZS group was significantly enriched with bacterial communities such as Verrucomimicrobiota, Kiritimatiellae, and WCHBI_41. Research has shown that Kiritimatellae plays an important role in the digestion process of herbivores (Wang X. et al., 2022), while Akkermansia and Kiritimatellaeota are involved in the biosynthesis pathway of arginine and fatty acids (Baniel et al., 2021). WCHB1-41 is significantly affected by lifestyle changes (Zhang C. et al., 2023), Akkermannia and WCHB1-41 encoded arginine and Fatty acid synthesis metabolic pathway can effectively improve energy and nitrogen utilization efficiency of yaks (Guo et al., 2021). By analyzing the differences in KEGG metabolic pathways, it was found that the proportions of metabolic pathways of Excretory system, Folding, sorting and degradation, and Immune system in the LZS group were significantly higher than those in the CK group (p < 0.05), and that the proportions of metabolic pathways of Digestive system and Infectious diseases:parasitic were significantly higher than those in the CK group (p < 0.05). The proportion of metabolic pathways in Digestive system and Infectious diseases:parasitic was significantly higher than that in LZS group (p < 0.05). It shows that PAS can indeed improve the immunity of Hu sheep lambs, reduce the Parasitic disease of Hu sheep lambs (He et al., 2018; Patil and Mallya, 2022), and at the same time, PAS also has a certain impact on the digestion and excretion of sheep. However, PICRUSt2 still has shortcomings in predicting potential functions. Therefore, it is necessary to further study the impact of PAS on the metabolic ability of Hu sheep lambs.

After performing ELISA analysis of inflammatory factors, the results showed a significant increase in IL-10 levels (p < 0.05) and a significant decrease in IL-1β and TNF-α levels (p < 0.05) in the LZS group compared to the CK group. IL-10 prevents colitis by eliminating dysfunctional mitochondria and inhibiting mTOR signaling and inflammatory vesicle activation in macrophages (Ip et al., 2017). Elevated levels of IL-10 indicated an improvement in the immune mechanism of Hu sheep by PAS. In the context of chronic inflammation, high circulating expression of IL-1β promotes the production of oncogenic mediators to induce tumorigenesis, but IL-1β can also promote T cell-mediated adaptive immune responses (Kallapur et al., 2011). TNF-α is closely associated with intestinal flora disorders. It can modulate immunity by promoting IL-10 production by B cells, inducing T cell apoptosis, altering T cell receptor (TCR) signaling, inhibiting T helper 17 (Th17) cell differentiation, and enhancing the number and function of regulatory T (Treg) cells (Galinsky et al., 2020). Elevated levels of IL-1β and TNF-α similarly indicated a positive effect of PAS on the immunocompetence of Hu sheep (Zhang et al., 2021). After conducting correlation heat map analysis, we found very interesting phenomena. Verrucomimicrobiota, as a differential phylum of gut microbiota, has certain anti-inflammatory effects, IL-10 is a recognized inflammatory and immunosuppressive factor (Zheng et al., 2019). We intuitively found them to be positively correlated through heat maps, which has also been confirmed; IL-1β and TNF-α belong to the TNF ligand superfamily and are both pleiotropic pro-inflammatory cytokines (Barichello et al., 2010). Streptococcuis an important pathogen that causes bacterial meningitis. Actinobacteriota and Aeriscardovia may also have certain pro-inflammatory effects (Liu et al., 2023). It was inferred that there may be some connection between inflammatory factors and intestinal flora composition and that PAS has a positive effect on resistance to inflammatory bowel disease in Hu sheep.

Because of the differences in the action functions of the small and large intestine (Yang et al., 2021), after exploring the effects of PAS on intestinal microorganisms, we focused our analysis on individual intestinal segments. It was found that the number of features unique to the small intestine segments of the CK group and the small intestine segments of the LZS group were both greater than that of the large intestine segments, and that the small intestine had a higher abundance and diversity of intestinal microorganisms than the large intestine. PCoA showed that the gut microbial population structure in the large intestine segments of the test and control groups was essentially the same. For the large intestinal segments, the microbial communities of the cecum and colon changed almost identically after feeding PAS. This is basically the same as other scholarly studies (Ma et al., 2022). At the phylum and genus level, the predominant colony in the cecum and colon was Verrucomicrobiota, and this colony increased considerably in both the cecum and colon with the addition of PAS. Proteobacteria are positively correlated with fiber intake (Zhao et al., 2022); Akkermansia, in the cecum and colon, was also significantly increased by PAS, which promotes intestinal barrier integrity, modulates immune responses, suppresses inflammation, and supports an anti-inflammatory gut microbiota (Xi et al., 2020; Hagi and Belzer, 2021; Kalia et al., 2022). There was also an increase in UCG-005, a member of the Ruminococcaceae family, which is associated with cellulose and starch digestion (Sun et al., 2019; Liu and Yin, 2021). LEfSe analysis showed a shift in the dominant flora of the large intestine segment from Bacteroidetes and Gammaproteobacteria to Akkermansiaceae and Verrucomicrobiae. Bacteroidetes live in the intestines of animals, and studies have found that Bacteroidetes promote digestion and increased utilization of complex carbohydrates, and are associated with obesity levels (Hales et al., 2017; Zhang et al., 2018). Gammaproteobacteria, belonging to Pseudomonadota in the bacterial kingdom, usually exists in the digestive tract and can metabolize cancer drugs, drive immunosuppression and tumorigenesis. Gammaproteobacteria can induce cell damage by infecting pancreatic cells, even hiding within pancreatic cells, causing double stranded DNA breakage (Halimi et al., 2021). Interestingly, the microbial communities in the duodenum, jejunum and ileum of the small intestine were changed after feeding PAS. We then found that at the phylum level, the dominant flora in small intestine is Firmicutes, which has been demonstrated in multiple studies to be the dominant intestinal phylum for the breakdown of complex nutrients and the production of beneficial metabolites (Gebeyew et al., 2021); At the genus level, the dominant genus in the small intestine is uncultured_rumen_bacterium, which is in general agreement with other scholarly studies (Kumar et al., 2022). Also ureaplasma is a harmful bacterium that can cause inflammation of the fetal membranes (Snyder et al., 2013; Heiter et al., 2023). LEfSe analysis result showed that Kiritimatiellae and WCHB1_41 significantly enriched in the LZS group while Lactobacillales and Aeriscardovia significantly enriched in the CK group. Lactobacillales belongs to the class Bacilli and can improve sheep manure composting efficiency and final product quality and can influence mitochondrial biogenesis to improve meat quality in sheep (Li et al., 2020, Wang C. et al., 2022). Aeriscardovia belongs to the family Bifidobacteriaceae and is found in omnivorous organisms that consume a wide range of nutrients and are capable of expanding their metabolism of different carbon sources present in the host (Lugli et al., 2017). In summary, adding PAS to the diets can increase beneficial flora content such as Verrucomicrobia, Firmicutes, Kiritimatiellae, Christensenellaceae_R_7_group, WCHBI_41, UCG-005 and Akkermansia, which in turn improves the sheep intestinal tract, and provides a new view on the improvement of sheep immunity.



5. Conclusion

This study revealed the effect of PAS addition on intestinal bacteria in Hu sheep lambs and validated the associated inflammatory factors. It was found that the addition of PAS could increase the diversity and abundance of intestinal microorganisms, influence the composition of intestinal community in sheep, and increase the content of beneficial intestinal bacteria. Moreover, the excretory system and immune system were significantly enhanced. The ELISA test showed that PAS has a certain impact on the levels of inflammatory factors. Then we explored the effects of PAS on the small and large intestines, respectively, and found that for both CK and LZS groups, they showed that the number of unique features of the small intestinal segment was more than that of the large intestinal segment, and that the gut microbial abundance and diversity in the small intestines were higher than that in the large intestines. Moreover, the addition of PAS significantly increased Akkermansiaceae and Verrucomicrobiae in the large intestine segment, and Kiritimatiellae and WCHB1 41 in the small intestine segment. Thus, it can be confirmed that feeding PAS promotes changes in the abundance of intestinal microorganisms in sheep, affects the levels of inflammatory factors and thus improves immunity in sheep lambs. This study provides new insights into improving the stress resistance and intestinal health of sheep by adding green additives, and provides a theoretical basis for understanding how ruminant gut microbiota are affected by PAS.
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Background: Several observational studies have suggested a potential relationship between gut microbiome and psoriatic arthritis (PsA). However, the causality of this relationship still remains unclear. We aim to explore if the specific gut microbiome is causally associated with PsA at the genetic level and offer valuable insights into the etiology of PsA.

Methods: In this study, we employed a bidirectional two-sample Mendelian randomization (MR) analysis to investigate the causal effects of the gut microbiome on PsA. Publicly accessible genome-wide association study summary data of gut microbiome were obtained from the MiBioGen consortium (n = 14,306), while the summary statistics of psoriatic arthropathies were sourced from the FinnGen consortium R8 release data (2,776 cases and 221,323 controls). The primary analytical method employed was inverse variance weighted (IVW), complemented by supplementary methods including MR-Egger, weighted median, weighted mode, maximum likelihood, MR-PRESSO, and cML-MA. Reverse MR analysis was performed on the bacteria that were found to be causally associated with PsA in forward MR analysis. Cochran’s IVW Q statistic was utilized to assess the heterogeneity of instrumental variables among the selected single nucleotide polymorphisms.

Results: IVW estimates revealed that Ruminococcaceae_UCG-002 (odds ratio (OR) = 0.792, 95% confidence interval (CI), 0.643–0.977, p = 0.029) exhibited a protective effect on PsA. Conversely, Blautia (OR = 1.362, 95% CI, 1.008–1.842, p = 0.044), Eubacterium_fissicatena_group (OR = 1.28, 95% CI, 1.075–1.524, p = 0.006), and Methanobrevibacter (OR = 1.31, 95% CI, 1.059–1.621, p = 0.013) showed a positive correlation with the risk of PsA. No significant heterogeneity, horizontal pleiotropy, or outliers were observed, and the results of the MR analysis remained unaffected by any single nucleotide polymorphisms. According to the results of reverse MR analysis, no significant causal effect of PsA was found on gut microbiome.

Conclusion: This study establishes for the first time a causal relationship between the gut microbiome and PsA, providing potential valuable strategies for the prevention and treatment of PsA. Further randomized controlled trials are urgently warranted to support the targeted protective mechanisms of probiotics on PsA.

KEYWORDS
 psoriatic arthritis, causal relationship, genetics, gut microbiome, Mendelian randomization


Introduction

Psoriatic arthritis (PsA) is a chronic, immune-mediated, inflammatory arthropathy that clinically manifests with joint pain, stiffness, and swelling, making it one of the most severe comorbidities associated with psoriasis (Veale and Fearon, 2018). Once diagnosed with psoriasis, approximately one-third of patients will eventually transition to having PsA (Scher et al., 2019). Several potential risk factors have been identified for this transition (FitzGerald et al., 2021), including genetic susceptibility within the HLA region, comorbidities such as hyperlipidemia and obesity, variants in genes involved in interferon signaling and NF-κB signaling, and psoriasis-related factors such as psoriasis severity, potentially psoriasis location, and nail dystrophic changes (Veale and Fearon, 2018; Scher et al., 2019; FitzGerald et al., 2021). The prevalence of PsA worldwide ranges from 0.1 to 1% in the general population, with an estimated 520,000 cases in the US alone (Gelfand et al., 2005; Karmacharya et al., 2021). Despite some previous reports resuming a relatively mild course for most PsA patients, impaired function and reduced quality of life are the inevitable challenges they face. More importantly, PsA not only increases the risk of disability (Scher et al., 2019) but also contributes to the severity of morbidity and mortality associated with psoriasis (Gladman et al., 2005). Consequently, actively investigating the causes of PsA to provide novel and effective treatment strategies is of utmost importance.

In recent years, the notion that the gut microbiome significantly influences immune-mediated diseases like systemic lupus erythematosus, rheumatoid arthritis, ankylosing spondylitis, and multiple sclerosis has gained widespread acceptance (Zhou et al., 2020; Chen et al., 2022; Correale et al., 2022; Zhao et al., 2022). The gut microbiome primarily participates in nutrient processing, immune system development, colonization resistance, and the stimulation of various host activities, all vital for maintaining the body’s dynamic balance and human health (Adak and Khan, 2019). Furthermore, the gut microbiome not only modulates the mucosal and systemic immune systems but also exerts extra-intestinal effects at distant human body sites (Konig, 2020). While several observational studies have investigated the composition of the gut microbiome in patients with psoriasis, research on PsA remains limited (Myers et al., 2019). Scher et al. found that the altered gut microbiome of patients with PsA is characterized by decreased bacterial diversity as compared to a healthy fecal microbiome (Scher et al., 2015). More notably, they observed a decrease in the genera Akkermansia, Ruminococcus, Pseudobutyrivibrio, Parabacteroides, Alistipes, and Coprococcus in the PsA group compared to the healthy cohort. However, whether there is a causal relationship between the gut microbiome and PsA remains uncertain.

In traditional epidemiological studies, the inference of causality between exposure and outcome is greatly hindered by the existence of confounders that cannot be entirely eliminated, even in the presence of strong statistical associations. Mendelian randomization (MR) offers an innovative approach to integrate summary data from genome-wide association study (GWAS) and minimize the impact of confounders (Sekula et al., 2016). Due to the random allocation of genotypes from parents to offspring, the relationship between genetic variants and outcomes remains unaffected by common confounders (Bowden and Holmes, 2019). Previous MR studies have successfully identified several risk factors for PsA (Jin et al., 2023), such as the association between body mass index and PsA (Zhao et al., 2023), and the causal effect of inflammatory bowel disease on PsA (Freuer et al., 2022). Conversely, a higher physiological IL-17 level is linked to a decreased risk of PsA (Wu et al., 2021), and IL-12B provides protection against both psoriasis and PsA (Ek et al., 2021), as indicated by MR studies. Moreover, MR analysis demonstrated that the level of estimated bone mineral density does not have a causal effect on psoriasis and PsA (Xia et al., 2020). In the present study, we first reported the genetic association between microbiome and PsA, utilizing the summary-statistic GWAS data from the MiBioGen and FinnGen consortiums for further investigation.



Methods


Study design

As depicted in Figure 1, the objective of this study was to select eligible instrumental variables (IVs) for MR analysis and investigate the causality based on the GWAS summary data of gut microbiome and PsA. To minimize the effect of bias on results, this study strictly adhered to three crucial assumptions of MR analysis: (1) the selected IVs were strongly associated with exposure; (2) the IVs were independent of any confounders; and (3) the IVs could only affect the outcome through the exposure.
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FIGURE 1
 The diagrammatic description of the flow chart in MR analysis. A whole workflow of the MR analysis was manifested in this figure.




Data sources

GWAS summary statistics for gut microbiome were obtained from the MiBioGen consortium (https://mibiogen.gcc.rug.nl/. Accessed on March 12, 2023), which conducted the most comprehensive genome-wide meta-analysis published to date (van der Velde et al., 2019; Kurilshikov et al., 2021). To explore the relationship between autosomal human genetic variants and gut microbiome, the study included 24 population-based cohorts from various countries, such as the United States, Canada, Denmark, the United Kingdom, and so on. A total of 18,340 individuals, mostly of European descent (n = 14,306), participated in the study and provided informed consent. 119 bacterial taxa were identified in the current study for analysis, excluding 12 unknown genera (Kurilshikov et al., 2021). The data on PsA were obtained from the FinnGen consortium R8 (https://r8.finngen.fi/. Accessed on March 12, 2023) (Kurki et al., 2023). The study employed the phenotype “Psoriatic arthropathies” and included 223,099 Finnish adults, comprising 2,776 cases and 221,323 controls. All participants were of European ancestry and provided ethical permission and written informed consent. More detailed information about the participants, genotyping, imputation, and quality control, could be found on the FinnGen website (https://finngen.gitbook.io/documentation/. Accessed on March 12, 2023).



Instrumental variables selection

To ensure the accuracy and validity of the conclusions regarding the causal association between gut microbiome and PsA, several criteria were employed for selecting optimal IVs: (1) single nucleotide polymorphisms (SNPs) significantly associated with each genus, meeting the locus-wide significance threshold of p < 1.0 × 10−5, were considered potential IVs (Burgess and Thompson, 2015; Sanna et al., 2019; Liu et al., 2022); (2) linkage disequilibrium (LD) between the included SNPs was eliminated since the presence of strong LD could result in biased results (r2 < 0.001, clumping distance = 10,000 kb); (3) palindromic SNPs were excluded from the IVs to ensure that the effects of SNPs on exposure and outcome corresponded to the same allele; and (4) when the outcome GWAS did not include SNPs associated with exposure, the proxy SNPs remarkably related to the variants of interest were selected (r2 > 0.8).



Statistical analysis

In the current study, a two-sample MR analysis of the gut microbiome and PsA was performed through the TwoSampleMR (version 0.5.6) (Hemani et al., 2017), MR-PRESSO (version 1.0) (Verbanck et al., 2018), and cML-MA (Xue et al., 2021) packages in R version 4.2.1 (R Foundation for Statistical Computing, Vienna, Austria). The MR analysis was carried out in seven different ways: the random-effects inverse variance weighted (IVW) as the primary approach, and maximum likelihood (ML), MR Egger, weighted median, weighted mode, MR-PRESSO, and cML-MA as supplementary methods. The IVW method essentially employed a meta-analysis approach, utilizing weighted linear regression, to obtain an overall estimate of the effect of the gut microbiome on the risk of PsA. When there was no horizontal pleiotropy between SNPs, the IVW results could be accurate and unbiased by avoiding the impact of confounders (Burgess et al., 2016). Similarly, the ML method assumed the absence of horizontal pleiotropy and heterogeneity. Once these assumptions were established, the results would also be unbiased and the standard errors would be lower than IVW (Pierce and Burgess, 2013). The MR-Egger method assessed the average pleiotropy of IVs with the intercept term when pleiotropy was present on IVs. If the intercept term was zero, the results of the MR-Egger regression would be in accordance with IVW (Bowden et al., 2015). MR-Egger might lead to incorrect estimates due to the strong influence of external genetic variables. The weighted median could provide accurate estimates of causal effects even when at least 50% of IVs were invalid. As to mode evaluation, the weighted mode was more susceptible to the challenges in data collection (Hartwig et al., 2017). Given the low reliability and validity of statistical power in MR-Egger regression, MR pleiotropy residual sum and outlier (MR-PRESSO) method was commonly performed to identify significant outliers reflecting likely pleiotropic biases and reduce horizontal pleiotropy (Verbanck et al., 2018). Notably, the outliers identified during the distortion test of MR-PRESSO were excluded from the analysis, and the causal association was reassessed. Additionally, the constrained maximum likelihood and model average (CML-MA) method was employed to control correlated and uncorrelated pleiotropic effects (Xue et al., 2021). Cochran’s IVW Q statistics were performed to quantify the heterogeneity among the IVs based on the selected SNPs, with p > 0.05 indicating no heterogeneity (Hemani et al., 2018). In order to verify the reliability and stability of the causal effect estimates, a leave-one-out sensitivity analysis was conducted to identify potentially influential SNPs. Additionally, in order to evaluate the causal relationship between the gut microbiome and PsA, we conducted reverse MR analysis on the bacteria that were identified as causally linked to PsA in the forward MR analysis. The methodologies and parameters employed in this reverse MR analysis were consistent with those utilized in the forward MR analysis.




Results


Instrumental variables selection

After screening for SNPs related to exposure and eliminating strong LD effects, a total of 1,269 SNPs (locus-wide significance level, p < 1 × 10−5) were initially identified for 119 bacterial genera according to the selection criteria of IVs. Details of the selected IVs were given in Supplementary Table S1. The key information of these SNPs, including beta, standard error, odds ratio (OR), 95% confidence interval (CI), p-value, and F statistic, was systematically collected for further analysis.



Two-sample MR analysis

As shown in Table 1 and Supplementary Table S2, ten bacterial genera found to be associated with PsA in at least one MR method were as follows: Blautia, Butyricicoccus, Christensenellaceae_R-7_group, Defluviitaleaceae_UCG-011, Eubacterium_fissicatena_group, Family_XIII_AD3011_group, Fusicatenibacter, Methanobrevibacter, Oscillospira, and Ruminococcaceae_UCG-002. Notably, IVW, ML, and cML-MA estimate all demonstrated that Blautia (IVW OR = 1.362, 95% CI, 1.008–1.842, p = 0.044; ML OR = 1.375, 95% CI, 1.011–1.869, p = 0.042; cML-MA OR = 1.369, 95% CI, 1.008–1.842, p = 0.044), Eubacterium_fissicatena_group (IVW OR = 1.28, 95% CI, 1.075–1.524, p = 0.006; ML OR = 1.293, 95% CI, 1.077–1.553, p = 0.006; cML-MA OR = 1.283, 95% CI, 1.063–1.55, p = 0.01), and Methanobrevibacter (IVW OR = 1.31, 95% CI, 1.059–1.621, p = 0.013; ML OR = 1.315, 95% CI, 1.055–1.639, p = 0.015; cML-MA OR = 1.311, 95% CI, 1.049–1.638, p = 0.017) were risk factors for PsA, while the results of IVW and ML estimates showed that Ruminococcaceae_UCG-002 (IVW OR = 0.792, 95% CI, 0.643–0.977, p = 0.029; ML OR = 0.794, 95% CI, 0.646–0.975, p = 0.028) had a protective effect on PsA. Although IVW results did not support the causal associations of Butyricicoccus, Christensenellaceae_R-7_group, Defluviitaleaceae_UCG-011, and Family_XIII_AD3011_group (p > 0.05), the ML estimates represented that Butyricicoccus (OR = 0.651, 95% CI: 0.454–0.933, p = 0.019), Defluviitaleaceae_UCG-011 (OR = 1.34, 95% CI: 1.026–1.749, p = 0.032), and Family_XIII_AD3011_group (OR = 1.338, 95% CI: 1.016–1.764, p = 0.038) were causally correlated with PsA. Similarly, the cML-MA estimates of Christensenellaceae_R-7_group (OR = 0.663, 95% CI: 0.461–0.955, p = 0.027) suggested a causal relationship with PsA. The MR estimates of weighted median suggested that Defluviitaleaceae_UCG-011 (OR = 1.497, 95% CI, 1.031–2.174, p = 0.034) and Fusicatenibacter (OR = 1.416, 95% CI, 1.004–1.997, p = 0.047) were positively correlated with the risk of PsA and Christensenellaceae_R-7_group (OR = 0.613, 95% CI, 0.397–0.948, p = 0.028) were negatively correlated with PsA risk. Moreover, the results of MR Egger indicated that Oscillospira (OR = 0.151, 95% CI, 0.046–0.491, p = 0.02) showed its suggestive protective effect against PsA.



TABLE 1 MR estimates for the association between gut microbiome and PsA.
[image: Table1]

MR-Egger regression intercept analysis was used to assess the horizontal pleiotropy between IVs and outcomes, as shown in Supplementary Table S3, the results showed that there existed significant horizontal pleiotropy between Butyricicoccus (p = 0.042) and Oscillospira (p = 0.029) while there was no evidence of directional horizontal pleiotropy in other IVs (p > 0.05). No significant outliers were found in the analysis of Blautia (global test p = 0.876), Butyricicoccus (global test p = 0.142), Christensenellaceae_R-7_group (global test p = 0.062), Defluviitaleaceae_UCG-011 (global test p = 0.204), Eubacterium_fissicatena_group (global test p = 0.495), Family_XIII_AD3011_group (global test p = 0.099), Fusicatenibacter (global test p = 0.906), Methanobrevibacter (global test p = 0.899), Oscillospira (global test p = 0.112), and Ruminococcaceae_UCG-002 (global test p = 0.411) by MR-PRESSO (Supplementary Table S4). Among these ten causal associations, the F-statistics of the IVs ranged from 21.58 to 39.96, indicating that there was no weak IVs bias (Table 1). The results of Cochran’s Q statistic indicated no significant heterogeneity in PsA IVs (p > 0.05, Supplementary Table S5). According to the results of reverse MR analysis, a notable absence of a causal relationship was observed between PsA and gut microbiome (Supplementary Table S6). Therefore, the two-sample MR estimates found that Blautia (Figure 2), Defluviitaleaceae_UCG-011 (Supplementary Figure S1), Eubacterium_fissicatena_group (Supplementary Figure S2), Family_XIII_AD3011_group (Supplementary Figure S3), Fusicatenibacter (Supplementary Figure S4), and Methanobrevibacter (Supplementary Figure S5) were positively related to PsA risk, and Butyricicoccus (Supplementary Figure S6), Christensenellaceae_R-7_group (Supplementary Figure S7), Oscillospira (Supplementary Figure S8), and Ruminococcaceae_UCG-002 (Supplementary Figure S9), played protective roles in the pathogenesis of PsA.
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FIGURE 2
 Forest plot (A), sensitivity analysis (B), scatter plot (C), and funnel plot (D) of the causal effect of Blautia on PsA risk.





Discussion

In this study, a two-sample MR analysis was performed to assess the genetic causal association between gut microbiome and PsA. The findings indicated that Blautia, Defluviitaleaceae_UCG-011, Eubacterium_fissicatena_group, Family_XIII_AD3011_group, Fusicatenibacter, and Methanobrevibacter might serve as risk factors for the onset of PsA, while Butyricoccus, Christensenellaceae_R-7_group, Oscillospira and Ruminococcaceae_UCG-002 showed significant protective effects against PsA.

PsA is one of the most common comorbidities observed in patients with psoriasis. Although the exact etiology has still not been fully investigated, it is well known that genetic, immunological, and environmental factors all play crucial roles in the development of PsA (Veale and Fearon, 2018). In terms of genetic susceptibility and Th17-predominant immune activity (Vlachos et al., 2016), similar pathogenesis is also observed in other immune-mediated inflammatory diseases, such as inflammatory bowel disease, which is one of the characteristic extra-articular manifestations of PsA (Lloyd-Price et al., 2019). The roles of the gut microbiome in the development of inflammatory bowel disease have been extensively supported (Sartor and Wu, 2017). The intestine, usually considered a key target organ in axial spondyloarthritis, is likely to be a site of immunological changes that initiate the disease. Several published articles have reported a gut-joint axis in spondyloarthritis (Gilis et al., 2018), and a similar link may probably exist in PsA. Interestingly, joints were previously considered as a sterile environment whereas bacterial components have now been found to exist in the joints of rheumatoid arthritis patients (Kempsell et al., 2000). These components may reach the joints either via circulation or through the intestinal lymphatic system (Berlinberg and Kuhn, 2020), suggesting that intestinal dysbiosis can be manifested via migration from circulation to joints. Unlike the intestine, where pathogens and symbionts coexist in symbiosis, the joint does not possess its “own” microbiome (Scarpa et al., 2000). However, the impact of these microbiomes on PsA, whether beneficial or detrimental, requires further investigation.

Utilizing data from the FinnGen consortium R8, our study performed the MR analysis on a large cohort of 223,099 Finnish adults to conclude that ten gut microbial taxa were associated with PsA. Through the use of genetic IVs, the gut microbiome and the onset of PsA were demonstrated to be causal. In a recent observational study, noticeable differences had been reported in the overall abundance of the gut microbiome in individuals with PsA compared to normotensive individuals (Scher et al., 2015). When compared to healthy fecal microbiomes, Scher et al. (2015) highlighted a decrease in overall diversity in PsA fecal microbiomes. Additionally, they also reported a decrease in the genera Ruminococcus within PsA patients versus the healthy cohort. In line with the present study, Ruminococcaceae_UCG-002 was found to have a negative association with PsA risk. The protective effect of Ruminococcus in reducing low-grade inflammation partly contributed to its production of butyrate, which was not only the primary energy source for intestinal bacteria but also the beneficial healthy factor to cause decreased intestinal permeability (Milani et al., 2017). Short-chain fatty acids (SCFAs), mostly consisting of acetic acid, propionic acid, and butyric acid, were proven to promote intestinal health and create a resilient environment resistant to pathogenic bacteria (Smith et al., 2013). In the present study, part of the gut microbiome identified to be related to PsA were SCFAs-producing bacteria, including Butyricoccus (Bojović et al., 2020), ChristensenellaceaeR.7 (Jian et al., 2022), Oscillospira (Konig, 2020), Ruminococcaceae_UCG-002 (Smith et al., 2013; Jiao et al., 2018), Blautia, and Fusicatenibacter (Nishiwaki et al., 2022). As a significant SCFA, butyrate was observed to have important roles in anti-inflammation (Vinolo et al., 2011), oxidative stress reduction (Lopez-Siles et al., 2012), and integrity of intestinal epithelial barrier maintenance (Plöger et al., 2012). It implied that the adverse losses of butyrate-producing bacteria might play a vital role in PsA pathogenesis by allowing local inflammatory response that in turn impaired the function of the gut epithelial barrier and compromised its role in regulating the presentation of gastrointestinal antigens to immune cells and systemic circulation (Bischoff et al., 2014). Moreover, dysbiosis in PsA, which allowed for bacterial translocation to extraintestinal sites including the joints, was also proposed as a model for PsA.

Contrary to previous studies, our findings revealed that Blautia and Fusicatenibacter, commonly considered probiotics, were actually risk factors for PsA at the genus level. These inconsistent results highlighted the considerable inter-and intra-species diversity that could impact host health. Therefore, the establishment of a standardized and detailed gut microbiome classification system is crucial for further mechanism research and clinical guidance. Methanobrevibacter, a genus of archaeal anaerobes and methanogens, has the ability to convert hydrogen gas into methane. Methanogens were commonly found in the gastrointestinal tract of animals (Janssen and Kirs, 2008) and provided protection against organ injury through their anti-apoptotic, anti-oxidative, and anti-inflammatory actions (Wang et al., 2021). Recently, several metagenomics studies have suggested that methane production of Methanobrevibacter might be closely connected with the etiology of digestive tract diseases in humans (Triantafyllou et al., 2014; Hoegenauer et al., 2022). A pilot study found that the abundance of Family_XIII_AD3011_Group, an intestinal probiotic, was significantly lower in the PsA group than in the NO PsA group (Lin et al., 2022). However, our findings suggested that the genus Family_XIII_AD3011_Group was positively linked to PsA risk. There was relatively little previous research on Eubacterium, which was crucial in the circulation of bile acids (Song et al., 2019). Notably, Eubacterium_fissicatena_group was reported to be linked with obesity-related metabolic disorders and intestinal inflammation (Nagayama et al., 2020; Song et al., 2021). These findings demonstrated that gut injury might participate in PsA progression, which was attributed to its decreased ability to produce butyric acid (Li et al., 2021). Although there is scarce evidence from available research on the relationships between the microbiome and PsA, it is undeniable that PsA patients often experience gut microbiome dysbiosis. All of the aforementioned results indicate that they are in a tight causal connection, and further research on their specific mechanisms is highly warranted. In general, three different approaches to manipulating the microbiome have been identified: (1) direct modulation by adding or eliminating specific bacterial strains or communities; (2) indirect modulation through diet, prebiotic medication, or other environmental factors; or (3) replacement of the indigenous microbiome through fecal microbiome transplantation (FMT) from a suitable donor (Miyauchi et al., 2023). In addition, given the potential for personalized treatment approaches based on an individual’s gut microbiome profile. Tailoring therapies to a patient’s unique microbial composition can be taken into consideration as well.

The main strength of this study lay in minimizing bias resulting from confounders through MR analysis, enhancing its credibility compared to conventional observational studies. Notably, this study was the first MR analysis to explore the causal association between gut microbiome and PsA. Nevertheless, several limitations were also worthy of consideration. To start with, the overwhelming majority of participants in the gut microbiome GWAS meta-analysis were of European descent in the MR analysis, limiting the extrapolation of the findings to other ethnic groups. Thus, the results of this study might not be entirely suitable for individuals of non-European descent. Secondly, gender was not restricted in this study. It was therefore of great necessity to consider whether there was a difference when applied to the male or female population alone. Thirdly, given that applying a rigorous multiple-testing correction might be overly conservative, which would overlook potential strains that were causally associated with PsA, multiple tests were not taken into account. In addition, it was impossible to conduct subgroup analysis, such as distinguishing between early-onset and late-onset PsA, due to the use of summary data on PsA rather than raw data in this study. Finally, the lowest taxonomic class was at the genetic level, this limitation prevented us from deeply exploring whether there existed a causal relationship between gut microbiome and PsA.



Conclusion

In summary, this comprehensive bidirectional two-sample MR analysis provided compelling evidence for a causal association between the gut microbiome and PsA. Several types of gut microbiomes identified in this study might offer valuable insights into the prevention and treatment of PsA, as well as strategies for PsA pathogenesis.
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Introduction: The Dezhou donkey, a prominent Chinese breed, is known for its remarkable size, rapid growth, and resilience to tough feeding conditions, and disease resistance. These traits are crucial in meeting the growing demand for Ejiao and donkey meat. Yeast polysaccharide (YPS), a functional polysaccharide complex known for its immune-enhancing and growth-promoting properties in livestock and poultry, remains relatively understudied in donkeys.

Objectives: This study aimed to investigate the impact of YPS supplementation on lactating and growing Dezhou donkey jennies and foals.

Materials and methods: Twelve 45-day-old Dezhou donkey foals and their jennies, matched for body weight and age, were randomly allocated to two dietary groups: a control group receiving a basal diet and an experimental group receiving the basal diet supplemented with 10 g/pen of YPS. The experiment was conducted over a 23-day period, during which donkey foals and lactating jennies were co-housed.

Results and discussion: The findings revealed that YPS supplementation had no adverse effects on milk production or composition in Dezhou donkey jennies but significantly increased feed intake. Additionally, YPS was associated with increased plasma glucose and creatinine concentrations in foals, while tending to decrease alkaline phosphatase, white blood cell count, red blood cell count, and hemoglobin levels (p < 0.10). Immune indices demonstrated that YPS supplementation elevated the levels of immunoglobulin A (IgA) and immunoglobulin G (IgG) in jennies (p < 0.05) and increased complement component C4 concentrations in foals (p < 0.05). Moreover, YPS positively influenced the fecal microbiome, promoting the abundance of beneficial microorganisms such as Lactobacillus and Prevotella in donkey foals and Terriporobacter and Cellulosilyticum in jennies, all of which contribute to enhanced feed digestion. Additionally, YPS induced alterations in the plasma metabolome for both jennies and foals, with a predominant presence of lipids and lipid-like molecules. Notably, YPS increased the concentrations of specific lipid metabolites, including 13,14-Dihydro PGF2a, 2-Isopropylmalic acid, 2,3-Dinor-TXB2, Triterpenoids, Taurocholic acid, and 3b-Allotetrahydrocortisol, all of which are associated with improved animal growth.

Conclusion: In conclusion, this study suggests that dietary supplementation of YPS enhances feed intake, boosts immunity by increasing immunoglobulin levels, stimulates the growth-promoting gut microbiota (Lactobacillus and Prevotella), and exerts no adverse effects on the metabolism of both Dezhou donkey jennies and foals.

KEYWORDS
 yeast polysaccharide, Dezhou donkeys, foals, lactational performance, growth, plasma metabolites, immune indices, gut microbiota


1. Introduction

As a species with a storied history, the donkey’s role in human civilization has evolved over time, transitioning from a utilitarian work animal to an economically valuable asset capable of producing skin, meat, and milk (Wang et al., 2020). Among the diverse donkey breeds in China, the Dezhou donkey stands out as one of the five most significant (Seyiti and Kelimu, 2021). Presently, the primary breeding objective for the Dezhou donkey is to develop high-quality specimens renowned for their exceptional hide and meat yields. Concurrently, within the realm of animal nutrition, there is a growing emphasis on enhancing the hide and meat production of Dezhou donkeys (Liu et al., 2022; Wang et al., 2022).

The research on the impact of dietary polysaccharide additives on various aspects of animal physiology, including growth performance, immunity and anti-inflammatory and antioxidant status, has been extensively documented in recent years by multiple studies (Tan et al., 2017; Li et al., 2019; Li M. et al., 2022; Yu et al., 2022; Huang et al., 2023). Furthermore, a recent experimental trials conducted by Huang et al. specifically investigates the effects of dietary Lycium barbarum polysaccharides (LBP) on spotted sea bass (Huang et al., 2023). Their findings demonstrate that the inclusion of LBP in the diet can lead to improvements in growth, digestion, antioxidant capacity, and liver health. Notably, LBP supplementation effectively mitigates lipid metabolism disorders induced by high dietary lipid intake, which underscores its potential as a beneficial dietary component. Similarly, a study by Yu et al. explores the impact of dietary supplementation with Taraxacum mongolicum polysaccharide (TMP) on Jian carp (Yu et al., 2022). Their research highlights significant improvements in growth, digestive enzyme activity, immune response, and antioxidant status. Furthermore, the study elucidates the regulatory effects of TMP on the expression of key genes related to the NF-κB, Nrf2, and TOR signaling pathways that were associated with inflammatory and antioxidant regulation processes. Another noteworthy investigation by Li M. et al. focuses on the potential benefits of Hippophae rhamnoides polysaccharide (HRP) in mitigating inflammatory damage in intestinal porcine epithelial cells (IPEC-J2; Li M. et al., 2022). Their findings indicate that HRP exerts its protective effects by inhibiting the mitogen-activated protein kinase (MAPK)/nuclear factor kappa-B (NF-κB) signaling pathway activation, thus underscoring its anti-inflammatory properties. In addition to the above studies, Li M. et al. conducted research on the dietary Allium mongolicum Regel polysaccharide (AMRP) and its effects on Channa argus (Li et al., 2019). Their study demonstrates that AMRP supplementation significantly improves weight gain (WG) and specific growth rate (SGR) after 56 days of feeding trials. Importantly, AMRP is shown to prevent oxidative stress and inflammatory changes induced by lipopolysaccharide (LPS), which is achieved through enhancements in the antioxidant activity of superoxide dismutase (SOD), glutathione-S-transferase (GST), interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α). In addition to the above mentioned key important functions of dietary polysaccharides additives, their positive impact on fecal microbiota and milk production performances has also been reported (Aung et al., 2019; Peng et al., 2020; Liang et al., 2021; Tian et al., 2022; Vlassopoulou et al., 2022; Zhang et al., 2022).

YPS emerges as a pivotal player in this endeavor, characterized as a macromolecular complex polysaccharide extracted from yeast cell walls, comprising distinct layers encompassing mannan, glycoprotein, and β-glucan layers (Kogan et al., 2008). Owing to its regulatory influence on various biological processes and metabolic pathways, YPS has garnered increasing attention within both human and animal research domains. Specifically, in the realm of animal husbandry, YPS has demonstrated its capacity to bolster growth performance, bolster immune function, foster optimal gut health, and curtail mortality rates (Eicher et al., 2010; Conway et al., 2022). Previous studies have yielded comparable results, as evidenced by increased average daily gains and enhanced feed conversion rates in holstein bulls following YPS supplementation (Ma et al., 2015). Furthermore, research indicates that the inclusion of yeast polysaccharides in diets significantly enhances milk production in dairy cows, albeit without substantial impact on milk fat, lactose, or milk protein (Nocek et al., 2011). Notably, YPS also contributes to improved milk quality by reducing milk somatic cell counts and elevating immunoglobulin levels in colostrum (Xia et al., 2021). Furthermore, YPS has been shown to augment the populations of beneficial intestinal flora, thereby ameliorating gut health in various animal species, including pigs and chickens (de los Solis Santos et al., 2007; Stuyven et al., 2009).

Hence, yeast polysaccharide (YPS) emerges as a multifaceted functional polysaccharide complex with a track record of bolstering immunity, enhancing intestinal microbiota, and elevating growth performance in livestock and poultry. However, to the best of our knowledge, the effects of YPS impacts on immunity, fecal microbiota, lactational and growth performance of donkeys has got limited attention so far. Thus, the current study endeavors to bridge this knowledge gap by investigating the impact of YPS supplementation on lactating and growth performance, plasma profiles, immune indices, and fecal microbiome composition in Dezhou donkey jennies and foals. The forthcoming results can provide valuable insights that could inform the practical application of YPS in enhancing productivity and immunity within the donkey population.



2. Materials and methods


2.1. Ethical statement

The utilization of animals in this study adhered to rigorous ethical standards and was formally approved by the Animal Ethics Committee of Liaocheng University under the reference number LC2019-1. All procedures conducted in this study were in strict compliance with established animal welfare protocols.



2.2. Animals and diets

Twelve robust 1.5-month-old donkey foals, exhibiting comparable initial size characteristics, were meticulously selected alongside their lactating jennies. These subjects were methodically divided into two distinct groups, each comprising 6 replicates, with a single mother-offspring pair per replicate. Group I was administered the basal diet (as outlined in Table 1), whereas Group II received the basal diet supplemented with 10 g/ (jenny and their foal • d) of yeast polysaccharides. The trial period spanned 23 days, and the source of the yeast polysaccharides was Angel Yeast Co., Ltd. (Hubei, China). During the pre-trial period, each female donkey was assigned an ear tag to facilitate precise data recording. The test donkey foals and their respective jennies were housed in a specially designed donkey facility, featuring optimal temperature and humidity levels, effective ventilation, and sufficient space. Additionally, the donkey pens were equipped with both sinks and feeding troughs. Throughout the study, a regimen of twice-daily artificial feeding was implemented, with provision for ad libitum access to both food and water. Any residual feed was meticulously weighed and documented before the subsequent feeding cycle.



TABLE 1 Composition and nutrient content of basal diets of donkeys.
[image: Table1]



2.3. Sample collection

Blood samples were obtained and subsequently subjected to centrifugation at 3,000 × g for 15 min, yielding serum samples which were then meticulously stored at −80°C for subsequent analysis. On the 23rd day of the trial, fecal samples were systematically collected from both female donkeys and donkey foals. Approximately 500 g of fecal material was collected from each female donkey, while donkey foals contributed approximately 100 g each. The collected manure samples from each donkey were divided into 3 sterilized cryopreservation tubes and stored at −80°C for analytical purposes, with any remaining samples preserved within long-arm gloves at the same temperature for further testing.



2.4. Growth performance and milk production performance

At the commencement, midpoint, and culmination of the formal trial period, precise fasting weights were recorded before the morning feed. Daily feed consumption data were diligently recorded for each mother-offspring pair, facilitating the calculation of essential metrics, including average daily weight gain, average daily feed intake, and feed weight ratio for donkey foals. These calculations were determined as follows:

• Average daily gain = (last weight − first weight)/test days (Arias et al., 2019)

• Average daily feed intake = total feed intake during the trial period/test days (Torres-Vázquez et al., 2020)



2.5. Serum biochemical indexes

Serum biochemical parameters, including total protein (TP), globulin (GLB), albumin (ALB), glucose (GLU), urea nitrogen (BUN), cholesterol (CHOL), alkaline phosphatase (ALP), and other relevant constituents, were meticulously quantified by a method adopted by Zhao et al. (2020) and Shi et al. (2022). For analysis, we used the Pointcare V2 automatic biochemical analyzer manufactured by Tianjin Micro-Nano Core Technology Co., Ltd., with corresponding testing kits also sourced from the same entity.



2.6. Immunization indicators

On the 23rd day of the trial, blood samples were obtained, while milk samples were acquired on the 24th day for the assessment of immune parameters, including immunoglobulin A (IgA), immunoglobulin G (IgG), immunoglobulin M (IgM), complement C3, and complement C4. The measurement of these parameters was conducted using methodologies established in prior peer-reviewed publications (Zhao et al., 2020; Du et al., 2022; Shi et al., 2022). The quantification of these immune markers was achieved through the application of the ELISA method, utilizing kits procured from Jiangsu Enzyme Free Industrial Co., Ltd.



2.7. Serum metabolomics analysis

Metabolite extraction commenced with the addition of 100 μl of liquid sample to a 1.5 mL centrifuge tube, followed by the introduction of 400 μl of a solution comprised of acetonitrile and methanol in a 1:1 (v/v) ratio, along with 0.02 mg/ml of the internal standard, L-2-chlorophenylalanine. The samples underwent vortex mixing for 30 s and were subsequently subjected to low-temperature sonication for 30 min at 5°C and 40 KHz. Following this step, the samples were placed at −20°C for 30 min to facilitate protein precipitation. Subsequently, the samples were centrifuged for 15 min at 4°C and 13,000 g, with the supernatant being carefully removed and evaporated under nitrogen. The dried samples were then reconstituted with 100 μl of a solution comprised of acetonitrile and water in a 1:1 ratio, followed by extraction through low-temperature ultrasonication for 5 min at 5°C and 40 KHz. The samples were once again subjected to centrifugation at 13,000 g and 4°C for 10 min. The resulting supernatant was transferred to sample vials in preparation for LC–MS/MS analysis.

The LC–MS/MS analysis was conducted utilizing a Thermo UHPLC-Q Exactive HF-X system, which was equipped with an ACQUITY HSS T3 column (100 mm × 2.1 mm i.d., 1.8 μm, Waters, USA). The mobile phases consisted of a 0.1% formic acid solution in water and acetonitrile, with varying compositions depending on the ionization mode. In the positive ion mode, the gradient ranged from 0 to 100% acetonitrile, while the negative ion mode involved gradients ranging from 5 to 100% acetonitrile. The flow rate was set at 0.40 ml/min, and the column temperature was maintained at 40°C. Mass spectrometric data were acquired using a Thermo UHPLC-Q Exactive HF-X Mass Spectrometer operating in both positive and negative modes, with optimized parameters for ionization and fragmentation. Data were collected across a mass range of 70–1,050 m/z.



2.8. Fecal microbiome


2.8.1. DNA extraction and PCR amplification

The extraction of total microbial genomic DNA from fecal samples was carried out employing the E.Z.N.A.® soil DNA Kit, in accordance with the stipulated guidelines of the manufacturer, Omega Bio-tek, Norcross, GA, U.S. Subsequently, the quality and concentration of the extracted DNA were meticulously assessed via 1.0% agarose gel electrophoresis and a NanoDrop® ND-2000 spectrophotometer, manufactured by Thermo Scientific Inc., USA. The purified DNA samples were then preserved at −80°C for subsequent applications. The V3-V4 hypervariable region of the bacterial 16S rRNA gene was specifically targeted for amplification. This amplification process was achieved through the use of primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) with product length of 500 bp (Liu et al., 2016), employing the ABI GeneAmp® 9,700 PCR thermocycler (ABI, CA, USA). The PCR reaction mixture consisted of 4 μl 5 × Fast Pfu buffer, 2 μl 2.5 mM dNTPs, 0.8 μl of each primer (5 μm), 0.4 μl Fast Pfu polymerase, 10 ng of template DNA, and ddH2O, with the final volume set at 20 μl. PCR amplification involved the following cycling conditions: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 45 s, and a final single extension step at 72°C for 10 min. Each sample was subjected to triplicate amplification.



2.8.2. Illumina MiSeq sequencing

The purified amplicons, obtained as a result of PCR amplification, were equimolarly pooled and subjected to paired-end sequencing using the Illumina MiSeq PE300 platform. The sequencing process followed standard protocols and was performed by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).



2.8.3. Data processing

Raw FASTQ files underwent initial demultiplexing using a custom perl script. Subsequently, these files were subjected to quality filtering using fastp version 0.19.6 (Chen et al., 2018) and subsequently merged through FLASH version 1.2.7 (Magoč and Salzberg, 2011). The optimized sequences were then clustered into operational taxonomic units (OTUs) employing UPARSE 7.1 (Stackebrandt and Goebel, 1994; Edgar, 2013), employing a 97% sequence similarity threshold. The most abundant sequence within each OTU was designated as the representative sequence. To mitigate the potential impact of sequencing depth on alpha and beta diversity measurements, the number of 16S rRNA gene sequences from each sample was rarefied to 20,000 sequences. This rarefaction step ensured an average Good’s coverage of 99.09%, respectively.

The taxonomic assignment of each OTU’s representative sequence was executed using the RDP Classifier version 2.2 (Wang et al., 2007), with a confidence threshold of 0.7, against the 16S rRNA gene database (e.g., Silva v138). Additionally, metagenomic functions were predicted via PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States; Douglas et al., 2020), leveraging the OTU representative sequences.




2.9. Statistical analysis

The data pertaining to growth performance, milk production performance, immunization indicators, and serum biochemical indexes were subjected to rigorous statistical analysis. This analysis included a one-way analysis of variance (ANOVA), performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) software, followed by Duncan’s multiple comparison test. The results are presented as Mean ± SD, with statistically significant differences being established at p < 0.05. Probability values ranging from 0.05 to 0.10 were recognized as trends.

For LC/MS raw data preprocessing, Progenesis QI software (Waters Corporation, Milford, USA) was employed to construct a three-dimensional data matrix in CSV format. This matrix encompassed crucial information such as sample data, metabolite names, and mass spectral response intensities. The matrix was subject to further refinement, wherein internal standard peaks and known false positive peaks, including noise, column bleed, and derivatized reagent peaks, were removed. Subsequently, redundant peaks were deduplicated, and peak integration was carried out. The dataset thus obtained, post database search, and was uploaded onto the Majorbio cloud platform (https://cloud.majorbio.com) for comprehensive data analysis. To enhance data quality, variables from quality control (QC) samples with a relative standard deviation (RSD) exceeding 30% were excluded. Furthermore, a log10 logarithmic transformation was applied to these variables, resulting in the final dataset for subsequent analysis. Principal component analysis (PCA) and orthogonal least partial squares discriminant analysis (OPLS-DA) were conducted using the R package “ropls” (Version 1.6.2). Additionally, a 7-cycle interactive validation was performed to evaluate the model’s stability. Metabolites with a VIP > 1 and a p-value<0.05, as determined by the Variable Importance in Projection (VIP) obtained from the OPLS-DA model and student’s t-test, were identified as significantly different metabolites.

Sequencing data were predominantly analyzed on the Majorbio Cloud platform (https://cloud.majorbio.com). Based on OTU information, rarefaction curves and alpha diversity indices, such as observed OTUs, Chao1 richness, Shannon indexes, and Good’s coverage, were calculated utilizing Mothur v1.30.1 (Schloss et al., 2009). Principal coordinate analysis (PCoA) using Bray–Curtis dissimilarity was employed to assess the similarity among microbial communities in different samples. The PERMANOVA test was applied to assess both the percentage of variation attributed to the treatment and its statistical significance, using the Vegan v2.5–3 package.




3. Results


3.1. Growth performance and milk production performance

Figure 1 illustrates the outcomes of growth performance. In comparison to the FC group, the FZ group exhibited a significantly higher average daily feed intake in donkeys (p < 0.05). Additionally, the average daily gain in the FZ group was marginally higher than that in the FC group, although this difference did not reach statistical significance (p > 0.05). Furthermore, the material weight ratio in the FZ group was significantly lower than that in the FC group (p < 0.05).
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FIGURE 1
 Feed intake of jennies donkeys and daily Weight gain of foals. ADFI, Average daily feed intake; ADG, Average daily gain. FZ, foals in the experimental group; FC, foals in the control group. *, p < 0.05. ns, p > 0.05.


Table 2 provides an overview of milk production in jennies. The milk production of jennies in the JZ group exceeded that of jennies in the JC group, although the difference was not statistically significant (p > 0.05). The analysis of milk composition, encompassing milk protein, lactose, milk fat, and other parameters, revealed no significant differences across the nine indicators (p > 0.05).



TABLE 2 Test results for milk yield and milk composition analysis.
[image: Table2]



3.2. Routine animal blood testing

Table 3 presents the results of routine animal blood testing. In comparison to the control group, the experimental group did not exhibit significant differences in levels of TP, GLU, CHOL, ALT, ALP, CRE, WBC, RBC, and HGB (p > 0.05). Nevertheless, the GLU levels in colts from the experimental group were significantly lower than those in the control group (p < 0.05). Additionally, colts in the experimental group displayed significantly higher ALP levels than those in the control group (p < 0.05). Furthermore, foals in the experimental group exhibited significantly lower CRE levels than their counterparts in the control group (p < 0.05), while foals in the experimental group displayed significantly higher WBC levels than those in the control group (p < 0.05). Importantly, all blood indicators remained within the standard range, affirming the overall health of the donkeys.



TABLE 3 Effects of YPS on blood routine in Dezhou donkeys.
[image: Table3]

Principal component analysis (PCA) revealed a distinct separation between the JZ group and the JC group (Figure 2A). However, the PCA data displayed a partial overlap between the FZ group and the FC group (Figure 2B). In contrast, the orthogonal partial least squares discriminant analysis (OPLS-DA) model demonstrated a clear segregation between both the JZ group and the JC group, and the FZ group and the FC group (Figures 2C,D), signifying discernible differences in serum metabolic patterns between the control and YPS groups. Furthermore, all Q2 values exceeded 0.4, confirming the successful establishment of the OPLS-DA models (Figures 2E,F).

[image: Figure 2]

FIGURE 2
 PCA and OPLS-DA scatter plots of jennies and foals. (A) PCA of jennies; (B) PCA of foals; (C) OPLS-DA of jennies; (D) OPLS-DA of foals; Panels (E,F) are OPLS-DA permutation tests. The R2Y values represents the goodness of fit of the model. The Q2 value represents the predictability of the models.


In jennies, 493 metabolites exhibited differential expression (VIP > 1 and p < 0.05) between the control and YPS diets. These metabolites were visualized in Figure 3A, with blue compounds representing downregulated biomarkers and red compounds representing upregulated biomarkers. Among these metabolites, 26 were upregulated, while 48 were downregulated. Conversely, in foals, 493 differential metabolites were identified, with 32 being upregulated and 6 displaying moderate downregulation (Figure 3B).

[image: Figure 3]

FIGURE 3
 Volcano plots of the identical biomarkers. Red and blue dots indicate upregulated and downregulated metabolites, respectively. Metabolites that showed no difference are sown in gray. (A) Volcano plot of the JZ Group compared to the JC Group; (B) Volcano plot of the FZ Group compared to the FC Group.




3.3. Immunization indicators

Table 4 presents the immunization indicators. In comparison to the JC group, jennies in the JZ group exhibited a significant increase in IgA and IgG levels (p < 0.05), with IgM displaying a tendency to increase (p = 0.06). However, no significant differences were observed in C3 and C4 levels (p > 0.05). In donkey foals, the FZ group displayed significantly higher C4 levels in serum compared to the FC group (p < 0.05). Conversely, no significant differences were observed in IgA, IgG, IgM, and C3 levels (p > 0.05). When comparing immunization indexes with Texas donkey milk, the FZ group exhibited higher values than the FC group, although these differences were not statistically significant (Figure 4).



TABLE 4 Immunologic indicators in serum.
[image: Table4]
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FIGURE 4
 Comparison of immunization indicators in Texas donkey milk. IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M; C3, Complement factor 3; C4,Complement factor 4. JZ, Jennies in the experimental group; JC, Jennies in the control group.




3.4. Serum metabolome

Jennies fed the YPS diet exhibited upregulation of 26 metabolites compared to those not receiving additives (p < 0.05). Moreover, jennies on the YPS diet displayed downregulation of 48 metabolites compared to jennies in the control group (p < 0.05).

In foals, the FZ group showed upregulation of 32 serum metabolites and moderate downregulation of 6 metabolites compared to the FC group (p < 0.05). Figure 5 provides an overview of the number of HMDB compound metabolites in various categories, with 388 metabolites observed in abundance. These metabolites were categorized into 152 lipids and lipid-like molecules, 102 organic acids and derivatives, 58 organoheterocyclic compounds, 31 organic oxygen compounds, 25 benzenoids, 10 organic nitrogen compounds, 9 phenylpropanoids and polyketides, and 1 other category. A heat map was generated to further investigate the differential metabolites with biological activities within each classification. In jennies (Figure 6A), among the total, 8 compounds were elevated, and 22 compounds were reduced in serum from jennies fed the YPS diet as opposed to the control diet (VIP value>1). These compounds primarily belonged to carbohydrates and carbohydrate conjugates, fatty acids and conjugates, organic acids and derivatives, lipids and lipid-like molecules, organoheterocyclic compounds, and benzene and substituted derivatives. In donkey foals (Figure 6B), 24 compounds were elevated, and 6 were reduced in serum from foals fed the YPS diet compared to the control diet (VIP value>1). These compounds predominantly included benzenoids, organic acids, carbohydrates, and amino acids.
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FIGURE 5
 Relative abundance of serum metabolites of donkeys fed control diet and 0.10% yeast polysaccharides (YPS) diet.


[image: Figure 6]

FIGURE 6
 Hierarchical clustering analysis and heat maps of the 30 identified metabolites showing a significant difference between serum samples from donkeys fed control diet and YPS diet. Columns are discrete metabolites, and rows are individual samples, identified for the two diets. The color scale indicates the relative amounts of metabolites: red, higher levels; blue, lower levels; white, unchanged. Levels of significance are defined as *p<0.05, **p<0.01, and ***p<0.001. (A) Heat map of the jennies; (B) Heat map of the foals.




3.5. Fecal microbiome


3.5.1. Alpha diversity

The evaluation of microbial richness and diversity involved the calculation of α-diversity indices, including Chao, Shannon, Simpson, and Ace indices, as depicted in Figure 7. In female donkeys, no statistically significant differences were observed in Sobs, Chao, or Shannon indices between the two groups. Similarly, in jenny ass, there were no significant differences in Chao, Shannon, Simpson, or Ace indices between the two groups (p > 0.05). However, in foals, the Shannon and Ace indices of intestinal bacteria in the experimental group were significantly higher than those in the control group (p < 0.05), while the Simpson index was lower in the experimental group than in the control group (p < 0.05).

[image: Figure 7]

FIGURE 7
 Alpha diversity indices of donkeys in the experimental and control groups. (A) Chao index of jennies; (B) Shannon index of jennies; (C) Simpson index of jennies; (D) Ace index of jennies; (E) Chao index of foals; (F) Shannon index of foals; (G) Simpson index of foals; (H) Ace index of foals; JZ, jennies in the experimental group; JC, jennies in the control group; FZ, foals in the experimental group; FC, foals in the control group; *, p<0.05.




3.5.2. Microbial composition

The Venn diagram presented in Figure 8 illustrates the distribution of bacterial community OTUs. In total, 2,231 and 2,204 OTUs were observed for the intestinal bacteria in group 1 jennies and group 2 jennies, respectively. Additionally, the group 1 jennies shared the intestinal bacteria community, including 2052 OTUs, with the group 2 jennies. In foals, a total of 2,198 and 2021 OTUs were observed for the intestinal bacteria in group 1 and group 2, respectively. Furthermore, the group 1 foals shared 1839 OTUs with the group 2 foals.

[image: Figure 8]

FIGURE 8
 Venn diagram presenting the distribution of intestinal bacteria community OTUs between the experimental and control jennies and between the experimental and control foals. JZ, jennies in the experimental group; JC, jennies in the control group; FZ, foals in the experimental group; FC, foals in the control group.


Regarding the intestinal bacteria with a relative abundance of more than 1% of the total sequences in at least one of the samples, these were further analyzed (Figure 9). In jennies, the five predominant phyla were Firmicutes (57.330.7%), Proteobacteria (3.34.5%), and Verrucomicrobiota (1.453.9% of the total sequence reads), Bacteroidota (33.86.3%), Verrucomicrobiota (2.61.4%), and Patescibacteria (0.6 ~ 1.2%).

[image: Figure 9]

FIGURE 9
 Composition of the predominant intestinal bacteria at phylum level between the experimental and control jennies and between the experimental and control foals (abundance of the phylum ls expressed as %). JZ, jennies in the experimental group, JC, jennies in the control group, FZ, foals in the experimental group, FC, foals m the control group.


Differential genera between the two groups were further analyzed (Figure 10). In jennies, the relative abundance of Terrisporobacter, Cellulosilyticum, Howardella, Dorea, and norank_f_Saccharimonadaceae were significantly greater in the JZ group compared to the JC group (p < 0.05). Conversely, the relative abundance of norank_f_norank_o_Oscillospirales was significantly lower in the JZ group than in the JC group (p < 0.05). In foals, the relative abundance of 15 intestinal bacterial genera, including Streptococcus, Lactobacillus, Prevotella, Escherichia-Shigella, Defluviitaleaceae_UCG-011, Solibacillus, and unclassified_p_Firmicutes, was greater in the FZ group than in the FC group.
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FIGURE 10
 Difference in the predominant intestinal bacteria at genus level between the experimental and control groups. (A) Difference in the predominant intestinal bacteria at genus level between the JZ and the JC group; (B) Difference in the predominant intestinal bacteria at genus level between the FZ and the FC group; JZ, jennies in the experimental group; JC, jennies in the control group; FZ, foals in the experimental group; FC, foals in the control group.




3.5.3. Beta diversity

At the OTU level, beta diversity, as assessed by PCA based on Bray–Curtis dissimilarity, revealed the segregation of intestinal microbiota between the experimental and control groups of donkeys (Figure 11).

[image: Figure 11]

FIGURE 11
 Principal component analysis (PCA) of the intestinal bacteria community composition of the donkeys in experimental and control groups at the OUT level. The Log10 transformed data were used for analysis, and the percentage values given on each axis represent the amount of total variation. PC1, first axis; PC2, second axis. JZ, jennies in the experimental group; JC, jennies in the control group; FZ, foals in the experimental group; FC, foals in the control group.






4. Discussion


4.1. Effects of YPS addition on lactating and growth performance

In this study, we investigated the influence of dietary yeast polysaccharide (YPS) supplementation on the growth performance of donkey foals and the milk production performance of Jennies. Our findings revealed that YPS supplementation positively impacted the average feed intake and average daily weight gain of donkey foals, resulting in a reduced feed conversion rate. These results align with previous research, which demonstrated a similar enhancement in the average daily gain and feed conversion rate of Holstein bulls when YPS was added to their feed (Ma et al., 2015). Nonetheless, it’s important to note that studies involving poultry have shown varying effects of YPS on weight gain and feed conversion rate, possibly attributable to differences in factors such as YPS dosage, chicken breeds, and YPS composition (Ahiwe et al., 2019). Furthermore, while our study observed an increase in milk production in female donkeys with YPS supplementation, it is worth mentioning that no prior research has reported similar effects on animal milk production. As the difference in milk production observed in our study was not statistically significant, further investigations are needed to discern the specific impact of YPS on this parameter. Additionally, routine milk analysis revealed no significant differences in milk composition between the two groups of female donkeys.



4.2. Effects of YPS addition on immunity

We also assessed the impact of YPS supplementation on immune indices in both jennies and donkey foals, including IgA, IgG, IgM, C3, and C4. Our results demonstrated that YPS inclusion in the diet led to improved immune function in both jennies and donkey foals. This observation aligns with previous research, which has shown that YPS dietary supplementation can significantly elevate serum IgG and IgM concentrations, ultimately enhancing immune function and nutrient digestibility without negatively affecting calf metabolism (Ma et al., 2015). The weaning stage represents a critical period in the overall growth of donkeys, during which foals’ transition from a diet comprising breast milk and feed to pure feed. This transition can result in significant changes in intestinal microflora, potentially leading to stress reactions, including diarrhea, and even mortality in foals (Sun et al., 2023; Zhang et al., 2023). The observed enhancement in immune function in our study could play a vital role in mitigating these stress-related issues.



4.3. Effects of YPS addition on donkey metabolism

Given the notable effects of YPS on donkey growth performance and immune function, our study delved into the metabolites and pathways influenced by YPS in donkey foals. The impact of dietary YPS supplementation on serum metabolomics has been minimally explored in previous studies. However, an increasing number of non-targeted metabolomics studies are now being employed to assess the effects of various functional diets on metabolites and pathways in plasma or tissues in animals, contributing to our understanding of diet-nutrition interactions (Tang et al., 2021; Song et al., 2022). In our study, we conducted metabolomic analyses on serum samples from both the 0.1% YPS and control diet groups to identify important differential metabolites and enriched pathways. The robustness and reliability of the obtained metabolomic profiles were supported by the results of the RSD and OPLS-DA models.

Comparing the metabolites with the Human Metabolome Database (HMDB) allowed us to classify them into seven categories. We observed a predominant accumulation of lipids and lipid-like molecules, organic acids and derivatives, organic oxygen compounds, and organic oxygen compounds, with less predominant accumulation of benzenoids, organic nitrogen compounds, phenylpropanoids, polyketides, and other chemical categories. These results are in agreement with previous research that identified lipids and lipid-like molecules, as well as organic acids and derivatives, as significant metabolites in microorganism growth (Chen et al., 2020; Tang et al., 2021). Subsequently, we generated a heat map comparing the control and 0.10% YPS diets to highlight key differential metabolites with biological activities in each classification. Our results indicated that in donkey foals, the most significant differences were observed in the abundance of lipids and lipid-like molecules, including 13,14-Dihydro PGF2a, 2-Isopropylmalic acid, 2,3-Dinor-TXB2, Triterpenoid, Taurocholic acid, 3b-Allotetrahydrocortisol, Epimetendiol, Stearaldehyde, Goshuyic acid, Armillarilin, and Taurochenodeoxycholate-3-sulfate. Specifically, 13,14-Dihydro PGF2a, 2-Isopropylmalic acid, 2,3-Dinor-TXB2, Triterpenoid, Taurocholic acid, and 3b-Allotetrahydrocortisol exhibited increased levels, while the remaining five metabolites showed decreased levels in response to YPS supplementation. It is noteworthy that alterations in lipid and lipid-like molecule metabolism can influence animal growth performance and may be associated with the synthesis of steroid hormones, known growth promoters (Fritsche and Steinhart, 1998).



4.4. Effects of YPS addition on donkey gut bacteria

We conducted a comprehensive analysis of the bacterial composition within the intestines of donkeys using 16S rRNA sequencing and identified the dominant genus in both experimental groups. Our results revealed significant differences between the YPS-supplemented group and the control group. The YPS group exhibited significantly higher Ace and Shannon indices, indicating increased diversity and richness in intestinal bacteria. Conversely, the Simpson index was significantly lower in the YPS group, further underscoring the higher diversity and richness in the YPS-treated foals. Dominant phyla in jennies included Firmicutes, Bacteroidota, Proteobacteria, Spirochaetota, and Verrucomicrobiota, while donkey foals displayed Firmicutes, Bacteroidota, Spirochaetota, Verrucomicrobiota, Proteobacteria, and patescibacteria. These findings are consistent with Zhang et al. (2022) observations, which investigated fecal microbes in gestating donkeys.

At the genus level, we conducted a detailed analysis of differential genera between the two groups. In jennies, the relative abundance of Terrisporobacter, Cellulosilyticum, Howardella, Dorea, and norank_f_Saccharimonadaceae were significantly higher in the YPS-treated group (JZ) compared to the control group (JC; p < 0.05). Conversely, the relative abundance of norank_f_norank_o_Oscillospirales was notably lower in JZ compared to JC (p < 0.05). Notably, Terrisporobacter and Cellulosilyticum have been documented as effective cellulose degraders, contributing to enhanced feed digestion (Cai et al., 2010; Cai and Dong, 2010; Niu et al., 2023).

In foals, we observed a higher relative abundance of 15 intestinal bacterial genera in the YPS-supplemented group (FZ) compared to the control group (FC). These genera included Streptococcus, Lactobacillus, Prevotella, Escherichia-Shigella, Defluviitaleaceae_UCG-011, Solibacillus, and unclassified_p_Firmicutes. Lactobacillus and Prevotella are known for their ability to digest and metabolize proteins, carbohydrates, and lipids. Additionally, Prevotella significantly increases animal feed intake (Li et al., 2017; Yang et al., 2018; Dao et al., 2021; Gao et al., 2022; Li Y. et al., 2022; Yeoh et al., 2022). In the YPS group, the abundance of Lactobacillus and Prevotella was significantly higher than in the control group, suggesting a positive impact on feed digestion and conversion rates. These findings are consistent with the research of Zhang et al. (2022), who conducted a study on broiler chickens. In their study, they added licorice polysaccharides to the diet of the chickens, which resulted in increased numbers of Bifidobacteria and Lactobacillus in the intestinal flora of the chickens. The increased abundance of beneficial bacteria, such as Bifidobacteria and Lactobacillus, is indicative of improved gut health and digestion efficiency.




5. Conclusion

To sum up, our research presents compelling evidence of the beneficial impact of dietary YPS supplementation on various aspects of Dezhou donkeys, including their growth performance, milk production, gut microbiota, and immune function. Additionally, our study reveals that YPS supplementation exerts a regulatory effect on specific serum metabolites, particularly those related to lipids and lipid molecules in both jennies and foals. Through rigorous investigation, we have determined that the optimal level of YPS supplementation for these positive effects is 0.10%. Noteworthy is the significant enhancement in the abundance of bacteria associated with digestive health and intestinal well-being, such as Lactobacillus and Prevotella in foals and Terriporobacter and Cellulosilyticum in jennies, resulting from this supplementation. These findings significantly contribute to our comprehension of the metabolic mechanisms responsible for the growth-promoting and immune-regulating effects of dietary YPS supplementation in both jennies and foals. Consequently, YPS emerges as a natural additive with the potential to support the healthy growth and well-being of these animals.
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The microbiota is essential for the extraction of energy and nutrition from plant-based diets and may have facilitated primate adaptation to new dietary niches in response to rapid environmental shifts. In this study, metagenomic sequencing technology was used to analyze the compositional structure and functional differences of the gut microbial community of Francois’ langurs (Trachypithecus francoisi) under different environmental and dietary conditions. The results showed that in terms of the composition of the gut microbial community, there were significant differences among the gut microbiota of Francois’ langurs (anthropogenic disturbed populations, wild populations, and captive populations) under different environmental and dietary conditions. The microbial communities with the highest abundance in Francois’ langurs were Firmicutes and Bacteroidetes. Firmicutes was the most abundant phylum in anthropogenic disturbed Francois’ langurs and the least abundant in captive Francois’ langurs. The abundance of Bacteroidetes was highest in captive Francois’ langurs. In the analysis and comparison of alpha diversity, the diversity of the gut microbiota of Francois’ langurs affected by anthropogenic disturbance was the highest. The significant differences in gut microbiota between Francois’ langurs in different environments and different diets were further supported by principal coordinate analysis (PCoA), with the disturbance group having a gut microbiota more similar to the wild group. Kyoto Encyclopedia of Genes and Genomes (KEGG) functional annotation analysis indicated a high abundance of functional genes involved in carbohydrate metabolism, amino acid metabolism, replication and repair, cofactor and vitamin metabolism, and other amino acid metabolism pathways. Additionally, the functional genes involved in carbohydrate metabolism pathways were significantly enriched in the gut microbial community of Francois’ langurs that were anthropogenic disturbed and captive. The gut microbiota of the Francois’ langurs exhibited potential plasticity for dietary flexibility, and long-term food availability in captive populations leads to changes in gut microbiota composition and function. This study explored the composition and function of the gut microbiota of Francois’ langurs and provided a scientific basis for understanding the physiological and health status of Francois’ langurs, effectively protecting the population of wild Francois’ langurs and reintroducing captive Francois’ langurs into the wild.
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 François’ langur, diet flexibility, dietary, gut microbiota, captive environment


1 Introduction

In recent years, explosion in metagenomic techniques has enabled us to explore the complicated microbiota inhabiting micro-environments within the gastrointestinal tract (Handelsman et al., 1998; Handelsman, 2004; Muegge et al., 2011). Evidence has been accumulated to show that the gut microbiota is critical in disease, nutrition, immune responses, and development of the host (Guarner and Malagelada, 2003; Versalovic and Relman, 2006). Because the gut microbial community is highly flexible, it, in turn, affects the host’s ability to respond quickly to environmental changes (David et al., 2014; Suzuki and Ley, 2020). Multiple studies have shown that habitat-caused changes in diet and surroundings have a marked effect on the gut microbiota (Clayton et al., 2018; Amato et al., 2019; Baj et al., 2019; West et al., 2019). Additionally, food is one of the main factors affecting the gut microbiota in animals (Clayton et al., 2016). Food not only causes changes in animal gut microbial composition, metabolites, and short-chain fatty acids but also affects animal gut microbial metabolites and chemical reactions in the gut. Reduced or sustained intake of macronutrients such as fiber may lead to the loss of key microbial taxa (Wu et al., 2011; David et al., 2014; Uhr et al., 2019). Leaf-eating primates generally have longer digestive tracts to increase food residence time and improve the breakdown of fiber and secondary metabolites, and gut microbiota tend to be enriched in pathways associated with amino acid production. In contrast, the gut microbiota of non-leaf-eating primates is rich in microbe associated with starch and monosaccharide degradation. Compared with wild populations, captive populations have lower intake of crude fiber (15%) and protein (13%) and higher intake of non-structural carbohydrates (60%) and fat (12%) (Chen S. T. et al., 2018; Guo et al., 2018). A previous study demonstrated significant differences in the gut microbiota of captive and wild Guizhou snub-nosed monkeys (Hale et al., 2019). Therefore, we hypothesize that there are significant differences in the composition, structure, and function of the gut microbial community in Francois’ langurs under different environmental conditions and that these differences are related to changes in diet and environment.

Francois’ langurs (Trachypithecus francoisi) belong to the family Cercopithecidae, the subfamily Colobinae, and the genus Trachypithecus. They are mainly distributed in Chongqing, Guizhou, and Guangxi, China and the karst stone mountain area in northern Vietnam, with a population of 1,600–1,900 individuals. Francois’ langurs are national first-class protected wild animals in China and are listed as an endangered (EN) species by the International Union for Conservation of Nature (IUCN) (Niu et al., 2019). The group of Francois’ langurs in the Mayanghe National Nature Reserve Administration in Guizhou Province not only frequents the villages where humans live. The pure wild Francois’ langurs population is mainly leaf-eating. For the anthropogenic disturbed wild population, in addition to the main leafy plants, other high-sugar and high-salt protein and carbohydrate foods are common. The captive populations mainly rely on fruits and leaves as their main food. At present, the distribution and differences in microbiota between different dietary populations are still unclear, and the functions of the gut microbiota in the adaptation process to different diets need to be further studied.

In this study, to elucidate how the gut microbial community of Francois’ langurs responds to different environments and foods, metagenomic sequencing was performed to compare three different dietary patterns: the composition and function of the gut microbiota in the anthropogenic disturbed group (AD), wild group (W), and captive group (C) Francois’ langurs. The research objectives included (1) determining the differences in the composition and diversity of the gut microbiota of Francois’ langurs under different environmental and dietary conditions and (2) determining the adaptability of the gut microbiota in Francois’ langurs to the environment under different environmental and dietary conditions and the significantly different functional characteristics of the gut microbial community. This study further served to evaluate the health status of wild Francois’ langur populations under different environmental conditions, provide a scientific basis for the protection of Francois’ langurs in the Mayanghe National Nature Reserve Administration, and provide a theoretical basis for the breeding of captive Francois’ langurs.



2 Materials and methods


2.1 Study site and sample collection

The research sites were the Mayanghe National Nature Reserve Administration in Guizhou Province and the Guizhou Forest Wildlife Zoo in Guizhou Province. The Mayanghe National Nature Reserve Administration is located at the junction of Yanhe Tujia Autonomous County and Wuchuan Gelao and Miao Autonomous County in Guizhou Province, with a total area of 311.13 km2 (Niu et al., 2019). The landform types are mainly valleys and karst formations, and the annual average temperature is 16.7°C. The Francois’ langurs population in the Mayanghe National Nature Reserve Administration in Guizhou Province includes a pure wild population (wild group, n = 5) and an anthropogenic disturbed population (anthropogenic disturbed group, n = 4). The anthropogenic disturbed population, which is artificially disturbed by humans, lives near the protection station of the Mayanghe National Nature Reserve Administration and often moves along highways. Anthropogenic disturbed monkeys are likely to ingest anthropogenic foods (fruits, peanuts, etc.). The Francois’ langurs population at the Guizhou Forest Wildlife Zoo is a captive population (captive group, n = 4). From May to July 2022, 17 transects were set up within the potential habitat range of the wild population of Francois’ langurs. During the 120 observation days, the instant scanning method was used to track 5–7 wild population groups. Fecal samples were collected using sterile disposable gloves immediately after Francois’ langur defecated. The gloves were changed after each sample was collected, and the fecal samples were immediately stored at −80°C. The collected feces of the wild Francois’ langurs population was from various social groups with one male and multiple females. The feces of four different individuals of captive Francois’ langurs were collected at Guizhou Forest Wildlife Zoo. Because the Francois’ langurs were kept in different cages at night, feces were collected every morning immediately after defecation. All fecal samples were stored at −80°C immediately after collection until laboratory analysis.



2.2 Dietary composition of captive Francois’ langurs

The research site for captive Francois’ langurs was the Francois’ langurs cage in the primate exhibit at the Guizhou Forest Wildlife Zoo, located in Zhazuo Town, Xiuwen County, Guizhou Province. The research subjects were 4 Francois’ langurs, i.e., 2 adult males and 2 adult females. The four individuals were not related to each other. Their diet consisted mainly of steamed cornbread, eggs, fruits and vegetables, and wild plants in small amounts.



2.3 Extraction and testing of samples

Total microbial genomic DNA samples were extracted from feces using the OMEGA Mag Bind Soil DNA Kit (M5635-02) (OMEGA Bio-Tek, Norcross, GA, USA); the concentration, integrity, and purity of DNA were assessed using Agilent 5,400.



2.4 Library construction

Libraries were constructed using the NEB Next® Ultra™ DNA Library Prep Kit for the Illumina platform (NEB, USA). DNA samples were randomly cleaved into approximately 350-bp fragments using a Covaris ultrasonic crusher. DNA fragments underwent end-repair, the addition of poly-A tails, the addition of sequencing connectors, purification, and PCR amplification to prepare the libraries. The PCR products were purified using an AMPure XP system; the insert size of the library was assessed using an Agilent 2,100, and the library concentration was quantified using real-time PCR. DNA libraries were sequenced using the Novaseq6000 high-throughput sequencing platform.



2.5 Bioinformatics analysis


2.5.1 Data quality control and de-host sequences

The Illumina NovaSeq high-throughput sequencing platform was used for metagenomic sequencing to obtain raw metagenomic data of bacteria, fungi, and viruses in the fecal samples from Francois’ langurs. To ensure the reliability of the data, KneadData software was used to preprocess the raw sequencing data. The specific processing steps were as follows: (1) The adapter sequences in the raw data (based on Trimmomatic, parameter: ILLUMINACLIP: adapters_path:2:30:10), low-quality (default quality score threshold ≤20) sequences (based on Trimmomatic, parameter: SLIDINGWINDOW:4:20), and sequences with a final length less than 50 bp (based on Trimmomatic, parameter: MINLEN:50) were removed. (2) Considering that there may be host contamination in the specimens, the clean data were aligned to the host genome. Bowtie2 software was used1 to filter sequences from the host to obtain valid sequences for subsequent analysis. (3) Finally, the rationality and effect of quality control were tested using FastQC (Mckenna et al., 2010; Martin, 2011; Schmieder and Edwards, 2011; Langmead and Salzberg, 2012).



2.5.2 Species annotation

Alignment with Kraken2 and the self-built microbial nucleic acid database (screening sequences belonging to bacteria, fungi, archaea, and viruses in the NCBI NT nucleic acid database and RefSeq genome-wide database) was used to calculate the number of sequences of species in the samples, and then, Bracken was used to predict the actual relative abundance of species in the samples. Kraken2 is a recently developed alignment software based on K-mer. The local Kraken2 database contains 16,799 known bacterial genomes (Wood and Salzberg, 2014; Brum et al., 2015; Mandal et al., 2015; Lu et al., 2017).



2.5.3 Functional annotation based on reads

Using HUMAnN2 software, the quality controlled and de-host sequences were aligned with the protein database (UniRef90) (based on DIAMOND), and annotation information and a relative abundance table for each functional database were obtained based on the correspondence between the UniRef90 ID and each database (Segata et al., 2011; Zhu et al., 2012; Kim et al., 2016; Franzosa et al., 2018). Using the species abundance table and functional abundance table, abundance clustering analysis, principal coordinates analysis (PCoA), NMDS dimensionality reduction analysis (species only), and sample clustering analysis were performed; using the grouping information, LEfSe biomarker analysis and the Dunn test were performed to evaluate differences in species composition and functional composition between samples (Villar et al., 2015).





3 Results


3.1 Gut microbiota composition of Francois’ langurs

A total of 90,199,172.27 Mbp raw data were obtained from 13 Francois’ langurs feces samples. After quality control, 89,021,440.65 Mbp valid data were obtained, corresponding to 603,864,550 reads, and all samples passed stringent quality control. The sequencing data statistics are shown in Supplementary Table S1. The percentage of bases with quality values of ≥20 or ≥ 30 reached more than 97 and 93%, respectively, indicating that the sequencing data showed high reliability. A total of 13 rarefaction curves approached a plateau, suggesting that the number of samples and sequencing depth were sufficient for experimental analyses (Supplementary Figure S1). The significant differences in the gut microbial composition of feces samples of Francois’ langurs between the anthropogenic disturbance group, wild group, and captive group. At the phylum level (Figure 1A), Firmicutes (A:0.69 ± 0.05; W:0.59 ± 0.11;C:0.49 ± 0.17) and Bacteroidetes (A:0.23 ± 0.04; W: 0.29 ± 0.18;C:0.43 ± 0.18) were the main dominant phyla in the wild group, anthropogenic interference group, and captive group, followed by Proteobacteria (A: 0.02 ± 0; W: 0.04 ± 0.05;C:0.02 ± 0.01), Actinobacteria (A:0.02 ± 0;W:0.04 ± 0.05;C:0.01 ± 0.01), and Spirochaetes (A:0.03 ± 0.01; W: 0.01 ± 0.01;C:0.02 ± 0). At the genus level (Figure 1B), Ruminococcaceae (A: 0.2 ± 0.03; W: 0.18 ± 0.05;C:0.15 ± 0.07) was the main dominant genus, followed by Bacteroides (A:0.09 ± 0.02;W:0.14 ± 0.12;C:0.15 ± 0.08), Lachnospiraceae (A:0.16 ± 0.03%;W:0.12 ± 0.03;C:0.07 ± 0.03), Prevotellaceae (A:0.08 ± 0.04;W:0.1 ± 0.08;C:0.16 ± 0.04), and Clostridiaceae (A:0.11 ± 0.03;W:0.09 ± 0.06;C:0.09 ± 0.04). According to the composition spectrum of each sample at the species level, the number of common and unique species was calculated. The number of species common and unique in the three groups was visually presented by the Venn diagram (Figure 1C).
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FIGURE 1
 (A) Histogram of the relative abundance at the phylum level. Relative abundance (%) of the 20 most abundant bacterial phyla and genera obtained from 13 fecal samples of Francois’ langurs. (B) Histogram of the relative abundance at the genus level. Relative abundance (%) of the 20 most abundant bacterial phyla and genera obtained from 13 fecal samples of Francois’ langurs. (C) Species Venn diagram obtained from 13 fecal samples of Francois’ langurs. Each ellipse represents a group, the overlapping area between the ellipses indicates the common species among the groups, and the non-overlapping area indicates the unique species of the corresponding sample; the number in each block indicates the number of common or unique species in the groups contained in the block. AD, anthropogenic disturbed populations; W, wild populations; C, captive populations.


We further calculated significant differences in community richness based on the abundance (Figure 2A), as estimated by Shannon and observed_species indices. The Shannon index of the AD group was significantly higher than that of the W and C groups. Normally captive lifestyles or built environments will lead to a decrease in gut microbiota diversity in mammals. However, the Shannon index of the C group was significantly higher than that of the W group. However, animals that rely on a single source of food (or few sources) usually present a low diverse microbiota. Here, we found that providing a foreign, more diverse food supply may have led to a more highly diverse gut microbiota. The PCoA ordination and PERMANOVA, using unweighted Unifrac distance, further supported the significant dissimilarity in the gut microbiota community between the W and C groups (Figure 2B; PERMANOVA test: p < 0.01). In addition, the microbial community was more similar to the PCoA plot in the AD group compared with the W group. In this study, there is a profound difference in the gut microbiota composition between the W and AD groups within the same natural region. The top 50 relative abundant taxa with significant differences among the three groups were analyzed by clustering, and heat maps were drawn (Figure 2C).
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FIGURE 2
 (A) Boxplots of alpha diversity indices showing differences between the three groups. * represents significant p (FDR)-value <0.05. (B) Principal Coordinate Analysis (PCoA) plot was built using unweighted UniFrac distances to assess beta diversity. (C) Species composition heatmap. The samples were first clustered based on the similarity of species composition abundance distribution between each other and then arranged horizontally based on the clustering results. Similarly, each taxonomic unit was also clustered based on the similarity of the distribution in different samples and was arranged vertically based on the clustering results. In the figure, red represents the species with higher abundance in the corresponding sample, and blue represents the species with lower abundance. AD, anthropogenic disturbed populations; W, wild populations; C, captive populations.




3.2 Functional differences in the gut microbiota of Francois’ langur populations in different environments

Metagenomic analysis confirmed 7,921 KOs and 45 KEGG Level 2 categories (Supplementary Table S2; Supplementary Figure S2). A total of 993,161 genes were annotated and mapped to the KEGG pathway, and the number of genes annotated to the carbohydrate, amino acid, and energy metabolism pathways ranked to be the top three. Functional gene annotations to primary pathways with the most abundance including Metabolism, Genetic Information Processing, Cellular Processes, Human Diseases, Organismal Systems, Environmental Information Processing (Figure 3A). Cluster bar plots show the abundance of the top 10 genes annotated to KEGG secondary pathways in each metabolic pathway. The cluster bar plots annotated to the KEGG secondary pathway showed the highest similarity among captive langur samples (Figure 3B). The number of genes were annotated to the carbohydrate metabolism, amino acid metabolism, replication and repair, metabolism of cofactors and vitamins, and metabolism of other amino acid pathways ranked to be the top five (Figure 3B). The top 6–10 metabolic pathways were energy metabolism, glycan biosynthesis and metabolism, translation of genetic information processing, and lipid metabolism, folding, and sorting, and the degradation of genetic information processing showed differences in the number and abundance of annotated genes among the three groups (Figure 3B). The genes of the KEGG secondary pathway that show inter-group differences in various metabolic pathways are environmental adaptation, nucleotide metabolism, infectious bacterial disease, and cell motility (Figure 3C). The obtained Bray–Curtis distance matrix was analyzed by NMDS using R software. Figure 3D shows the structure distribution of community samples. The results showed that the functional composition of the AD group samples had the least difference and the highest similarity.
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FIGURE 3
 (A) Kyoto Encyclopedia of Genes and Genomes functional category analysis of level 1. (B) The combination of the clustering tree and the bar chart shows the similarity between the Kyoto Encyclopedia of Genes and Genomes level 2 pathway. (C) Differences in the Kyoto Encyclopedia of Genes and Genomes level 2 pathway between different groups. Samples through a combination chart of violin and box line or a bar chart with an asterisk. Statistical analysis was performed with the Wilcoxon test. (D) NMDS plot of unweighted UniFrac distances of fecal microbiota composition of individual Francois’ langurs. AD, anthropogenic disturbed populations; W, wild populations; C, captive populations.




3.3 Differential analysis of functional genes in the metabolic pathways of the gut microbial community of Francois’ langurs caused by environmental changes

A LEfSe functional cladogram was used to analyze the metabolic pathways with significant differences in carbohydrate metabolism, including propanoate metabolism, butanoate metabolism, pyruvate metabolism, starch and sucrose metabolism, and amino sugar and nucleotide sugar metabolism, among the three groups of Francois’ langurs (Figure 4A). Five functional genes with significant differences in carbohydrate metabolism pathways were compared and analyzed using the KW test (Figure 4B).
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FIGURE 4
 (A) The Kyoto Encyclopedia of Genes and Genomes level 3 pathway in LEfSe analysis (LDA > 2). (B) The LDA score distribution of Kyoto Encyclopedia of Genes and Genomes level 3 pathway in LEfSe analysis (LDA > 2). (C) The circular grouping bar chart represents genes with significant differences in the Kyoto Encyclopedia of Genes and Genomes level 3 pathway. AAN, Amino sugar and nucleotide sugar metabolism; PM, Propanoate metabolism; SAS, Starch and sucrose metabolism; PE, Protein export; CAA, Carbohydrate digestion and absorption; BC, Bacterial chemotaxis; BM, Butanoate metabolism; AD, anthropogenic disturbed populations; W, wild populations; C, captive populations.


For the amino sugar and nucleotide sugar metabolism (ko00520) pathway, pseG (K15897), csn (K01233), and GLCAK (K16190) were only abundant in the C group; pgi-pmi (K15916), CHS1 (K00698), and (pgi-pmi) K15916 were not abundant in the C group, and NANP (K01097) was abundant only in the AD group; the remaining functional genes with significant differences are shown in the supporting data. For the starch and sucrose metabolism pathway, SGA1 (K01178) was only abundant in the AD group, and (GBE1) K00700, (mapA) K00691, treS (K05343), glgX (K02438), and K16153 were all functional genes with significant differences among the AD group, W group, and C group. For the propanoate metabolism pathway, pduP (K13922) was the functional gene with significant differences among the AD, W, and C groups, and the relative abundance of pduP (K13922) in the C group was higher than that in the AD group and the W group. For the pyruvate metabolism pathway, E1.2.1.22 (K19266) was only abundant in the C group, and oadA (K01571) and ldhA (K03778) were functional genes with significant differences among the AD group, W group, and C group. For the butanoate metabolism pathway, acmB (K18372) was only abundant in the AD group. Regarding carbohydrate digestion and absorption in the digestive system, SLC37A4 (K08171) was only abundant in the AD group.

Among the metabolic pathways of protein export in the three groups of Francois’ langurs, lspA (K03101) differed among the three groups, with the highest abundance in the C group. Among the bacterial chemotaxis metabolic pathways of cell processes in the three groups of Francois’ langurs, mcp (K03406) and cheA (K03407) were different among the three groups, and the C group had the lowest abundance (Figure 4C).




4 Discussion

This is the first study to reveal the differences in the structure and function of gut microbiota in Francois’ langurs under different environmental and dietary conditions through fecal metagenomic data. Dietary patterns are an important determinant of gut microbial diversity. Our findings suggest that microbiota analyses are important for langur ecology and conservation. The structure and composition, diversity, and function of gut microbes in Francois’ langurs changed with different environments and diets.

First, the predominant phyla of Francois’ langurs were Firmicutes and Bacteroidetes, which is similar to the findings of previous studies on wild rhesus macaques (Chen S. T. et al., 2018) and other wild primate species, such as gorilla (Gomez et al., 2015), Rhinopithecus roxellana (Su et al., 2016), Ethiopian chlorocebus monkeys (Trosvik et al., 2018), Lemur catta, and Propithecus verreauxi (Fogel, 2015). Second, we found that the captive environment significantly altered the gut microbial composition and structure of Firmicutes and Bacteroidetes. In this study, Firmicutes was the most abundant phylum in the anthropogenic disturbed group (AD) and least abundant in the captive group (C). Bacteroidetes was the most abundant phylum in the C group and least abundant in the AD group (Figures 2A,B). Similar results have been reported for other non-human primates (NHPs) (Clayton et al., 2016; Frankel et al., 2019; Campbell et al., 2020), and changes in captivity or habitat can cause primates to lose their native microbiota (Frankel et al., 2019). In this study, the abundance of Bacteroidetes was highest in captive Francois’ langurs and significantly different from that in the AD group and the W group. The explanation for this phenomenon may be the inadequate intake of crude fiber and excess intake of simple carbohydrates by captive monkeys. Several studies have confirmed that the diets of captive animals contain more carbohydrates and less crude fiber and protein than those of wild animals (Nijboer and Clauss, 2006; Guo et al., 2018; Liu et al., 2018; Chen Z. et al., 2018). Because Bacteroidetes promote the digestion and breakdown of polysaccharides and proteins (Spence et al., 2006), the efficiency of simple carbohydrate digestion in captive animals appears to be dependent on Prevotella (Bacteroidetes). The W group and the AD group were significantly enriched in Ruminococcaceae flora, and Ruminococcaceae degrade cellulose and hemicellulose, thus providing energy sources for the host (Biddle et al., 2013).

In this study, there were significant differences in metabolism pathways, cellular processes, and genetic information processing in gut microbial functions of Francois’ langurs under different environments. In addition, most of the key functions of the gut microbes in Francois’ langurs living in the Mayanghe National Nature Reserve Administration were related to short-chain fatty acid metabolism. Ruminococcus, Lachnospiraceae, and Clostridium, whose abundance was relatively increased, are involved in breaking down plant structural carbohydrates and producing short-chain fatty acids that can be utilized by the host (Chassard et al., 2010). Carbohydrate intake results in increased numbers of Bacteroides spp. and increased levels of short-chain fatty acids in feces (Hale et al., 2019). The high functional potential of short-chain fatty acids, such as butyrate, acetate, and lactate, may indicate compensation for energy intake through microbial fermentation. Studies have also shown that dietary supplementation with resistant starch increases the abundance of Ruminococcus bromii and Bifidobacterium and leads to increased levels of short-chain fatty acids and propionic and butyric acids in the gut (Parks et al., 2013; Belcheva et al., 2014).

In this study, there was a trend of enrichment of butyrate metabolic pathways in Francois’ langurs in the AD group, indicating that diet involves the metabolism of various cornstarch polysaccharides, which can affect multiple metabolic pathways in the host by affecting different gut flora. Different gut microbiota have different preferences for polysaccharides entering the intestine, indicating that intake of dietary polysaccharides is a strategy that can directly affect the balance of gut microbiota species (Liu et al., 2021). The results showed that tea seed meal regulated the gut microbiota of animals in the feed. The addition of 0.50% of tea seed meal could significantly reduce the content of Escherichia coli in the cecum of broilers. The addition of tea seed meal to the diet had a certain regulatory effect on the body fat metabolism and gut microbiota of broilers (Sun et al., 2017). In captive Francois’ langurs fed a high-protein diet, metabolic pathways for protein export were more active, suggesting an active interaction between the gut microbiota and the host. The abundance of bacterial chemotaxis genes in the gut microbiota of Francois’ langurs varies significantly with different environments, and in the wild environment, Francois’ langurs have a higher abundance of bacterial chemotaxis genes.



5 Conclusion

In conclusion, changes in the living environment and diet are important influencing factors for the gut microbial community. The structure, composition, diversity, and function of gut microbes in Francois’ langurs change with different environments and diets. In this study, captive Francois’ langurs had poor crude fiber digestion ability and strong simple carbohydrate digestion ability. Functional genes involved in carbohydrate metabolism pathways were significantly enriched in the gut microbial community of Francois’ langurs in the AD group and the captive group. The positive role of the gut microbiota in host dietary adaptation in captive environments and the large number of effects of captive environments on the gut microbiota suggest a complex interaction between the gut microbiota and the environment. Wild Francois’ langurs adapt to food differences through the interaction between food and gut microbial community, potentially facilitating the adjustment of their diet structure. Understanding changes in the gut microbial community of Francois’ langurs may help explain the effects of diet on animal physiology and metabolism as well as the ecological adaptation strategies of wild Francois’ langurs to habitat changes.
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The alleviating effects of Lactobacillus plantarum in microencapsulation (LPM) on lipopolysaccharide (LPS)-induced intestinal inflammatory injury were investigated in layer chicks. A total of 252 healthy Hy-Line Brown layer chicks were randomly divided into six groups. Birds were injected with saline or LPS except for the control, and the diets of birds subjected to LPS were supplemented with nothing, L. plantarum, LPM, and wall material of LPM, respectively. The viable counts of LPM reached 109 CFU/g, and the supplemental levels of L. plantarum, LPM, and WM were 0.02 g (109 CFU), 1.0 g, and 0.98 g, per kilogram feed, respectively. LPS administration caused intestinal damage in layer chicks, evidenced by increased proinflammatory factors accompanied by poor intestinal development and morphology (p < 0.05). LPM/LPS significantly increased body weight, small intestine weight and length, villus height, villus height/crypt depth, and mRNA relative expression of tight junction protein genes (p < 0.05) and performed better than free L. plantarum. These findings could be attributed to the significant increase in viable counts of L. plantarum in the small intestine (p < 0.05), as well as the enhanced levels of Actinobacteriota, Lactobacillaceae, and Lactobacillus in intestinal microbiota (p < 0.05). Such results could further significantly increase goblet and PCNA+ cell percentage (p < 0.05); the mRNA relative expressions of epithelial cell, fast-cycling stem cell, quiescent stem cell, endocrine cell, and Paneth cell; and goblet and proliferative cell marker genes, including E-cadherin, Lgr-5, Bmi-1, ChA, Lysozome, Mucin-2, and PCNA (p < 0.05). Furthermore, the mRNA relative expressions of key genes involved in epithelial cell proliferation, namely, c-Myc, Cyclin-1, Wnt-3, Lrp-5, and Olfm-4, exhibited significant upregulation compared with the LPS treatment, as well as the differentiating genes Notch-1 and Hes-1 (p < 0.05). To sum up, microencapsulated L. plantarum supplementation could alleviate intestinal injury in layer chicks induced by LPS by promoting the proliferation and differentiation of intestinal epithelial cells, which could be attributed to the increase in viable count of L. plantarum in the gut and optimization in intestinal microbial flora.

KEYWORDS
 intestinal development, proliferation and differentiation, microbiota, layer chick, Lactobacillus plantarum


Introduction

Poultry production is an enormous industry in China, and more than 15.74 billion chickens were fed in 2021. Indeed, the laying hens are known for their long lifespan, and achieving a production cycle of 100 weeks with 500 eggs has been a productive goal. As intestinal injury in the chick phase can have irreversibly adverse effects on the growth and production performance in subsequent phases, the importance of maintaining gut health for layer chicks has garnered increasing attention. In practical production, the incidence of diarrhea and intestinal injury in chicken flocks reached 54.5 and 53.0% (Lobani et al., 2016; ter Veen et al., 2017), respectively, which reflects the serious intestinal health challenges in the poultry industry. In addition to the EU and US, China as the largest consumer of veterinary antibiotics has banned the addition of antibiotics in animal feed from 2020. Moreover, Ritter et al. (2019) reported that the mortality of broilers increased from 2.8 to 4.2% after antibiotics forbiddance, which makes a far more troubling set of intestinal health issues. Therefore, research focused on intestinal damage in a layer chick model, which has become even more prominent.

In fact, Lactobacillus was supposed to be a promising candidate for repairing intestinal injuries (Hou et al., 2018; Han et al., 2019). For the past few years, the positive benefits of Lactobacillus plantarum on intestinal damage have been verified in published research (Yang et al., 2020; Pupa et al., 2021). Otherwise, accelerating the succession of intestinal microbiota and achieving an equilibrium in microbiota much earlier in layers were supposed to be beneficial for the improvement of chick’s gut health (Dai et al., 2020). Given its promoting effects on intestinal flora succession, L. plantarum supplementation in the early phase of layer chicks probably exerts excellent function in alleviating intestinal damage. However, there are still some inconsistent reports that L. plantarum supplementation could not significantly improve the intestinal health status of animals (Lee et al., 2017). The foremost reason for these results may be that the survival of L. plantarum decreases drastically during the processes of Lactobacillus processing, storage, and digestion in the gastrointestinal tract of animals (Chan et al., 2010). In the previously published report, we established the microencapsulation technology of L. plantarum based on enzymatic hydrolysate of soybean protein isolate and modified phospholipid and found that Lactobacillus plantarum in microencapsulation (LPM) could pass through the gastric juice smoothly and sustain high livability when it arrived the intestine (Song et al., 2022). Therefore, compared with free L. plantarum, LPM supplementation could be supposed to be more accurate to monitor the alleviating effects of L. plantarum on intestinal damage. However, such research studies are limited, and more studies are needed to explore the effects of microencapsulated L. plantarum on intestinal injury in layer chicks.

The intestinal damage recovery could not be conducted without the proliferation and differentiation of intestinal epithelial stem cells (IESCs). However, reports concerning the effects of Lactobacillus on IESC proliferation and differentiation are very few, and more details are needed to be explored. Indeed, researchers have discovered two types of intestinal epithelial stem cells within the intestinal crypts. These include fast-cycling stem cells referred to as crypt base columnar (CBC) cells and quiescent stem cells known as +4 stem cells (Barker et al., 2007; Zhu et al., 2013). Among them, just above the crypt base, the quiescent ISECs are located at the so-called +4 position, and B-cell-specific Moloney murine leukemia virus insertion site 1 (Bmi-1) is a marker of these +4 stem cells (Smith et al., 2016). Yan et al. (2012) demonstrated that Bmi-1-marked quiescent ISECs could give rise to fast-cycling IESCs under stress conditions. By contrast, Lgr-5 (leucine-rich repeat-containing G protein-coupled receptor 5)-marked CBC cells were supposed to be active IESCs during homeostasis (Barker et al., 2007). Once Lgr-5+ daughter cells leave the crypt base, they will undergo a brief phase of proliferation within the transit amplifying (TA) zone while moving upward along the crypt–villus axis. Upon exiting the TA zone, these cells will become postmitotic and undergo terminal differentiation, and various functional cells are formed, such as absorptive enterocytes, goblet cells, enteroendocrine cells, and Paneth cells. These functional cells could replace the impaired intestinal epithelial cells and repair intestinal damage. Otherwise, Lactobacillus was reported to stimulate the proliferation and differentiation of intestinal epithelial stem cells in vitro (Hou et al., 2018). Based on the above, it can be speculated that the intestinal damage repairing of L. plantarum may be probably attributed to its acceleration of epithelial proliferation and differentiation. However, such research studies are a handful, and thus, more studies are needed.

In this study, the intestinal damage model was established through intraperitoneal lipopolysaccharide (LPS) injection, and then the effects of microencapsulated L. plantarum supplementation on the growth performance, intestinal development, intestinal morphology, viable count, microbiota, and epithelial cell proliferation and differentiation were investigated. Our findings may contribute to harnessing the potential benefits of microencapsulated L. plantarum in alleviating intestinal damage in layer chick production.



Materials and methods


Ethics statement

The experimental protocol was approved by the Animal Care and Use Committee of Henan University and Technology, and the methods were carried out in accordance with the relevant guidelines and regulations.



Birds and experimental design

A total of 252 healthy Hy-Line Brown layer chicks (7-day-old with the same body weight) were randomly divided into six groups. Birds were injected with saline or LPS (300 μg/kg body weight) twice (7 and 10 days of age in the abdomen) except for the control, and the diets of birds subjected to LPS were supplemented with nothing, L. plantarum, LPM, and wall material of LPM (WM), respectively. LPM was prepared through L. plantarum M616 microencapsulation with WM, and the latter contained enzymatic hydrolysate of soybean protein isolate (4%; hydrolyzed by pepsin), modified phospholipid (10%), soybean oil (20%), sorbitol (60%), and glycerol (4%), according to the report (Song et al., 2022). The viable counts in LPM reached 109 CFU/g. Hence, the specified supplemental levels of L. plantarum, LPM, and WM were 0.02 g (109 CFU), 1.0 g, and 0.98 g, per kilogram feed, respectively. Each group had 7 replicates with 6 birds as a replicate, with ad libitum access to feed and water. Animal feeding was conducted according to the Feeding Management Manual of Hy-Line Brown layers. Experimental diets were formulated according to the Chinese Feeding Standard of Chicken (Wen et al., 2004) and NRC (1994). The formal feeding trial lasted for 8 days. Nutrient values of diets are measured and shown in Supplementary Table S1. The samples’ dry matter content was determined by drying at 105°C for 6 h, following the AOAC 2006 method (930.15). The Kjeldahl method (AOAC 2007; 976.05) was employed to analyze the crude protein. P content was analyzed using a spectrophotometer (UV-2700, Shimadzu, Japan), while Ca content was measured using a flame atomic absorption spectrophotometer (Zeenit700P, Analytik Jena, Germany).



Growth performance and intestine morphology

Body weight was recorded at the beginning and end of the formal experiment. Feed intake was recorded every week. Average daily gain (ADG), average daily feed intake (ADFI), feed conversion ratio (FCR; feed: gain, both in grams), and mortality were calculated. At the end of the trial, 21 birds from each group were randomly selected (3 birds per replicate at average body weight) and weighed before slaughter. The weight and length of the duodenum, jejunum, and ileum were measured.

Segments (approximately 1.5 cm in length) in the middle portion of the duodenum, jejunum, and ileum (approximately 5 cm from Meckel’s diverticulum) were collected, washed with PBS, and fixed in 10% neutral-buffered formalin for histology analysis. The remainder of the ileum was opened longitudinally, and chyme samples were collected, immersed in liquid nitrogen, and then stored at −80°C for subsequent measurement. Intestinal epithelial mucosa tissue samples were collected, immediately immersed in liquid nitrogen, and then preserved at −80°C for the measurement of mRNA expressions of the investigated genes (Table 1). Moreover, the primers for these genes in layer chicks were designed and testified (Supplementary Figure S1). Duodenal, jejunal, and ileal samples were subjected to be washed, dehydrated, clarified, and embedded in paraffin. Serial sections were cut into 5 μm thickness, deparaffinized in xylene, rehydrated, stained with hematoxylin and eosin, fixed with neutral balsam, and observed by a light microscope (BX51, Olympus Co., Tokyo, Japan). The intestinal morphometry was evaluated by villus height (VH; from the tip of villus to the villus–crypt junction), crypt depth (CD; from the base up to the crypt–villus transition region), and the villus height to crypt depth ratio (VCR; Xie et al., 2014).



TABLE 1 Primer sequence of target and reference genes.
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Inflammatory factor measurement

At the end of the experiment, after fasting for 12 h, serum was obtained and stored at −20°C for the following analysis. After thawing at 4°C overnight, levels of interleukin (IL)-1β, IL-4, IL-6, and IL-10, tumor necrosis factor (TNF)-α, and interferon (IFN)-γ in serum were tested using ELISA kits for chicks (Shanghai Meilian Biological Technology Co., LTD., Shanghai, China), according to the manufacturer’s instructions. In addition, the gene mRNA relative expressions of inflammatory factors were measured, including IL-1β, IL-4, IL-6, IL-8, IL-10, IL-22, TNF-α, and IFN-γ.



Short-chain fatty acid content and viable count analysis

Ileal digesta was used for short-chain fatty acid content and L. plantarum population analysis. Lactic acid content was measured according to the method by Borshchevskaya et al. (2016), and P-hydroxybiphenyl colorimetry was adopted in this research. Acetate, propionate, and butyrate concentrations were determined following the method described by Wielen et al. (2020), and the details were described in our former report (Cui et al., 2022). The amount of L. plantarum was determined by the dilution method of plate counting, and plate counts were performed by the spread plate method. The counting media were solidified using agar powder (18 g per liter). After thorough dispersion, the sample was diluted serially and plated in duplicate to obtain the viable count. L. plantarum was marked by fluorescein isothiocyanate (FITC), and the colonization of L. plantarum in the intestinal mucosal tissue was observed under a fluorescence microscope.



Gut microbiota analysis

Microbial DNA was extracted from ileal content samples (approximately 0.3 g) taken from layer chicks using the E.Z.N.A Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA). The integrity and quality of DNA samples were evaluated with 1% agarose gel electrophoresis and Nanodrop D-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Microbial 16S rDNA sequences spanning the hypervariable regions v3-v4 were amplified using forward primers: 338F (5’-ACTCCTACGGGA GGCAGCA-3′) and reverse primer: 806R (5’-GGACTACHVGGGTWTCTAAT-3′). The PCR reaction conditions were: 2 min of denaturation at 95°C; 25 cycles containing denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s; and a final extension of 5 min at 72°C. Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) to remove superabundant primer dimers and dNTPs. Purified amplicons were qualified and sequenced using the MiSeq platform at Beijing Biomarker Biotechnology Co., Ltd. (Beijing, China). The raw reads were deposited to the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA761001).

In microbial community analysis, raw paired-end sequences were carried out in Illumina HiSeq 2500. Following sequencing, raw data were converted to raw reads using base calling. After filtration (Trimmomatic v0.33) and screening (cutadapt 1.9.1), high-quality reads were collected. Then, they were pieced through overlap (FLASH v1.2.7) to obtain clean reads. Effective reads were obtained using the UCHIME (v4.2) after the identification and removal of chimera sequences. Then, these reads were clustered into operational taxonomic units (OTUs) with 97% sequence identity by Usearch (Edgar, 2013). Rarefaction curves and α-diversity analysis, including Shannon, Simpson, ACE, and Chao1 indices, were calculated using QIIME2. β-diversity was evaluated by computing the weighted UniFrac distance and visualized using principal coordinate analysis (PCoA).



Goblet cell and PCNA+ cell percentage

The goblet cell percentage (GCP) was counted on 100 columnar cells of the villus. Otherwise, tissue sections were deparaffinized twice in xylene, rehydrated in a graded ethanol series, and rinsed in PBS (pH = 7.4) three times (5 min every time). The slides were incubated in a citrate acid buffer solution for 10 minutes using a steamer for heat-induced antigen retrieval. After samples were rinsed in PBS, 100 μL of H2O2 was supplemented to the zone marked by an immunohistochemical pen, and samples were incubated for 10 min at room temperature. Then, confining liquid, proliferating cell nuclear antigen (PCNA) antibody, antimouse IgG complex marked by biotin, and streptomyces antibiotin protein-peroxidase were added, and samples were incubated at room temperature. Diaminobenzidine was used as a color-substrate solution, while hematoxylin and resin were used to redye and seal. At 200 × magnification, the PCNA+ cell percentage was counted from the tip of the villus to the base of the crypt.



Quantification of mRNA with real-time PCR

Total RNA was extracted with the TRIzol reagent (Tiangen Biotech CO., LTD, Beijing, China). The yield of RNA was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and the integrity was evaluated using agarose-ethidium bromide electrophoresis. Quantification was carried out with a two-step reaction process: reverse transcription (RT) and PCR, according to the instructions of FastQuant RT Kit (KR106, Tiangen, Beijing, China). Each RT reaction consisted of 1 μg RNA. Real-time PCR was performed using a Light Cycler 480 Real-time PCR Instrument (Roche Diagnostics Ltd., Basel, Switzerland) with a 20 μL PCR reaction mixture that included 2 μL of cDNA, according to the instructions of the SuperReal PreMix Plus Kit (SYBR Green; KR106, Tiangen, Beijing, China). Reactions of real-time quantitative PCR were conducted in duplicate in the Bio-Rad C1000 thermal cycler (CFX-96 real-time PCR detection systems; Bio-Rad). The protocol used was as follows: 95°C for 15 min, 40 cycles of 95°C for 10 s, and 60°C for 30 s. The relative mRNA expression levels were normalized to avian β-actin with the 2−ΔΔCt method (Livak and Schmittgen, 2001). Primer sequences are detailed in Table 2, and several of them refer to previous reports (Feng et al., 2021; Zhao et al., 2022).



TABLE 2 Effect of Lactobacillus plantarum supplementation on the growth performance of layer chicks1.
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Statistical analysis

SAS version 9.2 (SAS Institute, 2008) was used for statistical analyses. The experimental unit for growth performance analysis was the replicate, with each replicate in one cage. As for the other parameter measurements, the experimental unit for statistical analysis was the mean of three birds. The homogeneity of variances and normality of the data were first tested, and the normality was analyzed using the Shapiro–Wilk test. Then, a one-way ANOVA was conducted, and the means were compared using Tukey’s Multiple Range Test. Differences were considered statistically significant at p < 0.05, and the data were expressed as mean and pooled SEM.




Results


Growth performance

The effects of microencapsulated L. plantarum supplementation on the growth performance of layer chicks are presented in Table 2. At the beginning of the experiment, there was no significant difference in body weight among all treatments (p > 0.05). Otherwise, no significant differences were observed in ADG and FCR among all treatments (p > 0.05). Compared with the control, significantly lower values of ADFI were observed in the treatment with LPS alone and WM supplementation after LPS injection (WM/LPS; p < 0.05). The significantly higher values of body weight (14 d) occurred in LPM supplementation after LPS injection (LPM/LPS) treatment compared with LPS treatment (p < 0.05). Intestinal inflammation induced by LPS manifested as numerically lower values of body weight, ADG, and ADFI; meanwhile, L. plantarum supplementation could reverse this situation. Otherwise, compared with L. plantarum supplementation after LPS injection (LP/LPS) treatment, the numerically higher values of body weight (14 d) and ADG and the numerically lower values of FCR were simultaneously observed in LPM/LPS treatment, which indicated that LPM performed better than free L. plantarum in growth performance.



Intestinal development

The development of the duodenum, jejunum, and ileum is shown in Table 3. No significant differences were observed in the indexes of the duodenum, jejunum, and ileum among all groups, as well as jejunum weight (p > 0.05). The significantly lower values of intestinal weight (the duodenum and ileum) and length (the duodenum, jejunum, and ileum) were observed in the treatments with LPS compared with the control (p < 0.05). In addition, compared with the control, significantly lower values were observed in WM/LPS treatment (p < 0.05). Meanwhile, compared with LPS treatment, intestinal weight (duodenum and ileum) and length (jejunum and ileum) significantly increased in LPM/LPS treatment (p < 0.05), as well as the significantly higher values of jejunal length in WM and free L. plantarum supplementation after LPS injection treatments (p < 0.05). The developments of intestinal weight and length were hindered by LPS injection; meanwhile, L. plantarum supplementation could alleviate these negative influences. Otherwise, compared with LP/LPS treatment, the numerically higher values of weight, index, and length of the duodenum, jejunum, and ileum were simultaneously observed in LPM/LPS treatment. Moreover, the higher ileal length occurred in LPM/LPS treatment compared with LP/LPS (p < 0.05; using Duncan’s multiple comparison). All of these findings indicated that LPM performed better than LP in the development of the small intestine.



TABLE 3 Effect of Lactobacillus plantarum supplementation on the development of small intestine in layer chicks (14 days of age)1.
[image: Table3]



Intestinal morphology

The changes in intestinal morphology in response to the microencapsulated L. plantarum supplementation are detailed in Figures 1A–C. No significant changes were observed in crypt depth (duodenum, jejunum, and ileum) among all treatments (p > 0.05). Compared with the control, significantly lower values of the villus height in the duodenum were observed in treatment with LPS treatment (p < 0.05). Meanwhile, the significantly higher values of villus height and villus height/crypt depth in the duodenum were observed in LPM/LPS treatment compared with LPS treatment (p < 0.05). Typical intestinal longitudinal slices indicated better intestinal morphology was observed in LPM/LPS treatment compared with LPS treatment (Figure 1D). Otherwise, as shown in Figure 1E, no significant differences were observed in zonula occludens-1 (ZO-1), Claudin-1, and Claudin-2 mRNA relative expressions among all treatments (p > 0.05). Compared with the control, the significantly lower expressions of Occludin were observed in the treatment with LPS (p < 0.001), and the significantly higher expressions of zonula occludens-3 (ZO-3) were observed in LPM/LPS treatment (p < 0.05). Moreover, compared with LPS treatment, the significantly higher expressions of zonula occludens-2 (ZO-2), zonula occludens-3 (ZO-3), and Occludin were observed in the treatment of LPM/LPS (p < 0.05).

[image: Figure 1]

FIGURE 1
 Effects of Lactobacillus plantarum in microencapsulation (LPM) supplementation on intestinal morphology (n = 7). (A) Villus height. (B) Crypt depth. (C) Villus height/crypt depth. (D) Intestinal morphology (100 ×). (E) The mRNA relative expressions of tight junction protein genes. Data are the mean of 7 replicates (2 chicks each replicate). LPS, Lipopolysaccharide; LPM/LPS, LPM supplementation after LPS injection. Differences were shown as ***(p < 0.001), **(p < 0.01), and *(p < 0.05), and the error bars mean standard deviation (SD).




Inflammatory factor

The serum levels or gene mRNA relative expressions of main inflammatory factors, including IL-1β, IL-4, IL-6, IL-8, IL-10, IL-22, TNF-α, and IFN-γ, are detailed in Figures 2A–N. Among all the treatments, no significant differences were observed in IL-6 and IL-10 contents in serum and IL-6 mRNA relative expression (p > 0.05). Compared with the control, LPS significantly increased TNF-α content in serum and the gene mRNA relative expressions of IL-8 and TNF-α in ileal mucosal tissue (p < 0.05). Otherwise, compared with LPS treatment, LPM/LPS significantly decreased IL-1β, TNF-α, and IFN-γ contents in serum, and the gene mRNA relative expressions of IL-1β, IL-8, and IFN-γ in ileal mucosal tissue (p < 0.05) while increased IL-4, IL-10, and IL-22 gene mRNA relative expressions in ileal mucosal tissue and IL-4 content in serum (p < 0.05).
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FIGURE 2
 Effects of Lactobacillus plantarum in microencapsulation (LPM) on inflammatory factor (n = 7) (A-N). LPS, Lipopolysaccharide; LPM/LPS, LPM supplementation after LPS injection. Differences were shown as ***(p < 0.001), **(p < 0.01), and *(p < 0.05), and the error bars mean standard deviation (SD).




Intestinal pH, short chain fatty acid content, and Lactobacillus plantarum population

The effects of LPM inclusion on intestinal pH, short chain fatty acid content, and L. plantarum populations in the ileum digesta are shown in Figures 3A–F. No significant differences were observed in the intestinal pH of the duodenum and jejunum among all treatments (p > 0.05), while the significantly lower ileal pH occurred in the treatment with LPM/LPS (p < 0.05) compared with LPS treatment. Otherwise, the significantly lower values of lactic acid content and L. plantarum number were observed in LPS treatment compared with the control (p < 0.05). Meanwhile, the significantly higher values of lactic acid, propionate, and butyrate levels and the L. plantarum population occurred in the treatment of LPM/LPS (p < 0.05) compared with the LPS treatment. Otherwise, fluorescence observation (marked by FITC) shown that LPM had visibly more L. plantarum in intestinal mucosa compared with that of free L. plantarum treatment (Figure 3G), indicating microencapsulation facilitated more viable L. plantarum arriving and colonizing in gut.
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FIGURE 3
 Effects of Lactobacillus plantarum in microencapsulation (LPM) supplementation on intestinal viable count. The values of pH (A) and ileal lactic acid content (B) and viable count of L. plantarum (C), acetate (D), propionate (E), and butyrate (F) concentrations in digesta (n = 7). (G) L. plantarum colonization in the small intestinal mucosa of layer chicks in response to its supplemental form, which is marked by fluorescein isothiocyanate (FITC). LPS, Lipopolysaccharide; LPM/LPS, LPM supplementation after LPS injection. Differences were shown as *** (p < 0.001), **(p < 0.01), and *(p < 0.05), and the error bars mean standard deviation (SD).




Intestinal microbial diversity and community

After filtering, an average of 56,140 effective reads per sample were acquired. The sequencing depths were examined through the rarefaction curve for richness and numbers of shared OTU plotting. Moreover, the curves of most samples reached plateaus, indicating that the sampling depth was adequate. The effects of LPM supplementation on ileal microbial α-diversity of layer chicks are detailed in Table 4. No significant differences in the Shannon, Simpson, and ACE indices were observed among all treatments (p > 0.05). The significantly lower Chao1 index occurred in LPS treatment compared with the control (p < 0.05), while this situation ameliorated when LPM was supplemented. β-diversity analysis was conducted to compare the microbial profiles in ileal digesta among all treatments, as shown in Figure 4A. Principal coordinate analysis (PCoA) was first performed to show a holistic perception of the ileal microbiota. The results visually showed that these groups were mainly scattered into three clusters, which indicated that the microbiota compositions were quite dissimilar to each other.



TABLE 4 Effect of Lactobacillus plantarum supplementation on microbial α-diversity in ileum of layer chicks (14 days of age)1.
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FIGURE 4
 Effects of microencapsulated Lactobacillus plantarum supplementation on microbes in the ileal digesta of layer chicks (14 days of age; n = 7). LPS, Lipopolysaccharide; LPM, Lactobacillus plantarum in microencapsulation; LPM/LPS, LPM supplementation after LPS injection. (A) Principal coordinate analysis (PCoA) and composition of ileal microbiota [phylum (B) and (C) genus level]. (D) Histogram of the LDA scores computed for features differentially abundant among control (red bars), LPM/LPS (blue bars), and LPS (green bars) groups. Species with significant differences that have an LDA score of greater than 3.0 are presented. The length of the histogram represents the LDA score, which can be interpreted as the effect size of each differentially abundant feature. Data are the mean of 7 replicates. (E) Cladogram generated from Linear discriminant analysis (LDA) effect size (LEfSe) analysis, where red, green, and blue circles represent taxa of greater abundance in the control, LPS, and LPM/LPS groups, respectively. Yellow circles mean non-significant differences. The diameters of the circles are proportional to the abundance of the taxon.


To investigate the effect of LPM supplementation on the bacterial community members of ileal microbiota, the taxonomic compositions were explored at the phylum and genus levels. Three major phyla (Fimicutes, Proteobacteria, and Actinobacteria; relative abundance ˃ 1%) dominated the bacterial community (Figure 4B). Meanwhile, these phyla could be allocated into 10 major genera (Romboutsia, Turicibacter, Enterococcus, Escherichia-Shigella, Corynebacterium, Aerococcus, Eisenbergiella, Staphylococcus, norank_f_norank_o_RF39, and norank_f_norank_o_Clostridia_UCG-014; relative abundance ˃ 1%; Figure 4C). Compared with the LPS treatment, the significantly higher values of the Actinobacteria phylum and the lower value of the Romboutsia genus were observed in the LPM/LPS treatment (p < 0.05; Table 5).



TABLE 5 Effect of Lactobacillus plantarum supplementation on microbial relative abundance components in the ileum of layer chicks (14 days of age)1.
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Linear discriminant analysis (LDA) effect size (LEfSe) analysis was applied to identify the significantly differentially abundant OTUs for the entire ileal microbiota at the levels from phylum to genus (LDA > 3.0). As shown in Figures 4D,E, ileal discrepant microbiota in the control was mainly enriched with Clostridia class, Peptostreptococcales-Tissierellales order, and its downstream microbes (Peptostreptococcaceae and Romboutsia). The increased abundances of mainly discrepant microbes in the LPM/LPS group were as follows: phylum Actinobacteriota (Actinobacteria); class Negativicutes (Acidaminococcales, Acidaminococcaceae) and Chlamydiae (Chlamydiales); order Paenibacillales (Paenibacillaceae, Paenibacillus), Holosporales (Holosporaceae, norank_f_Holosporaceae), Corynebacteriales (Corynebacteriaceae, Corynebacterium), and Streptomycetales (Streptomycetaceae, Streptomyces); and family Lactobacillaceae (Lactobacillus).



Intestinal epithelial cell proliferation and differentiation

As shown in Figure 5A, PCNA+ cell and goblet cell percentages were visually higher in the LPM/LPS treatment than that of the LPS group, and these two cells reflect the proliferation and differentiation of intestinal epithelial stem cells. Compared with the LPS treatment, significantly higher PCNA+ cell and goblet cell percentages were observed in the duodenum, jejunum, and ileum of the LPM/LPS treatment (Figures 5B,C; p > 0.05). Obviously, the negative effects of LPS injection on intestinal epithelial stem cell proliferation and differentiation could be changed when microencapsulated L. plantarum was supplemented.
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FIGURE 5
 Goblet cell and PCNA+ cell percentage in intestinal epithelial tissue (n = 7). (A) The image (200 ×) of goblet cell and PCNA+ cell in the ileum of layer chicks in response to LPS and LPM supplementation (14 days of age). LPS, lipopolysaccharide; LPM, Lactobacillus plantarum in microencapsulation. Goblet cell (B) and PCNA+ cell (C) percentages in the epithelial tissue of the small intestine. Differences were shown as **(p < 0.01) and *(p < 0.05), and the error bars mean standard deviation (SD).


The variations of intestinal epithelial cell marker gene mRNA relative expression in response to microencapsulated L. plantarum supplementation are detailed in Figures 6A–J. No significant differences were observed in the gene mRNA expressions of Vil-1, AvBD-2, and AvBD-9 among all treatments (p > 0.05). Compared with the control, the significantly lower values of Lysozome, Mucin-2, and PCNA gene mRNA relative expressions were observed in LPS treatment. Meanwhile, the significantly higher values of E-cadherin, Lgr-5, Bmi-1, ChA, Lysozome, Mucin-2, and PCNA gene mRNA relative expressions occurred in the LPM/LPS treatment compared with the LPS treatment (p < 0.05).
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FIGURE 6
 The mRNA relative expression of intestinal epithelial cell markers genes, intestinal epithelial cell proliferation and differentiation key genes in the ileum of layer chicks (14 days of age; n = 7) (A–T). LPS, lipopolysaccharide; LPM, Lactobacillus plantarum in microencapsulation; LPM/LPS, LPM supplementation after LPS injection. Lgr-5, leucine-rich-repeat-containing G-protein-coupled receptor 5; PCNA, proliferating cell nuclear antigen. ChA, Chromogranin A. Differences were shown as ***(p < 0.001), **(p < 0.01), and *(p < 0.05), and the error bars mean standard deviation (SD).


In addition, the key gene mRNA relative expression during the process of intestinal epithelial stem cell proliferation and differentiation is shown in Figures 6K–T. No significant differences were observed in Axin-2, Dll-1, and AHR mRNA relative expressions among all treatments (p > 0.05). Compared with the LPS treatment, the mRNA relative expressions of c-Myc, Cyclin D1, wnt-3, Lrp-5, Olfm-4, Notch-1, and Hes-1 increased in the LPM/LPS treatment (p < 0.05).




Discussion

The positive effect of L. plantarum on intestinal health has been widely reported in various animals, such as pigs, broilers, and laying hens (Xu et al., 2020; Yang et al., 2020; Pupa et al., 2021). However, there are still some results that L. plantarum did not show obvious positive effectiveness on the gut health of animals (Lee et al., 2017), which may be due to the sharp decrease in the survival rate of L. plantarum during the process of reaching the bowel lumen (Chan et al., 2010). Based on our former findings that L. plantarum in the form of microencapsulation substantially enhanced its survival rate in artificial intestinal juice after flowing through gastric juice (Song et al., 2022), the effects of LPM supplementation on the growth performance and intestinal inflammatory damage repair of layer chicks were further investigated in this study. The intestinal damage model was induced successfully by intraperitoneal LPS injection, which could be evidenced by the significantly lower body weight, ADG, and ADFI during this experiment. Such findings may be due to the poor digestion and absorption function caused by intestinal damage. In fact, LPS injection caused intestinal damage had been reported in broilers before (Csernus et al., 2020). Based on the previous progress, the method of LPS injection in layer chicks was established in this research. In addition, compared with the free L. plantarum and WM, LPM supplementation exhibited a better improvement effect on the growth performance of layer chicks. These findings may be attributed to the speculation that microencapsulation could help L. plantarum smoothly pass through the adverse environment (such as gastric acid) and exert its benefits on intestinal digestion and absorption, which was consistent with the findings in our former report (Song et al., 2022). These results indicated that LPM effectively improved the growth performance of layer chicks that suffered intestinal damage.

The improvement of microencapsulated L. plantarum on growth performance to counteract LPS-induced decline could be attributed to the positive effect of LPM on intestinal development and intestinal morphology, which was further explored to illuminate the intestinal damage repair effect of microencapsulated L. plantarum. After birds received LPS injection, the development of their small intestine was suppressed, evidenced by the significant decrease in weight or length of different intestinal segments. Similar to the response of growth performance, LPM supplementation exhibited the better repair effect on the development of the small intestine in layer chicks compared with the free L. plantarum and WM. Taking the acceleration of L. plantarum on intestinal development (Wang et al., 2019) into consideration, these results may be attributed to more live L. plantarum arriving in the intestine brought by LPM. Such findings were consistent with the previous report that Lactobacillus reuteri in microencapsulation could enhance its survival in the intestines of broilers (Rodklongtan et al., 2014). Small intestine morphology is closely related to intestinal development. It is worth noting that LPS had adverse effects on small intestine morphology, appearing as significantly lower villus height, villus height/crypt depth, and tight junction protein expressions, including claudin-2 and occluding (using Ducan’s multiple-range test). In fact, tight junction proteins are mainly divided into three categories: occludin, claudin, and zonula occludens, and they constitute the epithelial barrier combined with the actin in the intestinal epithelial cell (Heinemann and Schuetz, 2019). The integrity of intestinal epithelial tissue can be reflected by tight junction proteins. In addition, compared with the control, LPS simultaneously increased proinflammatory factor expressions in the serum and ileum mucosa tissues, such as IL-1β, IL-6, IL-8, TNF-α, and INF-γ (using Ducan’s multiple-range test), which was consistent with the previous reports (Chan et al., 2017; Bang et al., 2022; Liu et al., 2022). Compared with the intestinal inflammation induced by LPS, microencapsulated L. plantarum significantly enhanced villus height, villus height/crypt depth, and tight junction protein expressions (ZO-2, ZO-3, and occludin) of layer chicks, accompanied by the increase in anti-inflammatory factors (IL-4, IL-10, and IL-22), and decreased proinflammatory factor (IL-1β, IL-8, TNF-α, and IFN-γ) expressions in the serum and ileum mucosa tissues. Such findings implied the outstanding intestinal inflammation repair function of LPM. All of these demonstrated that LPM could alleviate intestinal inflammatory damage of layer chicks induced by LPS, which could be probably attributed to the sufficient viable count of L. plantarum arriving in the gut.

Hence, the changes in intestinal microbiota were further investigated, as well as the viable counts of L. plantarum, in response to microencapsulated L. plantarum supplementation. The significantly higher viable microorganisms accompanied by higher lactic acid content and lower pH value were steadily observed in LPM treatment. The decrease in the intestinal pH could be attributed to the increase in intestinal lactic acid content. Lactic acid is the representative metabolite of L. plantarum (Passos et al., 1994), and thus the enhanced lactic acid content could be ascribed to the increase in viable L. plantarum colonization in the gut. Otherwise, significant increases were observed in propionate and butyrate, which was consistent with the previous report that Lactobacillus plantarum HNU082 increased propionate and butyrate concentrations in mice, indicating more viable L. plantarum colonizing in the gut (Wu et al., 2022). This speculation could be visibly verified by fluorescent observation based on FITC-marked L. plantarum. All of these demonstrated that LPM enhanced the viable count of L. plantarum in the gut.

As intestinal microbiota, in the α-diversity analysis, the Shannon and Simpson estimators were used to evaluate the microbiota diversity, while the ACE and Chao1 indices were adopted to reflect the microbiota richness (Ballou et al., 2016). In our findings, the Chao1 indicator displayed lower values in the LPS treatment group, suggesting a reduction in the microbial richness in the ileum of layer chicks when they were administered LPS injection. After LPM supplementation, the microbiota α-diversity increased in the ileum, which was evidenced by the numerical increase in the Shannon, ACE, and Chao1 indices, as well as a decrease in the Simpson estimator. The higher level of species diversity accompanied by a higher level of microbiota richness indicated a more stable microbiota community, which could prevent the colonization of pathogens and thus be beneficial to the gut health of the host bird (Han et al., 2018). Moreover, the lower microbiota α-diversity indicated poor productivity, which was consistent with the results that growth performance significantly decreased in LPS treatment. In addition, principal coordinate analysis (PCoA) was used to elucidate the β-diversity of ileal microbiota. The results showed significant clustering according to experimental groups, which demonstrated that ileal microbial community structure was significantly affected by LPS and LPM supplementation. Therefore, we speculated that the ileal microbiota of layer chicks could probably vary significantly in response to LPM inclusion, and variations in microbial composition and some specific taxons were further explored. Data showed that Actinobacteria at the phylum level increased in ileal microbial composition, while Romboutsia at the genus level decreased, with LPM supplementation after LPS injection. Given the benefits of Actinobacteria (Massot-Cladera et al., 2020) and the adverse effects of Romboutsia (Yang et al., 2021), these results indicated that LPM supplementation probably optimized ileal microbiota composition. In addition, LPM/LPS increased Corynebacterium at the genus level (using Ducan’s multiple-range test), which exhibited an inhibitory effect on inflammatory injury (Horn et al., 2022). The predominant microorganism species in the composition of ileal microbiota from the LPM/LPS treatment were consistent with the representative microbes obtained from LEfSe analysis of ileal microbiota in this group. In addition, Lactobacillaceae at the family level and Lactobacillus at the genus level stood out as the representative microbes in the LPM/LPS treatment. These findings were consistent with the former results that the higher viable counts of L. plantarum were observed in the LPM/LPS treatment. Therefore, it could be speculated that the alleviating effects of L. plantarum on intestinal damage induced by LPS could be attributed to the viable count enhancement and microbial composition optimization.

In fact, Lactobacillus reuteri D8 could stimulate the proliferation and differentiation of intestinal epithelial stem cells in vitro (Hou et al., 2018). Moreover, the increase in the intestinal villus height may be due to the proliferation and differentiation of intestinal epithelial stem cells and the migration of new cells along the villous-crypt axis (Parker et al., 2017). Therefore, the proliferation and differentiation of intestinal epithelial stem cells in response to LPM were further explored in this research. In fact, various intestinal epithelial functioning cells can conduct intestinal damage repair function, which derives from the proliferation and differentiation of intestinal epithelial stem cells. Hence, intestinal epithelial functioning cell marker genes were further investigated in this research, as well as the key genes involved in the process of intestinal epithelial stem cell proliferation and differentiation. In this research, E-cadherin, Lgr-5, Bmi-1, ChA, Lysozome, Mucin-2, PCNA, and Vil-1 gene mRNA relative expressions were measured in this research, which were supposed to serve as the markers for the epithelium, fast-cycling stem cell, quiescent stem cell, endocrine cell, Paneth cell, goblet cell, proliferative cell, and absorptive cell (Feng et al., 2012; Jones et al., 2019; Xie et al., 2019). In this research, compared with LPS treatment, significantly higher values of Lgr-5, Bmi-1, and other epithelial functioning cell marker gene mRNA relative expressions simultaneously occurred in the LPM/LPS treatment, which was consistent with the previous report that quiescent intestinal epithelial stem cell could give rise to fast-cycling stem cell under stress condition (Yan et al., 2012). Meanwhile, the PCNA+ cell and goblet cell represent the proliferation and differentiation of intestinal epithelial stem cells, respectively, and the enhanced percentages of these two cells were consistent with the increase in the counts of intestinal epithelial functioning cells. These findings indicated that LPM alleviated intestinal damage in layer chicks probably by promoting the proliferation and differentiation of intestinal epithelial stem cells.

These increased intestinal epithelial cells derived from epithelial stem cells, and thus, the key genes during the proliferation and differentiation process of stem cells were further explored. Variations caused by microencapsulated L. plantarum supplementation in the current research showed that c-Myc, Cyclin D1, Wnt-3, Lrp-5, and Olfm-4 exerted significant effects during intestinal epithelial proliferation, while Notch-1 and Hes-1 played pivotal roles in intestinal epithelial differentiation. These findings were consistent with the former reports that c-Myc, Cyclin D1, Wnt-3, and Lrp-5 promoted intestinal cell proliferation (Yamaguchi et al., 2004; Xie et al., 2019), while Notch-1 and Hes-1 stimulated epithelial cell differentiation in the gut (Xie et al., 2019). These findings could be attributed to the increased propionate and butyrate contents, which could provide fuel for intestinal cell proliferation and differentiation (Robles et al., 2013; Rodríguez-Enríquez et al., 2021). The potential mechanisms of LPM-promoting intestinal cell proliferation and differentiation in layer chicks are presented in Figure 7. Based on the above analyses, it could be supposed that microencapsulated L. plantarum could promote intestinal epithelial stem cell proliferation and differentiation, increase intestinal epithelial function cells, and alleviate intestinal inflammatory injury of layer chicks.

[image: Figure 7]

FIGURE 7
 A schematic model displaying the potential mechanism of L. plantarum in microencapsulation promoting epithelial cell proliferation and differentiation in layer chicks.




Conclusion

In conclusion, microencapsulated L. plantarum could alleviate intestinal inflammatory damage in layer chicks induced through LPS administration, evidenced by the significantly decreased levels of pro-inflammatory factors, increased levels of anti-inflammatory factors, better growth performance, small intestine development, and intestinal morphology. Such findings could be due to the viable count enhancement of L. plantarum in the gut and intestinal microbiota composition optimization, which subsequently promoted the proliferation and differentiation of intestinal epithelial cells.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Ethics statement

The animal study was approved by Animal Care and Use Committee of Henan University and Technology. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

YC: Formal analysis, Funding acquisition, Writing – review & editing, Writing – original draft. PH: Writing – review & editing, Project administration. HD: Supervision, Writing – review & editing. SS: Project administration, Writing – review & editing. LG: Formal analysis, Writing – review & editing. ZL: Project administration, Writing – review & editing. QL: Project administration, Writing – review & editing. JW: Supervision, Writing – review & editing. GQ: Supervision, Writing – review & editing. JG: Supervision, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article. This study was financed by the National Key Research and Development Program of China (2021YFD1300300), the National Natural Science Foundation of China (32202697), and the Key Technology Research and Development Program of Henan Province (232102111041).



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1287899/full#supplementary-material



Abbreviations


LPS, Lipopolysaccharide; LP, Lactobacillus plantarum; LPM, Lactobacillus plantarum in microencapsulation; WM, Wall material of LPM; LPM/LPS, LPM supplementation after LPS injection; ADFI, Average daily feed intake; ADG, Average daily gain; BW, Body weight; F/G, Feed: gain; LDA, Linear discriminant analysis; LEfSe, Linear discriminant analysis effect size; PCoA, Principal coordinate analysis; SCFAs, Short-chain fatty acids; VH, Villus height; CD, Crypt depth.



References

 Ballou, A. L., Ali, R. A., Mendoza, M. A., Ellis, J., Hassan, H. M., Croom, W. J., et al. (2016). Development of the chick microbiome: how early exposure influences future microbial diversity. Front. Vet. Sci. 3:2. doi: 10.3389/fvets.2016.00002 

 Bang, S. I., Kim, H. Y., Seo, W. T., Lee, A. Y., and Cho, E. J. (2022). Mulberry vinegar attenuates lipopolysaccharide and interferon gamma-induced inflammatory responses in C6 glial cells. J. Food Biochem. 46:e14197. doi: 10.1111/jfbc.14197 

 Barker, N., van Es, J. H., Kuipers, J., Kujala, P., van den Born, M., Cozijnsen, M., et al. (2007). Identification of stem cells in small intestine and colon by marker gene Lgr 5. Nature 449, 1003–1007. doi: 10.1038/nature06196 

 Borshchevskaya, L. N., Gordeeva, T. L., Kalinina, A. N., and Sineokii, S. P. (2016). Spectrophotometric determination of lactic acid. J. Anal. Chem. 71, 755–758. doi: 10.1134/S1061934816080037

 Chan, E. S., Lee, P. P., Ravindra, P., Krishnaiah, K., and Voo, W. P. (2010). A standard quantitative method to measure acid tolerance of probiotic cells. Appl. Microbiol. Biot. 86, 385–391. doi: 10.1007/s00253-009-2384-y

 Chan, L. P., Liu, C., Chiang, F. Y., Wang, L. F., Lee, K. W., Chen, W. T., et al. (2017). IL-8 promotes inflammatory mediators and stimulates activation of p38 MAPK/ERK-NF-κB pathway and reduction of JNK in HNSCC. Oncotarget 8, 56375–56388. doi: 10.18632/oncotarget.16914 

 Csernus, B., Biró, S., Babinszky, L., Komlósi, I., Jávor, A., Stündl, L., et al. (2020). Effect of carotenoids, oligosaccharides and anthocyanins on growth performance, immunological parameters and intestinal morphology in broiler chickens challenged with Escherichia coli lipopolysaccharide. Animals 10:347. doi: 10.3390/ANI10020347 

 Cui, Y. M., Wang, J., Zhang, H. J., Qi, G. H., Qiao, H. Z., Gan, L. P., et al. (2022). Effect of changes in photoperiods on melatonin expression and gut health parameters in laying ducks. Front. Microbiol. 13:819427. doi: 10.3389/fmicb.2022.819427 

 Dai, D., Wu, S. G., Zhang, H. J., Qi, G. H., and Wang, J. (2020). Dynamic alterations in early intestinal development, microbiota and metabolome induced by in ovo feeding of L-arginine in a layer chick model. J. Anim. Sci. Biotechnol. 11:19. doi: 10.1186/s40104-020-0427-5 

 Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/NMETH.2604

 Feng, Z. M., Guo, J. P., Kong, X. F., Wang, W. C., Li, F. N., Nyachoti, M., et al. (2012). Molecular cloning and expression profiling of G protein coupled receptor 120 in landrace pig and different Chinese indigenous pig breeds. J. Food. Agric. Environ. 10, 996–998. doi: 10.1038/nmeth.2604

 Feng, J., Lu, M. Y., Wang, J., Zhang, H. J., Qiu, K., Qi, G. H., et al. (2021). Dietary oregano essential oil supplementation improves intestinal functions and alters gut microbiota in late-phase laying hens. J. Anim. Sci. Biotechno. 12:72. doi: 10.1186/s40104-021-00600-3 

 Han, X., Lee, A., Huang, S., Gao, J., Spence, J. R., and Owyang, C. (2019). Lactobacillus rhamnosus GG prevents epithelial barrier dysfunction induced by interferon-gamma and fecal supernatants from irritable bowel syndrome patients in human intestinal enteroids and colonoids. Gut Microbes 10, 59–76. doi: 10.1080/19490976.2018.1479625 

 Han, Z., Willer, T., Li, L., Pielsticker, C., Rychlik, I., Velge, P., et al. (2018). Influence of the gut microbiota composition on Campylobacter jejuni colonization in chickens. Infect. Immun. 85, e00380–e00317. doi: 10.1128/iai.00380-17

 Heinemann, U., and Schuetz, A. (2019). Structural features of tight-junction proteins. Int. J. Mol. Sci. 20:6020. doi: 10.3390/ijms20236020 

 Horn, K. J., Vivar, A. C. J., Arenas, V., Andani, S., Janoff, E. N., and Clark, S. E. (2022). Corynebacterium species inhibit streptococcus pneumoniae colonization and infection of the mouse airway. Front. Microbiol. 12:804936. doi: 10.3389/fmicb.2021.804935 

 Hou, Q. H., Ye, L. L., Liu, H. F., Huang, L. L., Yang, Q., Turner, J. R., et al. (2018). Lactobacillus accelerates ISCs regeneration to protect the integrity of intestinal mucosa through activation of STAT3 signaling pathway induced by LPLs secretion of IL-22. Cell Death Differ. 25, 1657–1670. doi: 10.1038/s41418-018-0070-2 

 Jones, J. C., Brindley, C. D., Elder, N. H. Jr., Myers, M. G., Rajala, M. W., Dekaney, C. M., et al. (2019). Cellular plasticity of defa4Cre-expressing Paneth cells in response to notch activation and intestinal injury. Cell Mol. Gastroenter. 7, 533–554. doi: 10.1016/j.jcmgh.2018.11.004

 Lee, S., Katya, K., Park, Y., Won, S., Seong, M., Hamidoghli, A., et al. (2017). Comparative evaluation of dietary probiotics Bacillus subtilis WB60 and Lactobacillus plantarum KCTC3928 on the growth performance, immunological parameters, gut morphology and disease resistance in Japanese eel, Anguilla japonica. Fish Shellfish Immun. 61, 201–210. doi: 10.1016/j.fsi.2016.12.035 

 Liu, J., Zhao, L. L., Zhao, Z. T., Wu, Y. B., Cao, J. T., Cai, H. Y., et al. (2022). Rubber (Hevea brasiliensis) seed oil supplementation attenuates immunological stress and inflammatory response in lipopolysaccharide-challenged laying hens. Poult. Sci. 101:102040. doi: 10.1016/j.psj.2022.102040 

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCT method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Lobani, A. M., Gharaibeh, S. M., and Al-Majali, A. M. (2016). Relationship between different enteric viral infections and the occurrence of diarrhea in broiler flocks in Jordan. Poult. Sci. 95, 1257–1261. doi: 10.3382/ps/pew054 

 Massot-Cladera, M., Azagra-Boronat, I., Franch, À., Castell, M., Rodríguez-Lagunas, M. J., and Pérez-Cano, F. J. (2020). Gut health-promoting benefits of a dietary supplement of vitamins with inulin and acacia fibers in rats. Nutrients 12:2196. doi: 10.3390/nu12082196 

 National Research Council (NRC). (1994). Nutrient Requirements of Poultry, 9th rev. edn. Washington, DC: The national academies press.

 Parker, A., Maclaren, O. J., Fletcher, A. G., Muraro, D., Kreuzaler, P. A., Byrne, H. M., et al. (2017). Cell proliferation within small intestinal crypts is the principal driving force for cell migration on villi. FASEB J. 31, 636–649. doi: 10.1096/fj.201601002 

 Passos, F. V., Fleming, H. P., Ollis, D. F., Felder, R. M., and McFeeters, R. F. (1994). Kinetics and modeling of lactic acid production by Lactobacillus plantarum. Appl. Environ. Microb. 60, 2627–2636. doi: 10.1006/geno.1994.1421 

 Pupa, P., Apiwatsiri, P., Sirichokchatchawan, W., Pirarat, N., Maison, T., Koontanatechanon, A., et al. (2021). Use of Lactobacillus plantarum (strains 22F and 25F) and Pediococcus acidilactici (strain 72N) as replacements for antibiotic-growth promotants in pigs. Sci. Rep. 11:12028. doi: 10.1038/s41598-021-91427-5 

 Ritter, G. D., Acuff, G. R., Bergeron, G., Bourassa, M. W., Chapman, B. J., Dickson, J. S., et al. (2019). Antimicrobial-resistant bacterial infections from foods of animal origin: understanding and effectively communicating to consumers. Ann. NY. Acad. S. 1441, 40–49. doi: 10.1111/nyas.14091 

 Robles, R., Lozano, A. B., Sevilla, A., Márquez, L., Nuez-Ortín, W., and Moyano, F. J. (2013). Effect of partially protected butyrate used as feed additive on growth and intestinal metabolism in sea bream (Sparus aurata). Fish Physiol. Biochem. 39, 1567–1580. doi: 10.1007/s10695-013-9809-3

 Rodklongtan, A., La-ongkham, O., Nitisinprasert, S., and Chitprasert, P. (2014). Enhancement of Lactobacillus reuteri KUB-AC5 survival in broiler gastrointestinal tract by microencapsulation with alginate-chitosan semi-interpenetrating polymer networks. J. Appl. Microbiol. 117, 227–238. doi: 10.1111/jam.12517

 Rodríguez-Enríquez, S., Robledo-Cadena, D. X., Gallardo-Pérez, J. C., Pacheco-Velázquez, S. C., Vázquez, C., Saavedra, E., et al. (2021). Acetate promotes a differential energy metabolic response in human HCT 116 and COLO 205 colon cancer cells impacting cancer cell growth and invasiveness. Front. Oncol. 11:697408. doi: 10.3389/fonc.2021.697408 

 SAS Institute. (2008). Version 9.2, Cary, NC: SAS Institute Inc.

 Smith, N. R., Gallagher, A. C., and Wong, M. H. (2016). Defining a stem cell hierarchy in the intestine: markers, caveats and controversies. J. Physiol. 594, 4781–4790. doi: 10.1113/JP271651 

 Song, S. J., Cui, Y. M., Ji, X. Y., Gao, F., Zhu, J. F., Liu, X. Y., et al. (2022). Microcapsule of Lactobacillus plantarum with enzymatic hydrolysate of soybean protein isolate for improved acid resistance and gastrointestinal survival in vitro. Food Sci. Technol. Int. 18, 499–511. doi: 10.1515/ijfe-2021-0374

 ter Veen, C., de Bruijn, N. D., Dijkman, R., and de Wit, J. J. (2017). Prevalence of histopathological intestinal lesions and enteric pathogens in Dutch commercial broilers with time. Avian Pathol. 46, 95–105. doi: 10.1080/03079457.2016.1223271 

 Wang, T. W., Teng, K. L., Liu, Y. Y., Shi, W. X., and Zhong, J. (2019). Lactobacillus plantarum PFM 105 promotes intestinal development through modulation of gut microbiota in weaning piglets. Front. Microbiol. 10:90. doi: 10.3389/fmicb.2019.00090

 Wen, J., Cai, H. Y., Guo, Y. M., Qi, G. H., Chen, J. L., Zhang, G. Z., et al. (2004). Feeding standard of chicken; NY/T 33–2004, China. Beijing: Ministry of Agriculture of the People’s Republic of China (in Chinese).

 Wielen, P. W. J. J., Biesterveld, S., Notermans, S., Hofstra, H., Urlings, B. A. P., and Knapen, F. V. (2020). Role of volatile fatty acids in development of the cecal microflora in broiler chickens during growth. Appl. Environ. Microb. 66, 2536–2540. doi: 10.1128/AEM.66.6.2536-2540.2000 

 Wu, Y. Q., Li, A., Liu, H. W., Zhang, Z., Zhang, C. C., Ma, C. C., et al. (2022). Lactobacillus plantarum HNU082 alleviates dextran sulfate sodium-induced ulcerative colitis in mice through regulating gut microbiome. Food Funct. 13, 10171–10185. doi: 10.1039/d2fo02303b.doi:10.1039/D2FO02303B 

 Xie, J. J., Tian, C. H., Zhu, Y. W., Zhang, L. Y., Lu, L., and Luo, X. G. (2014). Effects of inorganic and organic manganese supplementation on gonadotropin-releasing hormone-I and follicle-stimulating hormone expression and reproductive performance of broiler breeder hens. Poult. Sci. 93, 959–969. doi: 10.3382/ps.2013-03598

 Xie, S., Zhao, S. Y., Jiang, L., Lu, L. H., Yang, Q., and Yu, Q. H. (2019). Lactobacillus reuteri stimulates intestinal epithelial proliferation and induces differentiation into goblet cells in young chickens. J. Agric. Food Chem. 67, 13758–13766. doi: 10.1021/acs.jafc.9b06256 

 Xu, T. Y., Chen, Y., Yu, L. F., Wang, J., Huang, M. X., and Zhu, N. H. (2020). Effects of Lactobacillus plantarum on intestinal integrity and immune responses of egg-laying chickens infected with Clostridium perfringens under the free-range or the specific pathogen free environment. BMC Vet. Res. 16:47. doi: 10.1186/s12917-020-2264-3 

 Yamaguchi, J., Toledo, A., Bass, B. L., Celeste, F. A., Rao, J. N., Wang, J. Y., et al. (2004). Taurodeoxycholate increases intestinal epithelial cell proliferation through c-myc expression. Surgery 135, 215–221. doi: 10.1016/j.surg.2003.08.025 

 Yan, K. S., Chia, L. A., Li, X., Ootani, A., Su, J., Lee, J. Y., et al. (2012). The intestinal stem cell markers BMI1 and LGR5 identify two functionally distinct populations. PNAS 109, 466–471. doi: 10.1073/pnas.111885710 

 Yang, X., Liang, S. S., Guo, F. S., Ren, Z. Z., Yang, X. J., and Long, F. Y. (2020). Gut microbiota mediates the protective role of Lactobacillus plantarum in ameliorating deoxynivalenol-induced apoptosis and intestinal inflammation of broiler chickens. Poult. Sci. 99, 2395–2406. doi: 10.1016/j.psj.2019.10.034 

 Yang, B., Zheng, F. L., Stanton, C., Ross, R. P., Zhao, J. X., Zhang, H., et al. (2021). Lactobacillus reuteri FYNLJ109L1 attenuating metabolic syndrome in mice via gut microbiota modulation and alleviating inflammation. Foods 10:2081. doi: 10.3390/foods10092081 

 Zhao, D., Farnell, M. B., Kogut, M. H., Genovese, K. J., Chapkin, R. S., Davidson, L. A., et al. (2022). From crypts to enteroids: establishment and characterization of avian intestinal organoids. Poult. Sci. 101:101642. doi: 10.1016/j.psj.2021.101642 

 Zhu, Y. H., Huang, Y. F., Kek, C., and Bulavin, D. V. (2013). Apoptosis differently affects lineage tracing of LGR5 and BMI1 intestinal stem cell populations. Cell Stem Cell 12, 298–303. doi: 10.1016/j.stem.2013.01.003 












	
	TYPE Review
PUBLISHED 01 December 2023
DOI 10.3389/fmicb.2023.1291724






The interplay between the microbiota, diet and T regulatory cells in the preservation of the gut barrier in inflammatory bowel disease

Kathryn Prame Kumar*, Joshua D. Ooi and Rimma Goldberg

Centre for Inflammatory Diseases, Department of Medicine, School of Clinical Sciences at Monash Health, Monash Medical Centre, Monash University, Clayton, VIC, Australia

[image: image2]

OPEN ACCESS

EDITED BY
Li Wang, Guangdong Academy of Agricultural Sciences (GDAAS), China

REVIEWED BY
Qiuhe Lu, Cleveland Clinic, United States
 Yu Pi, Chinese Academy of Agricultural Sciences, China

*CORRESPONDENCE
 Kathryn Prame Kumar, Kathryn.pramekumar@monash.edu

RECEIVED 10 September 2023
 ACCEPTED 06 November 2023
 PUBLISHED 01 December 2023

CITATION
 Prame Kumar K, Ooi JD and Goldberg R (2023) The interplay between the microbiota, diet and T regulatory cells in the preservation of the gut barrier in inflammatory bowel disease. Front. Microbiol. 14:1291724. doi: 10.3389/fmicb.2023.1291724

COPYRIGHT
 © 2023 Prame Kumar, Ooi and Goldberg. 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.



Inflammatory bowel disease (IBD) is becoming more common in the Western world due to changes in diet-related microbial dysbiosis, genetics and lifestyle. Incidences of gut permeability can predate IBD and continued gut barrier disruptions increase the exposure of bacterial antigens to the immune system thereby perpetuating chronic inflammation. Currently, most of the approved IBD therapies target individual pro-inflammatory cytokines and pathways. However, they fail in approximately 50% of patients due to their inability to overcome the redundant pro inflammatory immune responses. There is increasing interest in the therapeutic potential of T regulatory cells (Tregs) in inflammatory conditions due to their widespread capability to dampen inflammation, promote tolerance of intestinal bacteria, facilitate healing of the mucosal barrier and ability to be engineered for more targeted therapy. Intestinal Treg populations are inherently shaped by dietary molecules and gut microbiota-derived metabolites. Thus, understanding how these molecules influence Treg-mediated preservation of the intestinal barrier will provide insights into immune tolerance-mediated mucosal homeostasis. This review comprehensively explores the interplay between diet, gut microbiota, and immune system in influencing the intestinal barrier function to attenuate the progression of colitis.
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Inflammatory bowel disease

Inflammatory bowel disease (IBD) represents a chronic inflammatory disorder affecting the gastrointestinal tract. The etiology of IBD involves a complex interplay between genetic susceptibility, environmental factors, and dysregulated immune responses (Baumgart and Carding, 2007). Notably, increased intestinal permeability is a latent condition implicated in various disorders such as type 1 diabetes, multiple sclerosis and rheumatoid arthritis (Kinashi and Hase, 2021). In IBD, there are cases of increased gut permeability in patients, occurring alongside incidences of microbial dysbiosis, and chronic inflammation (Hollander et al., 1986; Hollander, 1988; Adenis et al., 1992; Söderholm et al., 1999; Gitter et al., 2001; Tamboli et al., 2004; Pochard et al., 2018). The compromised integrity of the mucosal barrier permits bacterial substances to translocate into the underlying tissues, subsequently triggering the immune system. Excessive production of inflammatory mediators exerts direct detrimental effects on the intestinal barrier by propagating cellular apoptosis, erosions, and ulcerations in IBD (Kucharzik et al., 2001; Heller et al., 2005; Hansberry et al., 2017; Vespa et al., 2022). The management of IBD typically involves a short course of biologics and small molecules with corticosteroids or long term administration of aminosalicylates (Gomollón et al., 2017). However, a significant proportion of patients experience adverse effects or develop non-responsiveness, necessitating the consideration of surgical interventions with the percentage of patients needing surgery over the course of 1, 5, and 10 years being 4, 8.8, and 13.3% for patients with ulcerative colitis (UC), and 18.7, 28.0, and 39.5% for patients with Crohn's disease (CD), respectively (Tsai et al., 2021). The emergence of biologic therapies in clinical practice has provided more targeted and effective immunomodulation, of which the most common are tumor necrosis factor (TNF)-α blockers such as infliximab and adalimumab (Rawla et al., 2018). These biologics have been designed to suppress a hyperactive immune system, yet up to 30% of patients fail a biologic due to resistance to treatment or complications (Papamichael et al., 2016; Moss, 2022). Exclusive enteral nutrition and partial enteral nutrition are established therapies in IBD (Yamamoto and Shimoyama, 2023). Therefore, knowing more about the mechanisms of how dietary therapies manipulate inflammation in IBD can facilitate the development of targeted and safer therapies.

There is the question of whether IBD-related mucosal permeability is a primary event or a consequence of inflammation. Notably, instances of intestinal hyperpermeability may precede the onset of IBD, as suggested by a prospective study indicating that abnormal gut permeability and a disorganized gut barrier heighten the susceptibility to developing CD (Turpin et al., 2020). However, it is important to note that IBD does not solely arise from increased gut permeability, but rather results from an interplay of multiple risk factors such as genetics, intestinal microbiota, diet, immune system, and environment (Tamburini et al., 2022; Noble et al., 2023). Over the last half century, the contribution of the “Westernized” diet has become a major concern pertaining to IBD, as urbanization introduced dietary patterns predominantly characterized by high sugar and fat content, frequented antibiotic use, and increased exposure to pollution. Evidently, these factors lead to reduced microbial biodiversity and heightened risk of IBD (Halfvarson et al., 2017; Vich Vila et al., 2018; Pittayanon et al., 2020; Pisani et al., 2022; Adam et al., 2023). While it has been shown that increased gut permeability precedes IBD onset, it is important to note that chronic inflammation can exacerbate intestinal barrier impairment. It is thought that the shift in microflora triggers and maintains inflammation, leading to the chronicity of the disease. Consequently, the inefficiency to dampen inflammation leads to tissue damage and gut permeability (Yacyshyn and Meddings, 1995; Suenaert et al., 2002). Compelling evidence supports the notion that resolving inflammation not only mitigates gut permeability but also ameliorates colitis (Suenaert et al., 2002; Marini et al., 2003; Arrieta et al., 2009). As such addressing the mechanisms that drive intestinal inflammation is essential in order to treat gut hyperpermeability.



Structure of the gastrointestinal tract and barrier

The gastrointestinal tract is composed of the oral cavity, esophagus, stomach, small intestine, large intestine, and anal cavity. Lining these cavities is a thick mucosal barrier that separates environmental factors from the host tissues (Vancamelbeke and Vermeire, 2017). This semipermeable barrier regulates the absorption of nutrients yet limits the entry of harmful substances into the tissues. The function of the intestinal barrier is controlled by cellular, and chemical components including dietary molecules, microorganisms, immune cells, tissue cells and secreted mucus and antimicrobials (Okumura and Takeda, 2018). Interactions between the gut microbiota, immune system and intestinal cells occur at the mucosal barrier interface, which later shapes host health and disease.

There are over 10 trillion microbes located in the gut lumen that are essential for nutrient breakdown (Joller et al., 2014). These microbes form intricate biochemical niches influenced by various external factors, including lifestyle and diet. To protect against potential harm, intestinal epithelial cells (IECs) establish a mucosal barrier composed of a thick layer of mucus to separate the host immune cells from the gut microbiota (Beck et al., 2006). Another line of host defense against microorganisms are intestinal immune cells such as dendritic cells, macrophages, natural killer cells, B and T cells, that reside at the mucosal surfaces, lamina propria, and immune-enriched follicles (Lord et al., 2010; Gibney et al., 2015). Several factors govern the health of the epithelial barrier, namely dietary molecules, the microbiome, and inflammation. As these factors are interdependent, perturbations to any one of these systems could disrupt the integrity of the gut barrier. T regulatory cells (Tregs) are enriched in the mucosal layer to control inflammation caused by immune-bacterial interactions at the epithelial surface (Atarashi et al., 2011). These cells exert suppressive effects on adaptive and innate immune cells by limiting their differentiation, proliferation, effector functions, and initiating programmed cell death (Sojka et al., 2008). Given the profound impact of inflammation on the epithelial barrier integrity, Tregs serve as a vital link connecting diet, gut microbiota, and host barrier integrity (Arpaia et al., 2013).


Immune dysregulation in IBD

Approximately 70–80% of the body's immune population is localized within the gastrointestinal tract (Johnson, 1987; Furness et al., 2014). The mucosa and lamina propria contain concentrated clusters of various immune cell types, including dendritic cells (DCs), innate lymphocyte cells (ILCs), intra-epithelial lymphocytes (IELs), macrophages, and T and B cells (Lee et al., 1985; Yuan and Walker, 2004; Zheng et al., 2020). Intestinal immune cells collectively form a highly functional and efficient immunological barrier against bacterial invasion by regulating the integrity and permeability of the intestinal barrier. It is intimately involved with gut microbiota and together they co-evolve to protect the host from external dangers. One example is the strengthening of the mucosal barrier via cytokines, whereby commensal microbes stimulate innate lymphoid cells to produce IL-22. This leads to increases in lipid absorption by epithelial cells and improved barrier function (Talbot et al., 2020). However, in the initial stages of IBD, the compromised intestinal barrier allows for the excessive entry of microbial antigens into the tissue. These antigens trigger the activation of innate immune cells, including neutrophils, DCs, and macrophages. However, prolonged immune activation and impaired bacteria clearance leads to excessive accumulation of neutrophils within the tissue of IBD patients (Vespa et al., 2022). Such occurrences could be attributed to genetic impairments in autophagy observed in IBD patients, whereby impairment autophagy interferes with Paneth and goblet cells function and morphology, cytokine secretion by macrophages, antigen presentation by dendritic cells and epithelial cell stress response (Saitoh et al., 2008; Cooney et al., 2010; Kaser and Blumberg, 2011; Lassen et al., 2014; Iida et al., 2017). The resulting production of inflammatory mediators, which are meant to eliminate bacteria, ends up damaging the host gut tissue, further facilitating bacterial invasion, and prolonging the inflammatory response. In the later stages of the disease, there is a notable activation and expansion of adaptive immune cells, particularly conventional T-helper (Th) 1 and Th17 cells, as they are crucial for combating pathogenic bacteria (Fujino et al., 2003; Cao et al., 2023). These cells primarily secrete interleukin (IL)-17 and interferon (IFN)-γ, which play significant roles in inflammation regulation. One of the key characteristics of IBD is the apparent loss of anti-inflammatory mechanisms, specifically Tregs (Maul et al., 2005; Saruta et al., 2007; Wang et al., 2011; Smids et al., 2018). Tregs represent a distinct subset of CD4+ T cells distinguished by their expression of the transcription factor forkhead box P3 (Foxp3), CD25 and low expression of CD127 (Liu et al., 2006). Intestinal Tregs can be further classified into subsets such as Tr1 (IL-10+ Foxp3+) Tregs, Tr17 (retinoic acid-related orphan receptor-γt [RORγt]+Foxp3+) Tregs, ICOS+ Tregs, Neuropilin-1 (Nrp1+GATA-binding protein 3 [GATA3]+Helios+) Tregs and CD8+ Tregs (Figliuolo da Paz et al., 2021). These cells are responsible for maintaining peripheral tolerance by secreting granzymes, perforins, and cytokines such as IL-10, IL-35, and transforming growth factor-β (TGFβ) (Vignali et al., 2008). They constitutively express immunoregulatory proteins such as T cell immunoreceptor with Ig and ITIM domains (TIGIT), cytotoxic T-lymphocyte-associated protein 4 (CTLA4) and programmed cell death protein-1 (PD-1), whereby engagement of the proteins with costimulatory molecules present on antigen presenting cells and T effector cell, leads to effector T cells inactivation and anergy (Levin et al., 2011; Bin Dhuban et al., 2015; Lord, 2015; Tan et al., 2020; Hong and Maleki Vareki, 2022).

Numerous studies have emphasized the crucial role of Tregs in the pathogenesis and progression of colitis. Depletion of Tregs in animals has been observed to spontaneously induce colitis (Rubtsov et al., 2008). Administration of IL-2, a vital factor for Treg proliferation, has shown significant protective effects in preclinical models of IBD, with modest results in patients (Goettel et al., 2019; Allegretti et al., 2021). Similarly, preferential expansion of Tregs via rapamycin prevented colitis development in a CD4 T cell transfer model in mice (Ogino et al., 2012). The cytokines IL-10, IL-35 and TGF-β produced by Tregs are essential in limiting the responses of CD4+ T effector cells that drive the progression of IBD. Conditional knock-out of IL-10 in Tregs does not result in systemic autoimmunity but leads to inflammation specifically in the lungs and colon, whereby the unchecked immune response in the colon manifests as spontaneous colitis (Rubtsov et al., 2008). Similarly, mice lacking IL-35 expression in Tregs are unable to limit inflammation in a T cell transfer model of colitis (Collison et al., 2007). The actions of IL-10 from Tregs effectively restrict the development of colitis through specific suppression of Th17 cells, rather than Th1 and Th2 cells (Chaudhry et al., 2011). Whereas TGF-β produced by Tregs have been shown restrain Th1-mediated colitis (Powrie et al., 1996), while overexpression of IL-35 inhibits both Th1 and Th17 responses and facilitates mucosal healing in colitis (Wirtz et al., 2011). It has been shown that TIGIT expression by Tregs selectively inhibits Th1 and Th17 responses but not Th2 responses (Joller et al., 2014). Whilst immunotherapies involving the blockade of CTLA-4 and PD-1 have been associated with the development of enterocolitis (Beck et al., 2006; Brahmer et al., 2010; Lord et al., 2010; Gibney et al., 2015; Dahl et al., 2022). This illustrates the importance of Tregs in regulating Th cell responses and preventing colitis.

There are paradoxical findings surrounding the Treg population and function in individuals with IBD and it is possible that these discrepancies are due to the stage of disease or the specific T cell population under investigation. In the peripheral circulation, Treg numbers tend to decrease during active disease and return to baseline levels upon remission (Maul et al., 2005; Saruta et al., 2007; Wang et al., 2011; Smids et al., 2018). It is likely the peripheral Tregs migrate to the inflamed intestines as evidenced by their accumulation in the mucosal tissue of IBD patients (Maul et al., 2005; Saruta et al., 2007; Wang et al., 2011; Smids et al., 2018). Although Foxp3+ Treg populations within the inflamed intestinal mucosa of IBD patients maintain their activation markers and expressions of CTLA4 and PD-1, there are defects in their ability to migrate and repopulate the intestines (Maul et al., 2005; Goldberg et al., 2019). Even though they retain their activation markers, these Tregs become anergic and do not adequately suppress inflammation in IBD (Saruta et al., 2007; Lord et al., 2015). An additional contributing factor of the insufficiency of Tregs in IBD, could be due to T effector cell resistance to Treg-mediated suppression (Fantini et al., 2009).

Naturally, Treg suppression of innate and adaptive immune cells is important in attenuating immunopathology. However, in the context of pathogenic infections, T effector cells evade Treg-mediated suppression to maintain effective immune responses against pathogens whilst innate immune cells are generally suppressed (Freeman et al., 2014). In cases of infection, toll-like receptor (TLR) on T cells are activated leading to the production of IL-6 and TNF-α and this promotes their resistance to Treg-mediated suppression (Pasare and Medzhitov, 2003). The production of these cytokines by T cells alone is insufficient to confer resistance to suppression, indicating the importance of TLR activation by bacteria in mediating resistance against suppression. This would be important in cases of bacterial infection so that the host is able to mount a sufficient immune response. However, in IBD, there is prolonged exposure of the microbiome to inflammatory T cells due to breaches in the gut barrier, further promoting the expansion of T effector cells and production of inflammatory cytokines. In a recent study, the proliferation of Tregs and elimination of microbiota-specific CD4+ T cell activation through metabolic checkpoint inhibition protected against colitis (Zhao et al., 2020). As such, resolving the balance of inflammatory and anti-inflammatory T cells, as well as the reparation of the intestinal barrier are essential in limiting chronic inflammatory responses to prevent further tissue damage.




Change in the microbial landscape after IBD

The gut microbiota demonstrates a high degree of adaptability and can be modified by dietary interventions, thereby offering a potential avenue for therapeutic manipulation. However, this adaptability also presents a risk, as an imbalanced or unhealthy diet can lead to detrimental alterations in the microbiota, rendering the individual more susceptible to disease. Certain bacterial strains, such as Bacteroides fragilis, Akkermansia muciniphila, Lactobacillus plantarum, Bacteroides thetaiotaomicron, and Faecalibacterium prausnitzii, have been identified to promote gut barrier function, dampen inflammation via Treg activation and enhance the expression of tight junction proteins in IECs (Lavasani et al., 2010; Round et al., 2011; Martín et al., 2015; Wang et al., 2018). Disruptions to these microbial communities, known as gut microbial dysbiosis, have been linked to dysregulations in the immune system, metabolism, and gut hormones (Wu and Wu, 2012). These dysregulations can ultimately contribute to the development of inflammatory and autoimmune diseases, such as colitis (Roy et al., 2017).

The beneficial effects of high-fiber diets have been explored as a potential therapeutic strategy for managing IBD. Dietary fiber consists of indigestible carbohydrates naturally found in plant-based foods. Human digestive enzymes cannot break down certain carbohydrates, but they can be fermented by the gut microbiota. The most extensively studied metabolites are short-chain fatty acids (SCFAs), which include acetate, propionate, and butyrate (Dai and Chau, 2017). High-fiber diets have demonstrated multiple beneficial effects in the context of IBD. They promote the growth of beneficial bacteria, enhance microbial diversity, improve gut barrier function, and exert anti-inflammatory effects through the production of SCFAs (Yusuf et al., 2022). IBD is associated with a westernized diet characterized by decreased fiber intake and increased consumption of sugars and fats (Li et al., 2020). This leads to significant shifts in the composition of the microbiome favoring the growth of Escherichia coli and Fusobacterium and reductions in beneficial bacteria such as A. muciniphila or specifically within the Clostridium clusters IV and XIVa, including F. prausnitzii, Roseburia species, and Eubacterium rectale (Frank et al., 2007; Louis and Flint, 2009; Ohkusa et al., 2009; Sokol et al., 2009; Smith et al., 2013; Zhang et al., 2017; Zhu et al., 2018; Earley et al., 2019; Dubinsky et al., 2022; Liu et al., 2022a). Together, the gut microbiota and dietary molecules play a crucial role in maintaining the population and function of intestinal Tregs through mechanisms such as TLR activation on Tregs or by recognition of bacterial antigens via its T cell receptor (Lathrop et al., 2011; Round et al., 2011). As such, significant shifts in microbial diversity can pose consequences on the individual's ability to resolve inflammation. By addressing the mechanisms that drive post-IBD gut hyperpermeability, the exposure to bacterial antigens, inflammation and tissue damage can be reduced.


Breakdown of the mucus barrier in IBD

Unlike other organs, the intestinal immune system is constantly exposed to bacterial and foreign antigens. Goblet cells are responsible for producing a thick layer of mucus that acts as a physical barrier separating the microbial-rich lumen from the host tissue and immune cells (Pelaseyed et al., 2014). This mucus layer is predominantly composed of the mucin glycoprotein MUC2, along with secretory immunoglobulin A (IgA) and antimicrobials (Peterson et al., 2007; Meyer-Hoffert et al., 2008; Johansson et al., 2013). Mucosal Tregs regulate the integrity of this barrier by dampening inflammation to auto-antigens and facilitate oral tolerance, both of which are important for the direct health of IECs (Cosovanu and Neumann, 2020). Experimental evidence has illustrated the bidirectional relationship between the mucus barrier and intestinal inflammation (Van der Sluis et al., 2006; Gersemann et al., 2009; Shan et al., 2013; Allenspach et al., 2018; CuŽić et al., 2021). Genetically modified mice deficient in Muc2 spontaneously develop colitis-like symptoms such as loose stools, diarrhea, and occult (Van der Sluis et al., 2006). These mice also exhibit elevated Th1 and Th17 cells and fewer Tregs in the lamina propria (Shan et al., 2013). In both patients, rodent and canine models of IBD, the destruction of the intestinal tissue leads to the loss of cells in the crypts and goblet cells (Gersemann et al., 2009; Allenspach et al., 2018; CuŽić et al., 2021). Even though chronic UC patients show increased expression of secretory markers and MUC2-positive goblet cells in the intestinal tissue, these cells were unable to produce mucin upon stimulation (van der Post et al., 2019; Singh et al., 2022). This may be due to mucin protein misfolding seen in IBD (Heazlewood et al., 2008). Thus, the mucus layer in IBD is not only thinner, but also altered in function and mucin protein misfolding contributes further to spontaneous inflammation caused by ER stress (Pullan et al., 1994; Heazlewood et al., 2008; Strugala et al., 2008; Braun et al., 2009; van der Post et al., 2019; Kramer et al., 2023).

There is also a greater expansion of mucolytic bacterial strains such as Ruminococcus gnavus and Ruminococcus torques in the gut mucosae of UC and CD patients, potentially contributing to thinning of the mucus layer (Png et al., 2010; Hall et al., 2017). The thinner mucus barrier makes the epithelial tissue more accessible to commensal bacteria, as rectal biopsies from IBD patients exhibit a greater number of bacteria residing within the mucus layer when compared to healthy individuals (Schultsz et al., 1999). This leads to increased exposure of pathogen-associated molecular patterns (PAMPs) to the immune system, chronic inflammation, and the loss of tolerance to commensal bacteria. In patients with IBD, there were seroreactive antibodies to Escherichia coli, Pseudomonas fluorescens, Saccharomyces cerevisiae, and neutrophilic antigens (Landers et al., 2002). Accordingly, there were changes to the relative abundances of Enterobacteriaceae, Proteobacteria, and S. cerevisiae in the gut microbiota of individuals with IBD (Kaakoush et al., 2012; Sokol et al., 2017; Khorsand et al., 2022). Although experimental studies that have explored the use of oral tolerance to antigens as a form of therapy in IBD have shown success in increasing Treg numbers and reducing colitis, this efficacy has not translated into clinical settings (Kraus et al., 2004; Ino et al., 2016; Paiatto et al., 2017). The authors argue that the defective oral tolerance mechanisms in IBD individuals may be attributed to genetic abnormalities, rather than a specific neoantigen (Kraus et al., 2004).



Breakdown of the epithelial barrier in IBD

Beneath the mucus layer, is a physical barrier composed of specialized IECs (Boudry et al., 2004). Serving as the interface between the luminal environment and the body, this barrier must be adaptable to the ever-changing intestinal environment during digestion. Intestinal stem cells located in the basal crypts regularly proliferate and differentiate into specialized IECs that replenish the villus tip (Creamer et al., 1961; Umar, 2010). These specialized IECs include the anti-microbial producing enterocytes, mucus-producing goblet cells, secretory Paneth cells, enteroendocrine cells that monitor and regulate intestinal activity during digestion, and M cells that sample foreign antigens in close proximity to lymphoid tissues (Hooper, 2015). Nutrient exchange can occur via passage through the cells or in-between cells, termed transcellular, or paracellular transport, respectively (Edelblum and Turner, 2015).

Paracellular permeability is regulated by the rearrangement of tight junction proteins (TJPs), adherens and gap junctional proteins (Shah and Misra, 2011; Yu and Li, 2014). TJPs are located closest to the lumen and mainly consist of claudins, occludin, and zona occludens (ZO) proteins (Ulluwishewa et al., 2011). Below that are adherens and gap junctions, such as catenins and cadherins, involved with intracellular communication and cell-cell adhesion (Farquhar and Palade, 1963). Redistribution of these paracellular transport constituents can be observed in IBD (Landy et al., 2016; CuŽić et al., 2021; Hu et al., 2021). In dogs with idiopathic IBD, there are no changes to the expression of claudin and β-catenin proteins, but a reduction in E-cadherin (Ohta et al., 2014). Distribution of claudin-2 was varied throughout the colonic intestinal crypts of IBD patients and there was decreased claudin expression adjacent to the mucosal ulcerations, erosions and at sites of neutrophil infiltration (CuŽić et al., 2021). TJP rearrangement was accompanied with augmented epithelial cell proliferation and cell differentiation, and there he was also a loss of tricellulin, a tricellular TJP, in active UC and was restored during remission (CuŽić et al., 2021; Hu et al., 2021). Altered claudin expression in the colon was replicated in mouse models of IBD, with increased expression of claudin-8 in the IECs and claudin-2 in the crypt proliferative zones following dextran sodium sulfate (DSS)-induced colitis (CuŽić et al., 2021). It is conceivable that the loss of TJP in IBD is a consequence of inflammation and rearrangement of IECs to accommodate the influx of immune cells.




T regulatory cell influence on the mucus barrier

Recent evidence has shown that microbial dysbiosis can disrupt the function of mucosal DCs and disrupt oral tolerance (Fukaya et al., 2023). In the case of IBD, it can be argued that rather than being presented by tolerogenic DCs to Tregs, the damaged epithelium allows luminal antigens enter the host tissue to directly activate immune cells. This highlights the importance of regulated antigen exposure to the mucosal immune system and the role of the mucus barrier. In Muc2−/− mice, which lack an intact mucus barrier, there was difficulty in inducing oral tolerance, and this was only restored following the reintroduction of MUC2 into the body (Shan et al., 2013). Ingestion of bacterium coated in MUC2 by DCs mitigates their inflammatory response and induced IL-10 production (Shan et al., 2013). These tolerized DCs inhibited Th1 and Th17 cell proliferation, while promoting Treg Foxp3 expression and expansion (Shan et al., 2013; Parrish et al., 2022). In turn, Treg-derived IL-10 maintain the mucosal immune homeostasis by restraining IL-17-producing cells and lamina propria lymphocytes which contribute to tissue destruction in IBD (Chaudhry et al., 2011; James et al., 2016; Globig et al., 2022). The direct interactions between Tregs and goblet cells may also play a crucial role in maintaining mucosal integrity in IBD. Animals deficient in IL-10 characteristically develop spontaneous colitis and these animals also display a diminished goblet cell population and mucin secretion (Xue et al., 2016; López Cauce et al., 2020; López-Cauce et al., 2023). As mentioned above, one of the issues with the mucus barrier in IBD patients is the phenomenon of mucin protein misfolding and a study done in an animal model of spontaneous colitis revealed that IL-10 administration can preserve mucin protein folding and mucus secretion by goblet cells (Hasnain et al., 2013). As such, establishing a robust population of mucosal Tregs may be key in restoring the gut barrier, regulating antigen presentation, and limiting inflammation.



T regulatory cell influence on the epithelial barrier

Tregs have been found to promote the integrity of tight junctions, which are crucial for maintaining the barrier function of the intestinal epithelium. Adoptive transfer of Tregs into Rag1 −/− mice protected against gut permeability in experimental cirrhosis through the restoration of ZO-1, occludin, claudin 1, and claudin 2 expression (Juanola et al., 2018). In canines with idiopathic IBD, treatment with the probiotic cocktail containing Lactobacillus, Bifidobacterium, and Streptococcus sulivarius significantly reduced clinical symptoms by reducing CD4+ cell infiltrate, increasing the population of Foxp3+ Tregs, and increasing occludin and claudin 2 expressions in the intestinal mucosal tissue (Rossi et al., 2014). Administration with a probiotic mixture containing Bifidobacterium, Lactobacillus acidophilus, and Enterococcus showed success against experimental and clinical IBD, which was attributed to the restoration of the TJP structure, upregulation of colonic Tregs and reduction of colonic TNF-α, IFN-γ, and CD4+ cells (Cui et al., 2004; Zhao et al., 2013; Zhang et al., 2018). It is likely that Tregs act to reduce inflammation which alleviates the inflammation-mediated rearrangement of TJPs.

Foxp3+ Tregs preserve the balance and stability of IECs by supporting the renewal of epithelial stem cells. In vitro organoid studies have demonstrated that Treg cells produce IL-10 to promote of stem cell renewal (Biton et al., 2018). As mentioned above, IL-10 production by Tregs limits tissue pathology and inflammation at the mucosal surface of the colon (Rubtsov et al., 2008). One mechanism by which it does this is by reducing the susceptibility of IECs to inflammatory mediators such as TNF-α and IFN-γ, as well as to T cell-mediated apoptosis via the Fas/Fas ligand (Bharhani et al., 2006). Treg depletion in vivo has been linked to reduced proportions of intestinal stem cells and an increase in the rate of IEC differentiation (Biton et al., 2018). Additionally, IL-10−/−mice display reduced numbers of specialized IECs such as Paneth cells and the diminished population of these cells observed in IBD can impair the host anti-microbial defense against pathogens, nutrient absorption and alter microbial compositions (Schopf et al., 2002; Simmonds et al., 2014; Xue et al., 2016; Shimizu et al., 2020; Wehkamp and Stange, 2020).

Signals sent from IEC also influence Treg population and function. IEC-derived factors such as TGF-β and retinoic acid induce a tolerogenic phenotype in DCs, leading to the differentiation of Tregs capable of protecting against colitis (Iliev et al., 2009). Compared to Tregs found within the lymph nodes, Foxp3+ Tregs residing with the epithelial barrier lose the requirement for IL-2 to survive, have reduced CD25 expression and upregulate CTLA4, thereby enhancing their suppressive capabilities (Prakhar et al., 2021). Maintenance of the IEC population is essential as apoptotic IECs leads to the loss of Foxp3+ Treg cells (Nakahashi-Oda et al., 2016). As such, the destroyed tissue barrier and reduction of IECs in IBD would inevitably have negative consequences on the intestinal Treg population and anti-inflammatory immune response.


Nutrition, the microbiome, and T regulatory cell interactions

Effective IBD therapy needs to be able to concomitantly address the breakdown in the microbial populations, gut permeability, mucus barrier, and Treg populations. Given the association between microbial dysbiosis and chronic intestinal inflammation, it is understood that diet plays a crucial role in the management of disease. Multiple clinical studies of IBD have demonstrated that fiber supplementation helped in reducing inflammatory cytokines, microbial dysbiosis and improving remission rates (Faghfoori et al., 2011, 2014; Chiba et al., 2015; Fritsch et al., 2021). Due to its anti-inflammatory effects, it is recommended that patients slowly introduce fiber back into their diet in tolerable doses. Dietary factors not only directly affect the Treg population but may also exert indirect effects through the gut microbiota (Smith et al., 2013; Geirnaert et al., 2014; Biton et al., 2018; Nie et al., 2021; Yoshimatsu et al., 2022; Bourdeau-Julien et al., 2023). In turn, Tregs can greatly enhance the anti-inflammatory potential of dietary fiber for the treatment of IBD (Gaudier et al., 2004; Pérez-Reytor et al., 2021). IBD-associated microbial dysbiosis that compromises the breakdown of dietary fiber, could significantly influence the individual's capacity to control inflammation (Frank et al., 2007; Louis and Flint, 2009; Sokol et al., 2009; Smith et al., 2013; Zhang et al., 2017; Zhu et al., 2018; Earley et al., 2019; Liu et al., 2022a). As such, the impact of nutrition should be explored for its role in reshaping the population and function of Tregs in IBD in order to restore the intestinal barrier (Figure 1).
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FIGURE 1
 Impact of dietary fiber on inflammatory bowel disease (IBD). IBD coupled with a low fiber diet leads to microbial dysbiosis. Microbial antigens released into the intestinal milieu are recognized by immune cells, leading to immune activation and recruitment of T cells such as T helper (Th) 17 cells. Overproduction of inflammatory cytokines such as tumor necrosis factor (TNF), interleukin (IL)-6, IL-23, IL-17, and interferon (IFN)-γ damages the epithelial barrier, leading to tight junction protein (TJP) loss, goblet cell loss, decreased mucus production and increased gut permeability. Elevated gut permeability perpetuates microbial exposure and immune activation, leading to chronic inflammation and tissue damage. Conversely, consumption of dietary fiber leads to the expansion of short-chain fatty acid (SCFA)-producing bacteria from the Clostridium clusters IV and XIVa. SCFAs strengthen the gut barrier by serving as fuel to colonocytes and tolerize dendritic cells (DCs), leading to production of anti-inflammatory cytokines such as IL-10 and transforming growth factor-β (TGFβ). These cytokines promote the growth of T regulatory cells (Tregs) which dampen inflammatory cells as well as promote goblet cell function and mucus secretion, providing an opportunity for reconstitution of the epithelial barrier (Created with BioRender.com).


Short-term modifications in dietary patterns can have an impact on the composition of gut microbiota. Studies in individuals have demonstrated significant shifts in the bacterial and metabolic profiles involving SCFA-producing bacteria Butyricicoccus and Roseburia within a period of 3 days following extreme dietary changes (Geirnaert et al., 2014; Nie et al., 2021; Bourdeau-Julien et al., 2023). The gut microbiota can directly modulate Treg differentiation, function, and survival, but they can also have indirect effects via the metabolites they produce. Notably, colonic Tregs have high expressions of the gene encoding G coupled protein receptors (GPRs), and aryl hydrocarbon receptor (AhR) (Smith et al., 2013; Ye et al., 2017; Rothhammer and Quintana, 2019; Jiang and Wu, 2022). This enables Tregs to effectively sense and respond to dietary and microbial metabolites. However, genetic defects in IBD individuals such as in the CARD9 susceptibility gene, can impair their ability to produce AhR agonists (Lamas et al., 2016). This interferes with their ability to appropriately respond to bacterial metabolites and could explain the significant influence of diet on the development of this disorder and the persistence gut barrier disruptions and permeability. Studies have demonstrated that stimulation of AhR can promote the recruitment of colonic Tregs which facilitate the proliferation of intestinal stem cells (Biton et al., 2018; Yoshimatsu et al., 2022). Specifically, dietary changes can alter the population of the B. thetaiotaomicron bacterial species, which in turn in is able to activate AhR to promote Treg differentiation (Wegorzewska et al., 2019; Li et al., 2021). Treatment with an AhR ligand have been found to alleviate TNBS colitis by increasing the population of IL-10 secreting Tregs (Goettel Jeremy et al., 2016). However, clinical use of AhR agonists for treating refractory UC has not been widely recommended due to potential adverse effects such as pulmonary arterial hypertension (Naganuma et al., 2018; Yoshimatsu et al., 2019; Saiki et al., 2021).

Given the diverse range of beneficial effects, dietary fiber ease of access, and more importantly, its safety profile, dietary fiber can be highlighted as an important contributor to epithelial barrier integrity and Treg function. Indeed, SCFAs supplementation promotes the expansion of colonic Tregs in germ-free mice and subsequent propionate challenge significantly increases Foxp3 and IL-10 expressions in these Tregs (Smith et al., 2013). In turn, Treg treatment can help maintain SCFA concentration in the intestines, which would typically be diminished following bacterial challenge (Juanola et al., 2018). Under homeostatic conditions, mucin-adherent microbiota, including bacterial species from the Clostridium cluster XIVa, and Roseburia intestinalis and E. rectale produce butyrate near the epithelium (Van den Abbeele et al., 2013). The decrease of these microbial species in IBD could potentially be due to the reduction in available mucus for their adhesion. Consequently, this would decrease the bioavailability of SCFAs to IECs and hence compromise the regeneration of the gut barrier. Whilst SCFAs have been described to elicit direct effects on goblet cells and IECs to improve mucus secretion and epithelial health, it is insufficient to downregulate the overwhelming inflammatory status of the intestines without the aid of Tregs (Gaudier et al., 2004; Pérez-Reytor et al., 2021). In an animal model of gut inflammation caused by Candida albicans, treatment with SCFAs in Treg-depleted mice could not resolve inflammation alone, but found that SCFAs induced Foxp3+ Tregs which mediated protective effects during mucosal inflammation (Bhaskaran et al., 2018). Similarly, in a T cell transfer model of colitis, mice lacking in T and B cells were treated with SFCA mix or propionate in the absence of Tregs. They showed no improvement in disease severity, but it was only through the combination of Tregs and SCFAs added to the system that the colitis was healed (Smith et al., 2013). Sun et al., showed that SCFA-treated CD4+ T cells produced more IL-10 and lessened the severity of colitis (Sun et al., 2018). These SCFA-mediated effects were diminished following treatment with an anti-IL-10R antibody, further highlighting the importance of immune-related mechanisms for the abrogation of inflammation post-IBD (Sun et al., 2018). These findings highlight the key interplay between bacterial metabolites and Treg activity.

Shifts in the gut microbiota significantly affect the individual's ability to regulate inflammation. IBD is marked by a reduction of SCFA-producing bacteria such as A. muciniphila or Clostridium species including F. prausnitzii, Roseburia species, and E. rectale (Frank et al., 2007; Louis and Flint, 2009; Sokol et al., 2009; Smith et al., 2013; Zhang et al., 2017; Zhu et al., 2018; Earley et al., 2019; Liu et al., 2022a). The depletion of SCFA-producing microbial populations has detrimental effects on the ability of the intestinal immune system to regulate inflammation. These SCFA-producing bacterial strains play a crucial role in maintaining the population of colonic Foxp3+ Tregs for the protection against colitis (Atarashi et al., 2011). More specifically, A. muciniphila supplementation has been proven beneficial against CD4 T cell transfer model of colitis in animals through the upregulation of RORγt+Foxp3+ T regulatory 17 cells (Liu et al., 2022b). These RORγt+Foxp3+ Tregs also express immunoregulatory markers and can effectively suppress intestinal inflammation (Yang et al., 2016). Colonization by commensal bacterial species from the Clostridium clusters IV and XIVa promotes the differentiation and accumulation of Tregs in the mucosal tissues of mice with DSS-induced colitis (Atarashi et al., 2011; Smith et al., 2013). Colonization by E. rectale facilitates Treg differentiation and function (Islam et al., 2021). Both F. prausnitzii and R. intestinalis have demonstrated the ability to increase Treg populations and alleviate 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis in animals (Qiu et al., 2013; Zhu et al., 2018). The bacteria not only enhance the population of Tregs, but also their functions via their metabolites. It was shown that Tregs from individuals treated with butyrate showed increased secretion of IL-10 and adoptive transfer of butyrate-induced Tregs possess the ability to ameliorate colitis in mice (Furusawa et al., 2013; Mamontov et al., 2015). Apart from its influence on Tregs, the bacteria F. prausnitzii can promote IL-10 and TGF-β secretion by human peripheral blood mononuclear cells (PBMCs), while R. intestinalis inhibits the LPS-induced production of IL-17 by human colonocytes (Qiu et al., 2013; Zhu et al., 2018). As such, the loss of these microbial species in IBD may contribute to the excessive inflammatory responses and the impaired ability of Tregs to suppress such inflammation.

Current studies exploring the use of Tregs for the treatment of IBD has shown promise. Preclinical data have demonstrated the efficacy of these cells using in vivo models of colitis (Ogino et al., 2012; Goettel et al., 2019). With similar beneficial findings seen in a phase 1b/2a clinical trial involving infusion with low doses of the Treg growth factor IL-2 (Allegretti et al., 2021). Allegretti et al. (2021), trialed several doses of IL-2, with the lowest dose successfully leading to peripheral Treg expansion, but also activation of T effector cells. Upon increasing IL-2 dose and Treg population, over 38% of patients were able to achieve a clinical response or remission. Direct treatment with autologous Tregs was tested in a 1/2a clinical trial involving patients with CD and in this study, Treg treatment was well tolerated and elicited beneficial effects, albeit transient (Desreumaux et al., 2012). This may be due to issues with phenotypic stability and initial screening of the cells used for treatment. As such, there are still unanswered questions to the expansion, homing properties, site-specific activation, survival, and phenotypic stability of Tregs that need to be assessed clinically. This would be important to guarantee the safety and efficacy of Tregs as a form of treatment. Overall, Treg-focused therapies may serve as a promising approach for treating IBD, with more research needed to determine the optimal treatment protocol.




Conclusion

Regulatory T cells play a central role in maintaining gut barrier integrity. Reciprocal interactions occur between the host microbiota, dietary molecules, and T regulatory cells for the preservation of oral tolerance, the mucus barrier, epithelial cells, and regulated immune responses. They prevent excessive inflammation characteristic of IBD and can therefore protect the gut barrier from ongoing inflammatory damage. By understanding the interplay between nutrition, the microbiome, and its impact on Tregs for the regulation of the intestinal barrier, one can better address the mechanisms that drive IBD pathogenesis.
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Oregano essential oil (OEO) primarily contains phenolic compounds and can serve as a dietary supplement for fattening bulls. However, the precise molecular mechanism underlying this phenomenon remains largely elusive. Therefore, this study investigated the impact of adding OEO to diet on the integrity of the intestinal barrier, composition of the colonic microbiome, and production of microbial metabolites in fattening bulls. Our goal was to provide insights into the utilization of plant essential oil products in promoting gastrointestinal health and welfare in animals. We employed amplicon sequencing and metabolome sequencing techniques to investigate how dietary supplementation with OEO impacted the intestinal barrier function in bulls. The inclusion of OEO in the diet resulted in several notable effects on the colon of fattening bulls. These effects included an increase in the muscle thickness of the colon, goblet cell number, short-chain fatty acid concentrations, digestive enzyme activity, relative mRNA expression of intestinal barrier-related genes, and relative expression of the anti-inflammatory factor IL-10. Additionally, α-amylase activity and the relative mRNA expression of proinflammatory cytokines decreased. Moreover, dietary OEO supplementation increased the abundance of intestinal Bacteroides, Coprobacillus, Lachnospiraceae_UCG_001, and Faecalitalea. Metabolomic analysis indicated that OEO primarily increased the levels of 5-aminovaleric acid, 3-methoxysalicylic acid, and creatinine. In contrast, the levels of maltose, lactulose, lactose, and D-trehalose decreased. Correlation analysis showed that altered colonic microbes and metabolites affected intestinal barrier function. Taken together, these results demonstrate that OEO facilitates internal intestinal environmental homeostasis by promoting the growth of beneficial bacteria while inhibiting harmful ones.
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1 Introduction

The colon serves as a crucial organ for fermentation and absorption in the hindgut of ruminants. Within the intestinal lumen, a complex symbiotic microbiota plays a vital role in the host’s health through complex biological functions and metabolic processes (Lin et al., 2021). Although the hindgut plays a smaller role in digestion and metabolism than the rumen in ruminants, hindgut microbes can still utilize more than 10% of the dietary carbohydrates. Moreover, the hindgut adaptively responds to increased amounts of organic material and promotes fermentation (Gressley et al., 2011). In the hindgut of ruminants, microbes digest up to 15–30% of hemicellulose (Dixon and Nolan, 2005), and 8–17% of total short-chain fatty acids are absorbed (Hoover, 1978). This contributes to the metabolic energy needs of cattle (Váradyová et al., 2000) and sheep (Faichney, 1968) by 5–12 and 10%, respectively.

The intestinal epithelium acts as a functional mediator between symbiotic microbes and host animals, regulating intestinal defense, metabolism, and immunity through a series of cellular molecules. The intestinal barrier includes various symbiotic bacteria, cells, and soluble substances (Pan et al., 2019) and can be classified as a physical, chemical, immune, or microbial barrier. The intestinal barrier is an important pathway through which the intestinal epithelium effectively prevents the invasion of toxic and harmful materials (Suzuki, 2020). In contemporary livestock production, there have been significant advancements in bull-fattening techniques. However, high-grain diets, commonly used for prolonged periods to fatten animals to achieve better performance (Gao and Oba, 2014), can cause significant damage to the intestinal barrier. The intestinal microbiota contributes to the digestion of food, metabolizes indigestible components, and produces metabolites that regulate host health and immune defense (Maurice et al., 2013). Among ruminants, the colon in the hindgut is more susceptible to dietary changes than the rumen (Lin et al., 2021). Consequently, modulating the hindgut microbiota and its metabolites through dietary modulation can reduce inflammation, stabilize the microbiota, and improve intestinal barrier function (Lin and Zhang, 2017), which may be an effective approach to improving host health.

Plant secondary metabolites, specifically essential oils, are recognized as promising alternatives to many antibiotic candidates (Nalle and Turner, 2015) and are widely used in livestock production (Zhang et al., 2021). Oregano essential oil (OEO) is a plant-derived feed additive whose primary active ingredients include phenolic substances, such as thymol (2-isopropyl-5-methylphenol) and carvacrol (5-isopropyl-2-methylphenol), which have broad-spectrum antibacterial and antioxidant properties (Froehlich et al., 2017). The hydroxyl group of phenols regulates apoptosis and exerts antimicrobial activity by damaging bacterial cell membranes, causing the leakage of intramembrane substances (Lv et al., 2011). An in vitro study found that OEO not only increased the permeability of Staphylococcus aureus and Pseudomonas aeruginosa cell membranes (Lambert et al., 2001) but also effectively controlled the levels of Alicyclobacillus (Dutra et al., 2019). OEO is frequently used in rumen production, and its use as a food supplement has been shown to improve cattle rumen digestion and growth performance (Zhang et al., 2021). This results in enhanced weight gain in cattle, translating into greater earnings and more economic benefits. Moreover, OEO can modulate sheep’s small intestine microbiota to promote growth (Jia et al., 2022). Furthermore, OEO can replace antibiotics in lamb diets, positively impacting meat quality (Garcia-Galicia et al., 2020). These studies suggest that OEO can modulate the composition of the gastrointestinal microbiota, benefiting the product. However, the precise molecular mechanisms for effectively regulating product quality through changes in ruminant gastrointestinal microbes remain poorly understood.

Previous studies have primarily focused on the influence of OEO on livestock carcasses, meat quality, and rumen digestibility. However, the impact of OEO on livestock host physiology, intestinal homeostasis, and barrier function remains poorly understood. Our study addressed this gap. We postulated that including OEO in the diet would alter the colonic microbiota of Holstein fattening bulls. We further hypothesized that these alterations would subsequently impact microbial metabolite production in the colon and influence the integrity of the intestinal barrier, improving the host’s overall health. We used amplicon sequencing and metabolomics to determine how OEO affects the colonic microbiota of Holstein fattening bulls, providing a theoretical and practical foundation for using OEO as a plant-derived feed additive to maintain intestinal health.



2 Materials and methods


2.1 Animals and experimental design

A total of 18 10-month-old Holstein bulls with similar initial average body weights (345.19 ± 3.89 kg) were selected for the experiment. They were randomly divided into two groups of nine animals each. All bulls were housed individually. The control group (CON) was fed a basal diet, whereas the OEO group was fed a basal diet supplemented with 20 g/(d·head) of OEO (Ralco Inc., Marshall, MN, USA). The fattening trial spanned 300 days, which consisted of a 30-day acclimation period, followed by 270 experimental days. The diet, primarily corn silage and grain mixtures, was adjusted every 30 days (Supplementary Table S1) to meet or exceed beef cattle nutrient requirements as specified by the National Research Council (NRC 2016).



2.2 Sample collection

At the end of the fattening experiment, power analysis based on the final body weights of fattening bulls (CON = 682.68 ± 35.64. OLE = 762.63 ± 59.39, α = 0.05) resulted in an actual power (1-β) of 0.72 when the sample size was six (n = 6) in each group. A total of six bulls were randomly selected from each group for killing. The colonic contents were collected from the mid-colon and divided into two sections. One section, containing approximately 12 mL, was snap-frozen in liquid nitrogen and stored at −80°C for later analysis using metabolomic and 16S rRNA gene sequencing techniques. Approximately 15 mL of colonic contents from the other section was stored at −20°C for subsequent measurement of colonic digestive enzyme activity (Jia et al., 2022). Colonic tissues from the central parts were split into two parts. For intestine histomorphological investigation, one part was fixed in 4% paraformaldehyde. The second part was frozen in liquid nitrogen for mRNA expression analysis.



2.3 Colonic histomorphology and goblet cell numbers

The morphological structure of the colon was observed under a light microscope (LEICA-DM400; Leica, Germany) after hematoxylin and eosin staining. Photographs were taken using a digital pathology system (DX1; 3DHISTECH, Budapest, Hungary). Ten microscopic fields were randomly selected per sample to measure colonic muscle thickness using Pannoramic Viewer software, version 1.15.3 (3DHISTECH). Goblet cells were visualized using the periodic acid-Schiff staining procedure (Yamabayashi and Tsukahara, 1987) and counted in 10 fields per bull. In summary, one technical replicate of each biological replicate was used to observe the contents under 10 fields of view.



2.4 pH, fermentation parameter, and digestive enzyme activity measurement

The pH of the colonic contents was measured immediately using an Ark Technology PHS-10 portable acidity meter (Chengdu, China) by mixing 1 mL of phosphoric acid (0.5% v/v) solution with 20 mg of colonic contents. Colon content samples were uniformly ground. After pretreatment, SCFAs contents were detected by MetWare1 based on the Agilent 7890B-7000D GC–MS/MS platform. The homogenate mixture and colonic contents were sonicated, and the resulting 10% homogenization buffer’s supernatant was collected. The enzyme activities in the samples were determined using standard kits according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Enzyme activities (β-glucosidase, cellulase, α-amylase, lipase, and xylanase) were determined using colorimetric assays (Zhang et al., 2021). Pectinase levels were determined using a micromethod.



2.5 Quantitative real-time PCR analysis

Total RNA was isolated from each sample using TRIzol reagent (Invitrogen, USA). RNA concentration was detected using a NanoDrop2000 (Thermo Fisher Scientific, USA). The PrimeScript 1st Stand cDNA Synthesis Kit (Takara Biomedical Technology Co. Ltd., Beijing, China) was used to reverse transcribe RNA into cDNA. The reaction system comprised 20 μL. The reaction procedures were as follows: 95°C for 5 min; 40 cycles of 95°C for 15 s, 60°C for 30 s. GADPH was used as an endogenous control, and the relative expression of genes was calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001). The primer sequences are listed in Table 1.



TABLE 1 Primer information.
[image: Table1]



2.6 ZO-1 and MUC-2 measurement using immunohistochemistry

Immunohistochemistry was performed using specific rabbit and human monoclonal antibodies to analyze the distribution of colonic ZO-1 and MUC-2 expression in bulls. Anti-ZO-1 (bs-1329R; Bioss, China) and anti-MUC-2 antibodies (Clone ABT198; Immunoway, USA) were used for immunohistochemistry assays.



2.7 16S rRNA gene sequencing of the colonic microbiota

Microbial DNA was isolated from 12 colonic samples using a HiPure Soil DNA Kit (Magen, Guangzhou, China) according to the manufacturer’s instructions. Primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-GGACTACHVGGGTATCTAAT-3′) were amplified using the V3–V4 region of bacterial 16S rDNA (Guo et al., 2017). The 16S rDNA target region of the ribosomal RNA gene was amplified using PCR.

Amplicons were extracted from 2% agarose gels, purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to the manufacturer’s instructions, and quantified using the ABI StepOnePlus Real-Time PCR System (Life Technologies, Foster City, CA, USA). The raw reads were deposited in the NCBI Sequence Read Archive database (Accession Number: PRJNA995187). FASTP (version 0.18.0) filtered raw readings for clean reads (Chen et al., 2018). FLASH (version 1.2.11) integrated paired-end clean readings as raw tags with a 10 bp overlap and 2% mismatch error rate (Magoč and Salzberg, 2011). The noisy raw tag sequences were filtered under particular circumstances to produce clean tags (Bokulich et al., 2013). The UPARSE (version 9.2.64) pipeline grouped clean tags into operational taxonomic units with ≥97% similarity. All chimeric tags were removed using the UCHIME algorithm (Edgar et al., 2011), and effective tags were obtained for further analysis.



2.8 Metabolite profiles of colonic contents

The sequencing technique was the same as our previous study (Jia et al., 2022). Sample extracts were analyzed using an LC-ESI-MS/MS system (UPLC, ExionLC AD2; MS, QTRAP® System). LIT and triple quadrupole (QqQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (QTRAP) QTRAP® LC–MS/MS System and controlled by Analyst 1.6.3 software (Sciex). Instrument tuning and mass calibration were performed using 10 and 100 mol/L polypropylene glycol solutions in the QqQ and LIT modes, respectively. A specific set of MRM transitions was monitored for each period according to the metabolites eluted within this period.



2.9 Data statistics and analysis

Histology, fermentation parameters, digestive enzyme data, and relative gene expression data were analyzed using independent sample t-tests in SPSS (version 27.0). Data are presented as the mean ± SEM. GraphPad Prism (version 9.2) was used to generate the statistical maps.

For microbial community profiling, alpha diversity analysis, including Chao1 and Simpson indices, was performed based on the Wilcoxon rank-sum test. Principal coordinate analysis based on binary-hamming distances was performed to analyze the similarities or differences in the compositions of the bacterial communities. Linear discriminant analysis effect size (LEfSe) analysis was performed using LEfSe software, which outputs linear discriminant analysis (LDA) histograms (LDA score > 3.0) and cladograms. Functional contributions of the intestinal microbiota were assessed using the PICRUSt2 tool.

Metabolome statistics were analyzed using MultiQuant software. Orthogonal projections to latent structure-discriminant analysis (OPLS-DA) was used to determine metabolic differences between the two groups. Differential metabolite screening was performed for variable important in projection (VIP) ≥ 1.0 and fold change (FC) ≥ 1.5 or ≤ 0.67. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate the results for enrichment and classification of pathways. Spearman’s correlation coefficient was analyzed using SPSS version 27.0, and a heatmap of Spearman’s correlation analysis, two-way orthogonal partial least squares (O2PLS) analysis, and a network heatmap were generated using OmicShare Tools.




3 Results


3.1 Colonic histomorphology and goblet cell numbers

Dietary supplementation with OEO reduced the space between colonic epithelial cells and resulted in a tendency for repair and thickening (Figure 1A). Colon thickness in the OEO group was significantly greater than that in the CON group (p < 0.05) (Figure 1B). The inclusion of OEO in the diet significantly increased the number of goblet cells in the colonic epithelium compared to the CON group (p < 0.01) (Figures 1C,D). These results suggest that OEO supplementation improves colonic morphology.

[image: Figure 1]

FIGURE 1
 Effects of OEO on the colonic histomorphology and goblet cell numbers. (A) Intestinal morphology of colon in bulls. (B) Muscle thickness of the colon. (C) Distribution of goblet cells in the colonic epithelium. The markers in the picture represent goblet cells. (D) Colonic goblet cell numbers. n = 6 samples/group. Significance is reported as *p < 0.05, **p < 0.01.




3.2 Colonic fermentation parameters and digestive enzyme activities

The pH of the colonic contents was not significantly different between the two groups. The concentrations of propionic and butyric acids were significantly higher in the OEO group than in the CON group (p < 0.05); however, the difference in acetic acid concentration was not significant (p > 0.05). Moreover, the α-amylase activity was significantly lower in the OEO group than in the CON group (p < 0.01). However, the β-glucosidase, lipase, xylanase, cellulase, and pectinase activity rates were significantly higher in the OEO group than in the CON group (p < 0.01) (Table 2). Overall, these results suggest that OEO supplementation is beneficial for colonic fermentation and digestibility.



TABLE 2 Effects of OEO on the pH, fermentation parameters, and digestive enzyme activities in the colonic contents.
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3.3 Relative mRNA expression of intestinal barrier-related genes

To assess the influence of OEO on the intestinal barrier, the expression of tight junction proteins, mucins, and inflammatory cytokines in the colonic epithelium was measured using quantitative real-time PCR. The mRNA expression of Claudin-1, MUC-2 (p < 0.05), Occludin, Claudin-4, ZO-1, and MUC-1 (p < 0.01) significantly increased (Figure 2A), while that of proinflammatory cytokines TLR-4 (p < 0.01), TNF-α, and IL-1β (p < 0.05) significantly decreased (Figure 2B) in the OEO group compared with that in the CON group. Moreover, the mRNA expression of the inflammatory cytokine IL-10 significantly increased (p < 0.05). These results suggest that OEO supplementation increases the expression of intestinal tight junction proteins and mucin-related genes in the colonic epithelium and reduces colonic inflammation, thereby enhancing the colonic barrier function of fattening bulls.
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FIGURE 2
 Effects of OEO on the relative mRNA expression of intestinal barrier-related genes. (A) Relative mRNA expression of genes related to tight junction proteins and mucin proteins. (B) Relative mRNA expression of genes related to cytokines. *p < 0.05, **p < 0.01.




3.4 Positive expression location of ZO-1 and MUC-2 proteins in colonic epithelium

Positive signals for ZO-1 and MUC-2 proteins in the colonic epithelium of bulls in the CON and OEO groups were detected using immunohistochemical staining. The results revealed that the ZO-1 protein was mainly located in the tight junction intercellular ribbon region, and the MUC-2 protein was mainly located in the colonic mucous layer (Figure 3).

[image: Figure 3]

FIGURE 3
 Localization of immunopositive signals for ZO-1 and MUC-2 proteins in the bull colon (2×) and (20×). (A1–A6): Field of view at 2×; (B1–B6): Field of view at 20×; (A1,A2,B1,B2): Negative controls; (A3,A4,B3,B4): Localization of ZO-l protein; (A5,A6,B5,B6): Localization of MUC-2 protein; (A1,A3,A5,B1,B3,B5): CON group; (A2,A4,A6,B2,B4,B6): OEO group.




3.5 Microbial composition of colonic contents

To further study whether OEO affects colon microbes, we performed a genetic diversity analysis of the microbial composition inside the colon using 16S rRNA amplicon sequencing. The predominant phyla were Firmicutes, Bacteroidetes, Proteobacteria, Verrucomicrobia, and Spirochaetes. The OEO group displayed an increase in Firmicutes and Proteobacteria and a decrease in Bacteroidetes, Verrucomicrobia, and Spirochaetes compared with the CON group. The predominant genera were Ruminococcaceae_UCG-005, Rikenellaceae_RC9_gut_group, Bacteroides, and Alloprevotella. The OEO group displayed increases in Ruminococcaceae_UCG-005 and Bacteroides and a reduction in Rikenellaceae_RC9_gut_group, Eubacterium_coprostanoligenes_group, and Alloprevotella compared with the CON group (Figure 4A). We used Chao1 indices to describe richness and Simpson indices to measure species diversity across the samples, combining richness and species diversity to calculate α-diversity. The α-diversity did not differ between the CON and OEO groups (p > 0.05) (Figure 4B).
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FIGURE 4
 Shifts in the colonic microbiota composition of bulls after dietary supplementation with OEO. (A) Composition of colon microbiota of bulls at phylum and genus levels. (B) Alpha diversity as presented by Chao1 and Simpson indices in the colon of bulls among groups. (C) Principal coordinate analysis of microbial compositional profiles between the CON and OEO groups in the colonic contents of bulls. (D) Differences in microbial abundance between the CON and OEO groups, depicted by cladogram and LDA distribution. Total bacteria in the colon of the bulls that contribute to differences at the phylum, class, order, family, and genus levels, as analyzed using the LEfSe method (LDA score > 3). (E) Indicator analysis based on genus level. (F) Comparison of the abundances of KEGG pathways (level 2) in different groups. Red indicates a high level, and blue indicates a low level. n = 5 samples/group.


Principal coordinate analysis plots revealed differences in microbiota between the groups (permutational MANOVA, R2 = 0.1707, p = 0.027) (Figure 4C and Supplementary Table S2). Different bacteria from the domain to genus level that were specific to the OEO and CON groups were identified using the LEfSe method (Figure 4D). Among the two groups of bull colonic content samples, there were 14 dominant taxa in the CON group and 9 dominant taxa in the OEO group. Erysipelotrichia, Erysipelotrichales, Erysipelotrichaceae, Coprobacillus, LachnospiraceaeLachnospiraceae_UCG_001, Barnesiellaceae, Bacteroidaceae, and Bacteroides were enriched in the OEO group. Spirochaetes, Spirochaetia, Spirochaetales, Spirochaetaceae, Treponema_2, Planctomycetales, Rubinisphaeraceae, SH_PL14, Ruminococcaceae, Ruminococcaceae_UCG_002, UCG_013, UCG_014, p_251_o5, and Fusobacterium were enriched in the CON group (Figure 4D and Supplementary Table S3). The results of the indicator analysis at the genus level showed that Bacteroides, Coprobacillus, Olsenella, and Ruminococcus_torques_group were indicator bacteria at the genus level in the OEO group (Figure 4E).

The potential metabolic functions of the microorganisms in different groups were predicted using the PICRUSt2 method. The OEO group promoted most of the metabolic functions of the colonic microbiota in fattening bulls, especially carbohydrate metabolism, amino acid metabolism, cofactor and vitamin metabolism, terpenoid and polyketide metabolism, and other amino acid metabolisms (Figure 4F and Supplementary Table S4).



3.6 Metabolome of colonic contents

A total of 1,174 metabolites were identified in the colon. The OPLS-DA score map showed that both groups could separate colon metabolites (R2X = 0.416, R2Y = 0.999, Q2 = 0.594; Supplementary Figure S1 and Figure 5A). After screening the relative concentrations of colon metabolites by FC (FC ≥ 1.5 and FC ≤ 0.67) and VIP (VIP ≥ 1), levels of 3-aminobenzamide, creatinine, and DL-2-hydroxystearic acid were significantly increased in the OEO group, while those of maltose, lactose, lactulose, and D-trehalose were significantly decreased (Figure 5B). The expression of 44 metabolites differed significantly between the CON and OEO groups (Supplementary Figure S2). These included 14 upregulated and 30 downregulated metabolites (Figure 5C). Analysis of the 44 differential metabolites showed that 6 were derived from carbohydrates and their metabolites, 8 were derived from amino acids and their metabolites, 5 were derived from organic acids and their derivatives, and 25 belonged to others (Supplementary Table S5).
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FIGURE 5
 Colon metabolome changes. (A) OPLS-DA analysis. (B) Bar chart of the top 20 differential metabolites. The red color depicts significant upregulation, and the blue color depicts significant downregulation in the OEO group. (C) Volcano plots for the differential metabolites. (D) KEGG pathways (level 2) of differential metabolite enrichment.


The KEGG pathway analysis revealed that the differences mainly involved alterations in metabolic pathways (starch and sucrose metabolism, arginine and proline metabolism, and metabolic pathways), organismal systems (carbohydrate digestion and absorption), and environmental information processing (ABC transporters) (Figure 5D). Thus, dietary supplementation with OEO may have important modulatory effects on colonic carbohydrate and amino acid metabolism in fattening bulls.



3.7 Combined microbiome and metabolome analysis

Microbiome and metabolome data were analyzed to examine whether there was a link between the two omics. O2PLS analysis revealed the top 20 microorganisms and metabolites with the largest linkage effects (Figure 6A and Supplementary Figure S3). Combining the results of the LEfSe analysis of the microbiome and analysis of differential metabolites in the metabolome, we screened nine different microorganisms and metabolites. To further explore the relationship between these nine metabolites and the nine microorganisms, Spearman correlation analysis was performed, and the results showed potential associations among them (Figure 6B). The relative abundances of Bacteroides, Coprobacillus, Lachnospiraceae_UCG_001, and Faecalitalea were positively correlated with maltose, lactulose, lactose, D-trehalose, and (R)-3-hydroxy-tetradecanoic acid. Furthermore, the relative abundances of Treponema_2, Ruminococcaceae_UCG_002, UCG_013, UCG_014, and Paeniclostridium were negatively correlated with 3-methoxysalicylic acid, Ala-Met, creatinine, and 5-aminovaleric acid, whereas Paeniclostridium was positively correlated with 3-methoxysalicylic acid.
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FIGURE 6
 Combined microbiome and metabolome analysis. (A) Microbiome and metabolome O2PLS analysis. (B) Correlation analysis between target metabolites and microorganisms.




3.8 Correlation analysis of microorganisms, metabolites, and phenotypes

To further explore the mechanism underlying the effect of dietary OEO on the colonic barrier function of fattening bulls, we performed Spearman’s correlation analyses of the relationships among microorganisms, metabolites, and phenotypes. The results showed that acetic acid levels were positively correlated with both Faecalitalea and Lachnospiraceae_UCG_001, and propionic and butyric acid levels were positively correlated with Bacteroides, Lachnospiraceae_UCG_001, and Coprobacillus (Figure 7A). All four metabolites (3-methoxysalicylic acid, 5-aminovaleric acid, Ala-Met, and creatinine) were positively correlated with acetic acid, propionic acid, and butyric acid (Figure 7B).
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FIGURE 7
 Correlation analysis between microorganisms, metabolites, and phenotypes. (A) Correlation analysis between microorganisms and SCFAs. (B) Correlation analysis between metabolites and SCFAs. (C) Correlation analysis between microorganisms and digestive enzyme activities. (D) Correlation analysis between metabolites and digestive enzyme activities. (E) Correlation analysis between microorganisms and intestinal barrier-related genes. (F) Correlation analysis between metabolites and intestinal barrier-related genes. Red lines indicate positive relative correlations, and blue lines indicate negative relative correlations.


Lipase, β-glucosidase, xylanase, cellulase, pectinase activity, and the mRNA expression of ZO-1, MUC-2, and IL-10 were positively correlated with Lachnospiraceae_UCG_001, Bacteroides, Faecalitalea, Coprobacillus (Figures 7C,E), 5-aminovaleric acid, 3-methoxysalicylic acid, Ala-Met, and creatinine (Figures 7D,F) and negatively correlated with Treponema_2, Ruminococcaceae_UCG_002, UCG_013, UCG_014, Paeniclostridium (Figures 7C,E), maltose, lactulose, lactose, D-trehalose, and (R)-3-hydroxy-tetradecanoic acid (Figures 7D,F). However, α-amylase activity and mRNA expression of TLR-4 showed opposite trends.




4 Discussion

The growth performance, slaughter performance, and carcass characteristics were previously published (Fan et al., 2022). Compared with CON group, the average daily gain, body weight, and carcass weight in OEO group were increased by 20.5, 15.5, and 15.7%, respectively, and the fattening effect was significant. In this study, we assessed the effects of dietary supplementation with OEO on the hindgut microbiome and metabolome, both of which play a crucial role in colonic physiology and barrier function in fattening bulls. We found that OEO administration led to an increased abundance of Bacteroides and Lachnospiraceae_UCG_001. Further, it also stimulated the production of microbial metabolites through carbohydrate and amino acid fermentation, as evidenced by elevated luminal concentrations of acetate, propionate, butyrate, 5-aminovaleric acid, and creatinine. Additionally, OEO supplementation significantly impacted the maintenance of the functional integrity of the intestinal barrier. This was evident from the observed effects on colonic histomorphology, immunohistochemistry, digestive enzyme activity, and relative mRNA expression of intestinal barrier-related genes. These findings suggest that the addition of OEO positively impacts the integrity of the intestinal barrier in fattening bulls, and this effect is mediated by enhancements in the colonic microbiota and metabolites.

The symbiotic relationship between the gastrointestinal tract of the host and its resident microbiota plays a crucial role in the maintenance of physiological balance in the organism (Ma et al., 2022). Consequently, maintaining gut homeostasis is essential for protecting the intestinal health and barrier function of the host. The intestinal microflora is closely related to host metabolic conditions and dietary composition (Rastelli et al., 2019), and it directly contributes to the formation of the intestinal epithelial barrier, which protects the intestinal tissue from pathogenic bacteria and toxins (De Santis et al., 2015). Plant essential oils modulate ruminant production performance, primarily by influencing nutrient utilization. The possible mechanisms by which plant essential oils affect the digestion rate of nutrients are mainly enzyme stimulation and cellular and microbial mechanisms. Plant essential oils are a type of feed additive, and their addition to feed significantly affects the abundance of intestinal flora in cattle (Clemmons et al., 2019). OEO alters epithelial development and microbiota composition in beef cattle to improve rumen digestion (Zhang et al., 2021) and enhances the intestinal barrier integrity of the jejunum and ileum in sheep (Jia et al., 2022). Given these considerations, we chose OEO as a feed additive for this study to investigate its potential mechanisms for influencing the microflora and intestinal barrier function in the colon of fattening bulls.

Ruminants have a richer gut microbiota than monogastric animals. The composition of gastrointestinal microorganisms in ruminants varies due to genetics, environment, and diet; however, similarities exist among the dominant bacteria. Regarding the microbial composition in ruminant colons, our study found that Firmicutes, Bacteroidetes, and Proteobacteria were the predominant phyla in the colonic contents across all samples. This result is in line with earlier findings in goats (Wang et al., 2020), Hu sheep (Lin et al., 2021), and dairy cows (Yuchao et al., 2023). Further, at the genus level, the relative abundances of Bacteroides, Coprobacillus, Lachnospiraceae_UCG_001, and Faecalitalea were enhanced in the OEO group. Some of these results were surprising. Members of the genus Bacteroides are major players in sustaining the microbial food web of the gut and are considered potential colonizers of the colon (Zafar and Saier, 2021). Additionally, Bacteroides competes with pathogens for host-derived amino acids and monosaccharides and produces SCFAs, thereby countering pathogens directly (Bornet and Westermann, 2022). Coprobacillus is associated with butyrate production in mouse intestines (Ye et al., 2018) and is considered a potential probiotic strain (do Prado et al., 2021). Multiple strains within the Lachnospiraceae bacterial family possess the ability to metabolize carbohydrates, resulting in the production of butyrate and other SCFAs (Zhang et al., 2023). Faecalitalea, a member of the family Erysipelotrichaceae, has been proposed as a key butyrate producer (Zhou et al., 2021). These results suggest that OEO does indeed modulate the abundance of intestinal bacteria, positively affecting the host. The mechanisms by which these key microorganisms maintain homeostasis in the internal intestinal environment while influencing barrier function require further exploration, in conjunction with microbial metabolites.

Colonic microbiota can ferment undigested chow and host-generated and microorganism-produced endogenous compounds, yielding various metabolites (Zhao et al., 2022). The maintenance of intestinal homeostasis in the host is primarily regulated by the intestinal flora or the SCFAs produced by them (Akhtar et al., 2022). The current investigation revealed significant correlations between the intestinal microbiota and metabolites, as seen by the integration of microbiome and metabolome studies. These findings demonstrate notable changes in the concentrations of SCFAs, 5-aminovaleric acid, 3-methoxysalicylic acid, creatinine, and several other metabolites. The role of the intestinal microbiome in host health is predominantly mediated by SCFA metabolites, which are the main metabolites produced by specific intestinal microbiomes that ferment resistant starch and dietary fiber (Yao et al., 2022). The colonic microbiota of ruminants primarily degrades carbohydrates in the feed and produces SCFAs to provide energy and nutrients to the host. In bacteria, SCFAs are waste products that are essential for balancing redox equivalent formation under anaerobic conditions (van Hoek and Merks, 2012). These metabolites are represented by organic acids, such as acetate (C2), propionate (C3), and butyrate (C4), which are composed of less than six carbon atoms. Microbiota-derived SCFAs play dual roles in the host and the pathogen (Mirzaei et al., 2022). We speculated that OEO promotes SCFA production by modulating the abundance of certain beneficial bacteria, thereby positively affecting colonic physiology and barrier function in fattening bulls. The OEO group showed significantly higher concentrations of propionic and butyric acids, which may have beneficial effects, as butyric acid is preferentially used as an energy source by the intestinal mucosa (Louis and Flint, 2017). Moreover, butyric acid can act as a signaling molecule to regulate various functions in the host, such as exerting a modulatory effect on the intestinal immune system and inflammation (Yao et al., 2022). Propionic acid acts as an important gluconeogenic precursor produced in ruminants and has a hormone-like first-messenger function (Duscha et al., 2020). Acetic acid is generated as a result of the fermentation process carried out by several bacterial strains (Liu et al., 2018). A large number of complex carbohydrates are continuously broken down by bacteria within the phylum Bacteroidetes (van der Hee and Wells, 2021). The main product of Bacteroidetes fermentation is propionate, whereas that of Firmicutes is butyrate (Ma et al., 2022). No single bacterium hydrolyzes all nutritional substrates; hence, no unique bacterial fermentation of carbohydrates produces the three SCFAs. The type and distribution of SCFAs in the gut represent metabolic cooperation between various bacterial species. Microbes that efficiently produce SCFAs are generally considered beneficial (Kim, 2023). Bacteroides, Coprobacillus, Faecalitalea, and Lachnospiraceae_UCG_001, which increased in abundance in the colonic flora after OEO supplementation, were considered beneficial bacteria. Overall, SCFAs are both metabolites of intestinal flora and regulators of intestinal flora homeostasis. SCFAs play essential roles in regulating the intestinal tract’s physical, chemical, microbial, and immune barriers by influencing pH and mucus production and providing energy to intestinal epithelial cells. They also contribute to the construction of nonspecific defense barriers, thereby maintaining intestinal barrier function. In our study, microbial metabolites (represented by SCFAs) bridged the connection between microbes and intestinal barrier function.

In addition to SCFAs, other microbial metabolites play important roles in intestinal physiology and barrier function. For example, the GABA analog 5-aminovaleric acid can increase brain glutamine concentrations (Dhaher et al., 2014). Additionally, 3-methoxysalicylic acid is a derivative of salicylic acid with anti-inflammatory and antioxidant properties (Reszka et al., 2005). We also observed decreased maltose, lactulose, lactose, and D-trehalose levels in the OEO group. This indicated that the microbes in this group utilized carbohydrates to a greater extent and fermented them more fully. The main substrates for bacterial fermentation and SCFAs production are inulin, cellulose, guar gum, pectin, and resistant starch (Venegas et al., 2019). Monogastric animals digestive system lacks enzymes to digest complex polysaccharides, such as pectins, xylan or celluloses, consequently reaching the colon with their intact structure, and subsequently fermented by colonic bacteria (Carlson et al., 2017). However, in general, ruminants’ digestive enzymes are more likely to break down plant fiber, which is vital to animal health (Zhang et al., 2021). After intestinal digesta is digested and absorbed in the small intestine, the residual portion enters the hindgut (Zhao et al., 2022). Where the small intestinal digestive enzymes that come with the chow are fully mixed with the large intestinal fluid. Digestive enzymes in the colon play a limited role in chemical digestion, and mainly rely on microorganisms for biotic digestion. In addition, digestive enzyme activity is part of the study of the intestinal chemical barrier. Even though digestive enzymes have a limited function in colonic digestion, our study cannot selectively ignore their other function. Phenolics (especially thymol and carvacrol as active components of OEO) improve the activity of intestinal digestive enzymes in chickens (Hashemipour et al., 2013). Research on adding OEO to sheep feeds revealed similar outcomes (Jia et al., 2022). Moreover, the pH of the colonic digesta exhibited a reduction as a result of elevated quantities of acetate, propionate, and butyrate in the colonic digesta, therefore generating a mildly acidic milieu. Colonic fermentation of fiber to SCFAs decreases pH levels, increases fecal acidification, and increases the growth and diversity of the gut microbiota taxa (Portincasa et al., 2022). Fouhse et al. (2016) demonstrated that a decrease in intestinal pH can, to a certain extent, increase the activity of digestive and microbial enzymes in the intestine, inhibit the proliferation of pathogenic bacteria, and reduce susceptibility to disease. Therefore, we believe that OEO supplementation enhances microbial carbohydrate fermentation and reduces colonic pH, which is beneficial for strengthening the intestinal barrier function of fattening bulls.

The intestinal barrier, which includes mechanical, chemical, immune, and microbial barriers, is crucial for the host to resist invasion by foreign pathogens. Any factor that disrupts the integrity of the intestinal barrier can lead to host metabolic dysfunction and affect intestinal health, thereby adversely affecting livestock health and production performance (Ghosh et al., 2021). The intestinal morphology and tight junctions are important parameters that reflect the intestinal physical barrier. As the mucosal lining of the gastrointestinal tract directly interfaces with the external gut lumen, which is heavily populated with bacteria, viruses, fungi, archaea and protists, it is also an important physical barrier to invading pathogens (Rogers et al., 2023). Compared to the complex squamous epithelial structure of the rumen, the hindgut consists of only a single layer of epithelial cells, making the hindgut barrier of ruminants more susceptible to damage during feeding of high grain diets (Petri et al., 2021). Furthermore, the surface of the hindgut mucosa was smooth, without folds and intestinal villus, which also emphasizes its limited absorptive capacity. The findings of our study indicate that the administration of OEO resulted in enhanced intestinal morphology and elevated expression of tight junction proteins in the intestines of fattening bulls. These observations imply that OEO may contribute to the improvement of the intestinal physical barrier. Moderate concentrations of butyrate promoted the relative expression of Occludin and ZO-1 mRNA in rat IPEC-J2 cells (Ma et al., 2012). Moreover, propionic acid increased the expression of the intestinal tight junction proteins ZO-1 and Occludin (Tong et al., 2016). The intestinal chemical barrier primarily consists of a mucus layer that covers the intestinal epithelial cells. MUC is the dominant molecule in the mucosal layer and is mainly secreted by goblet cells. Intestinal bacteria may affect mucus production and quality (Jakobsson et al., 2015). Disturbances in microbiota affect the development of colon goblet cells (Grey et al. 2022). SCFAs upregulate the expression of MUC-1 and MUC-2 in the intestine, thereby strengthening the intestinal chemical barrier function (Sun et al., 2017). Appropriate concentrations of butyrate were found to significantly improve the barrier function of human colonic epithelial cells by increasing the level of MUC-2, whereas excessive concentrations of butyrate decreased the barrier function (Nielsen et al., 2018). These findings are consistent with our findings. We found that OEO upregulated the expression of genes associated with the intestinal chemical barrier by mediating the production of additional SCFAs by the colonic microbiota.

The study shows that feeding cattle more than 44.1% concentrate in the diet was associated with gastrointestinal dysbiosis and an increase in the risk of systemic inflammation (Zebeli et al., 2012). To reduce the incidence of intestinal inflammation and minimize its damage, a measure used in production is to gradually increase the proportion of grains in the diet over a period of time in order to achieve a transition from a roughage-based diet to a high grains diet for bulls. At the same time, harmful metabolites produced by dysbiosis of the intestinal flora can endanger the intestinal barrier and immune function. Enteric infections and inflammations are often typically manifest within the intestines, causing damage to the intestinal lining, including the collapse or displacement of structural integrity mechanisms, and microbial dysbiosis (Rogers et al., 2023). Endotoxins, such as lipopolysaccharide, are released into the intestinal digesta (Khafipour et al., 2016). These releases increase the concentration of luminal endotoxins and contribute to gut epithelial damage (Zhao et al., 2023). Existing studies have shown that gastrointestinal tract-derived lipopolysaccharide increases the expression of inflammatory cytokines, such as TLR-4, IL-1β and TNF-α, in the intestines and blood by regulating a large number of immune genes, eventually leading to a state of systemic inflammation (Monteiro and Faciola, 2020). In the fattening of bulls, the attempt to minimize the inflammatory effects on the host from the production of endotoxins of intestinal origin must rely on the relative stability of the microbial flora in the intestine and the barrier function of the intestinal immune cells. The intestinal immune barrier plays a crucial role in the ability of the host to resist invasion by pathogenic bacteria. The crosstalk between gut microbiota and the immune system is intricate and is partially dependent on gut microbial metabolites (Yang and Cong, 2021). Additionally, due to differences in epithelial structure, the gut is more susceptible to the effects of contents than the rumen. The interactions between intestinal epithelial cells, intestinal immune tissues and commensal microorganisms form a complex ecosystem. At homeostasis, this ecosystem suppresses and balances the mucosal immune response to highly immunogenic intestinal contents, thereby avoiding uncontrolled inflammatory responses (Jamwal et al., 2020). Intestinal epithelial cells are able to produce a variety of inflammatory cytokines, including IL-6, TNF-α, and IL-1β (Cosin-Roger et al., 2017). In their study of inflammatory bowel diseases in humans, the researchers found that the expression of the inflammatory cytokines IL-6, TNF-α, and IL-1β were, respectively, upregulated 2.266, 0.962, and 3.468 fold, in both Crohn’s disease and ulcerative colitis compared to healthy individuals (Leppkes and Neurath, 2020). Toll-like receptors (TLRs), which are representative pattern recognition receptors, can facilitate the recognition of microbial molecules to stimulate immune responses (Round et al., 2011). TLR-4 can detect lipopolysaccharide, a prominent constituent of the outer membrane of gram-negative bacteria. The efficacy of OEO in inhibiting the expression of TLR-4, IL-1b, TNF-a, and IFN-γ has been demonstrated through the TLR4-mediated signaling pathway (Feng et al., 2021). Furthermore, OEO exhibited a downregulatory effect on the mRNA expression of TNF-a and IL-6 in rats (Wei et al., 2015). Metabolites from microorganisms represented by SCFAs can not only promote the differentiation and function of immunosuppressive cells but also inhibit the inflammatory cells, together maintaining the gut and systemic immune homeostasis of the individuals (Wang et al., 2023). The immunoregulatory capacity of SCFAs, which refers to their ability to maintain a balance between anti-inflammatory and proinflammatory responses, is influenced by the composition of the intestinal flora (Kim, 2021). In the current investigation, it was observed that the proinflammatory cytokines TLR-4, TNF-α, and IL-1β significantly decreased, while the anti-inflammatory cytokine IL-10 significantly increased in the colon of the OEO group. These findings suggest enhanced functionality of the intestinal immune barrier. This phenomenon may be explained by the microbial synthesis of SCFAs, which can induce cell proliferation or differentiation by influencing the activation of cellular receptors. Furthermore, SCFAs may function as histone deacetylase inhibitors, thereby affecting intestinal immunity.

The intestinal microbial barrier is widely recognized as a stable microecosystem consisting of normal microbial flora residing in the intestinal tract. This microecosystem is of great importance as it significantly contributes to the development and regulation of immune functions (Lee et al., 2022). Our results showed that OEO did not disrupt the homeostasis of the internal intestinal environment. Moreover, it enriched the number of beneficial bacteria and inhibited the growth of harmful bacteria to some extent. One potential explanation for this phenomenon is that microbial metabolites primarily exert their inhibitory effects on pathogenic bacteria through various mechanisms, such as the release of H+ ions, which leads to a reduction in intestinal pH. Additionally, microbial metabolites may compete for energy resources, generate antimicrobial peptides, and impede the biosynthesis of harmful bacteria. Collectively, these actions contribute to the establishment of a balanced intestinal microecology. However, some mechanisms require further investigation.
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Recently, several studies on gut microbes have been published in Nature, Science, and other series of articles to describe the relationship between gut microbes and body immunity (Bousbaine et al., 2022; Lyu et al., 2022; Mirji et al., 2022; Han et al., 2023; Tian et al., 2023). The above studies indicate that the gut microbiota can act as a vital immune organ to participate in the regulation of host immune homeostasis. Gut microbiota can promote the early development of the immune system, improve immune tolerance, and maintain normal communication between the immune system and the gut by secreting related metabolites (Figure 1). These studies illustrate the intrinsic relationship between gut microbiota and the immune system, which can be preferably used in diagnosis, prognosis, and treatment of tumors.
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FIGURE 1
 The intrinsic relationship between gut microbiota and the immune system. (A) Dietary and environmental factors can alter the gut microbiome, which can regulate and affect the metabolic, immune, and endocrine pathways and further affect fetal growth and development. (B) In response to microbial stimulation, host innate immune cells secrete inflammatory cytokines and chemokines. (C) Gut microbiota can target and regulate T lymphocyte differentiation and promote the improvement of immune self-tolerance mechanisms. (D) Gut microbes secrete various substances to build the gut barrier and contact the immune system. All images were obtained figures created by BioRender.


As the largest immune organ in the human body, the gut can promote the synthesis of vitamins, produce beneficial metabolites, fermented carbohydrates, promote intestinal peristalsis, regulate bile acids, compete with pathogenic bacteria, maintain the integrity of the intestinal barrier, and participate in the communication and shaping of the immune system (Qiu et al., 2023a). As an important immune participant, the gut microbiota maintains the stability of the human immune system in a variety of ways (Qiu et al., 2023b). By gaining further insight into the relationship between the microbiota and the immune system, it becomes possible to comprehend the microbiota's role in immune checkpoint blockades (ICBs) and other therapeutic strategies.

The gut microbiome sends information to the body about inchoate environmental exposures, such as diet and allergens, and promotes tolerance to them, helping the immune system recognize commensal bacteria and eliminate pathogenic bacteria. Numerous studies have shown that the primitive development of the immune system requires the cooperation of the gut microbiota, such as promoting the development of immune organs such as spleen and thymus, increasing the number of immune cells in lamina propria, and promoting the production of Immunoglobulin A (IgA) in intestinal mucus. Tian et al. (2023) found that antibiotic exposure in early life was associated with reduced gut microbiota diversity and abundance in adulthood. Hepatocyte interaction networks influenced by the gut-liver axis play a critical role in regulating Liver-resident NK (LrNK) maturation and function, which may be the key to the early development of the immune system. Early life is also a critical time for the interaction between gut microbiota and host immunity. Early life is a critical period for the development of intestinal flora and a critical window period for the maturation of the immune system. The development of the immune system requires the cooperation of intestinal microorganisms to maintain the homeostasis of gut microbiota and reduce susceptibility to a variety of immune diseases.

Gut microbiota can affect the function of almost all host organs and systems through a variety of signaling mechanisms. When innate immune cells in mucus come into contact with pathogenic bacteria, these cells secrete inflammatory cytokines and chemokines, recruit more innate immune cells, and may activate dendritic cells, and train the immune system to tolerate intestinal commensal bacteria and attack pathogenic bacteria. Continuous colonization of organisms by microbiota or pathogens can cause disorders of the immune system, which is dominated by immune cells. Lyu et al. (2022) found that immune cells of innate lymphoid cells (ILC3) play an important role in intestinal microbial tolerance, and the establishment and maintenance of immune tolerance is key to protecting host health.

Intestinal microbiota may regulate the differentiation of T lymphocytes into antigen-attacking effector T cells or antigen-tolerant regulatory T cells to promote the improvement of immune self-tolerance mechanisms. Bousbaine et al. (2022) found that β-hexosaminidase (β-hex) expressed by intestinal commensal bacteroidetes can be recognized by CD4 T cells as a conserved antigen of Bacteroidetes, thereby driving their differentiation into CD4+CD8αα+ intraepithelial lymphocytes. Some microbes in the gut modulate effector T cells in lamina propria by secreting peptides and cytokines, thereby releasing cytokines and inflammatory mediators in the affected intestinal regions.

The gut microbiota can secrete short-chain fatty acids, polysaccharides and produce other metabolites, which serve as key signaling factors and energy substrates to promote the establishment of the intestinal barrier, promote continuous communication between the gut and the immune system, and affect the development and metastasis of colon tumors. Intestinal microorganisms can regulate innate and adaptive immune responses, and there is a close relationship between metabolites derived from intestinal microorganisms and tumor immune response. The pro-inflammatory metabolite trimethylamine oxide (TMAO) was found to increase tumor immunoinfiltration and effector T cell activation, and enhance pancreatic ductal adenocarcinoma (PDAC) responsive to ICBs (Mirji et al., 2022). A comprehensive understanding of small molecule metabolites, molecular targets, and their biological significance produced by all gut microbes remains a pivotal orientation in the field. Han et al. (2023) found that indole-3-lactic acid (ILA), a metabolite of Lactobacillus reuteri, could exert anti-tumor effects by inhibiting the differentiation of IL-17 cells and inhibiting the transcriptional activity of the transcription factor RORγt. The above article further discusses intestinal flora metabolites as a complement to tumor and cancer prevention and treatment strategies, and analyzes the new relationship between intestinal flora metabolites and host immunity.

The interplay between gut microbiota and immunity is relatively obscure and complex. First, the gut microbiota can recognize nutrients and antigens by inducing the immune system to tolerate commensal bacteria. On the other hand, gut microbiota can also prevent bacterial invasion and infection through immune recognition. Modern studies have shown that gut microbiota and body immunity are interdependent. In some patients with autoimmune diseases, the diversity and abundance of gut microbiota are severely disrupted. Numerous other factors that may contract the gut microbiome, such as diet, medications, mental health, and environmental factors, are noteworthy for tumor or cancer treatment. Although we had a preliminary understanding of the gut microbiota, it is still unpredictable how the gut microbiota constitutes the anti-tumor immune response. The choice of a practical and viable treatment to change intestinal flora still needs to be made under the protection of an abundance of clinical trials. Prominently, methods for regulating and maintaining gut microbiota changes should be established in the context of preclinical models and clinical trials. By optimizing gut microbiota regulation and enhancing anti-tumor immunity and overall immunity, it is an opportunity to enhance immune surveillance and cancer therapy.
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Introduction: Intestinal health is very important to the health of livestock and poultry, and is even a major determining factor in the performance of livestock and poultry production. Spermidine is a type of polyamine that is commonly found in a variety of foods, and can resist oxidative stress, promote cell proliferation and regulate intestinal flora.

Methods: In this study, we explored the effects of spermidine on intestinal health under physiological states or oxidative stress conditions by irrigation with spermidine and intraperitoneal injection of 3-Nitropropionic acid (3-NPA) in Sichuan white goose.

Results and discussion: Our results showed that spermidine could increase the ratio of intestinal villus to crypt and improve intestinal morphology. In addition, spermidine can also reduce malondialdehyde (MDA) accumulation caused by 3-NPA by increasing superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) enzyme activity, thus alleviating intestinal damage. Furthermore, spermidine can regulate intestinal digestive enzyme activities and affect intestinal digestion and absorption ability. Spermidine can also promote an increase in intestinal microbial diversity and abundance and alleviate the change of microflora structure caused by 3-NPA. In conclusion, spermidine promotes the production of beneficial intestinal metabolites such as Wikstromol, Alpha-bisabolol and AS 1–5, thus improving the level of intestinal health. Taken together, these results indicate that spermidine can improve intestinal health by improving intestinal morphology, increasing antioxidant capacity and regulating intestinal flora structure.
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1 Introduction

Good intestinal structure and function are the basis for various life activities of domestic animals (Zhao et al., 2023). Intestinal tissue is the largest immune organ of the body and the interface between the body and the outside world. The proliferation of antibiotics and intensive farming modes have led to more serious intestinal health problems in livestock and poultry, and intestinal tissues are vulnerable to external factors such as feed, gas and temperature, leading to oxidative stress and decreased health levels (Song et al., 2017). The intestinal health level is mainly related to the intestinal structure, antioxidant capacity and flora structure. Improving the intestinal health level of livestock and poultry has become an important way to solve the health problems of livestock and poultry in “no-resistance” breeding.

Polyamines are widely found in foods, which can be fully absorbed into the bloodstream in the gut and deposited in tissues (Eisenberg et al., 2016). The sources of polyamines in organisms can be divided into exogenous and endogenous. Exogenous polyamines come from diet and intestinal microorganisms (such as Enterococcus faecalis and Campylobacter jejuni), while endogenous polyamines come from endogenous pathways of in vivo synthesis and mutual transformation in cells (Yoon et al., 2023). Polyamines can improve intestinal barrier function, promote intestinal development and maintain the stability of the intestinal physiological environment (Bekebrede et al., 2020). Oral arginine (a precursor of polyamines) enhanced polyamine production by gut bacteria, suppressed systemic inflammation, improved memory, and extended the lifespan of mice. The overexpression of Ornithine decarboxylase in cells induces an increase of the α4/PP2Ac complex, which stimulates wound closure in the intestinal epithelium (Rathor et al., 2021). Song et al. (2017) showed that adding atractonide to the medium of IEC-6 cell lines could increase the contents of polyamines and Ca2+, thus promoting the migration and proliferation of IEC-6 cells. Cell migration and proliferation were inhibited by difluoromethyl orniorine (a polyamine synthesis inhibitor), suggesting that polyamines were involved in the regulation of IEC-6 cell migration and proliferation.

Spermidine can regulate a variety of biological processes, play a vital role in maintaining cell homeostasis, regulating immune function, promoting cell proliferation, and antioxidant functions (Madeo et al., 2018). There is a high concentration of spermidine in plant-derived food, especially in wheat germ and other feed materials (Muñoz-Esparza et al., 2021). Spermidine is a kind of drug suitable for clinical trials. It has low biotoxicity and strong effects at low and medium concentrations (Eisenberg et al., 2016). Liu et al. (2022) showed that adding 0.4 mmol/kg spermine to the diet can increase tight junction protein gene expression in the jejunum of piglets, decrease serum D-lactic acid content, and activate the Rac1/PLC-γ1 signaling pathway to protect the integrity of the intestinal barrier of piglets. Spermine supplementation during lactation can improve the intestinal villus height: crypt depth ratio and intestinal absorption area of piglets, thus promoting their growth (van Wettere et al., 2016). Spermidine can improve the antioxidant capacity of muscle cells and reduce the ratio of oxidized glutathione (GSH/GSSH) to promote cell proliferation (Ceci et al., 2022). In addition, spermidine was able to reverse the decreased activity of antioxidant enzymes in the hearts of offspring caused by hypoxia in utero (Chai et al., 2022). Spermidine exists in feed materials and its function is closely related to improving intestinal health, so it has great potential to be developed as a feed additive. However, the effect of spermidine on the intestinal health level of geese remains unclear.

In this study, we revealed the effects of spermidine on intestinal health under physiological states or oxidative stress conditions by irrigation with spermidine and intraperitoneal injection of 3-Nitropropionic acid (3-NPA). Our results suggest that spermidine can improve intestinal health, reduce intestinal oxidative damage, and improve intestinal flora structure. To provide basic data for the subsequent development of novel spermidine feed additives or spermidine rich diet.



2 Materials and methods


2.1 Animals ethics

All research schemes involving Sichuan white geese in this study were approved by the Animal Operation Code and Welfare Committee of Sichuan Agricultural University (No. DKY-B2020302124). The Sichuan white geese came from the Ya’an Waterfowl Breeding Farm. During the experiment, all geese were raised in a closed cage with a density of 0.5m2 per goose, with temperature maintained at around 25°C. They were exposed to natural light during the day. The geese had unrestricted access to feed or water.



2.2 Experimental design and treatment

Sichuan white geese (220 ± 5 days old) were randomly divided into four groups (n = 15). The experiment was divided into two stages. The first stage lasted for 2 days; the control group (3 mL normal saline); 3-NPA group (3 mL normal saline); spermidine (SPD) group (1 mL normal saline +2 mL 10 mg/kg SPD) and SPD + 3-NPA group (1 mL normal saline +2 mL 10 mg/kg SPD); Saline and spermidine were administered by irrigation, and the experiments were performed once in the morning and once in the evening. The second stage lasted for 5 days and included the control group (3 mL normal saline administration +2 mL normal saline intraperitoneal injection); 3-NPA group (3 mL normal saline administration +10 mg/kg 3-NPA intraperitoneal injection); SPD group (2 mL 10 mg/kg SPD + 1 mL normal saline, 2 mL normal saline by intraperitoneal injection); and 3-NPA+ SPD group (2 mL 10 mg/kg SPD + 1 mL normal saline, 2 mL 10 mg/kg 3-NPA Intraperitoneal injection).



2.3 Access to the intestinal tissue samples

The geese were killed by neck bleeding, all intestinal segments were quickly collected and rinsed with normal saline, and 1 cm segments were selected from the middle of each intestinal segment and held in 4% paraformaldehyde (Beyotime, Shanghai, China) for subsequent observations of intestinal morphology. The remaining intestinal samples were washed with saline, wiped with filter paper and placed in a Ziploc bag wrapped in tin foil. Isolated caecal contents were placed in EP tubes. All samples were frozen in liquid nitrogen and then placed in an ultralow temperature freezer for further testing (Wang et al., 2023).



2.4 Intestinal morphology analysis

Each segment was fixed with 4% paraformaldehyde (Beyotime, Shanghai, China), embedded in paraffin, sliced and stained with hematoxylin and eosin. The neutral gum is sealed and dried. Finally, the villus height and crypt depth of each intestinal segment were observed and recorded under optical microscopy (Ali et al., 2022).



2.5 Examination of the intestinal polyamine content

The polyamine content in intestinal tissue was determined according to the method established in the laboratory (Kang et al., 2017). An intestinal sample (0.1–0.5 mg) was placed in a glass homogenizer and ground with 5% HClO4 and 1, 6-hexamethylene diamine. After grinding, 12,000 g of the sample was centrifuged for 15 min. The supernatant was collected and adjusted to basic by adding 2.5 mol/L NaOH, 10 μL of benzoyl chloride was added and mixed. The sample was placed in water bath (40°C)for 1 h. The pH was adjusted to neutral by adding an appropriate amount of 6 mol/L HCl or 2.5 mol/L NaOH to the sample after the water bath. HyperSep C18 columns activated with chromatographic methanol and ultrapure water were used to extract polyamine derivatives from the sample. Finally, the samples were eluted with 15% chromatographic methanol, and the collected samples were ready for machine testing.



2.6 Detection of digestive enzyme activity

The intestinal tissue was removed and mashed with a moderate amount of normal saline. After centrifugation, the supernatant was taken as a sample for testing. A colorimetric method was used to determine the digestive enzyme activities in each group. The assay kits were purchased from Jiangsu Meimian Industrial Co., Ltd., Jiangsu, China. The test procedures and results are calculated in strict accordance with the instructions.



2.7 Malondialdehyde and antioxidant enzyme activity detection

According to the assay kit (Beyotime Biotechnology Co., Ltd., Shanghai, China), appropriate amounts of intestinal samples were taken and placed in a mortar. After liquid nitrogen was added, the corresponding prepared solution was added. After centrifugation, the supernatant was taken for testing. Superoxide dismutase (SOD), glutathione peroxidase (GPX) and catalase (CAT) enzyme activity and malondialdehyde (MDA) content were measured by colorimetry. The measurement steps and results for each index are calculated strictly as described.



2.8 Microbial diversity analysis of caecum

The contents of the cecum were sent to majorbio Biotechnology Co., Ltd. in Shanghai, China for 16SRNA analysis and data processing. In brief, DNA was extracted and qualified for PCR amplification. After assessing the quality and quantity of the extracted DNA, universal primers (F:ACTCCTACGGGAGGCAGCA and R:GGACTACHVGGTWTCTAATPCR) were used to amplify the V3-V4 region of the 16S rDNA, and a library was constructed. These libraries were then subjected to paired-end sequencing on the Illumina platform. Build the library and add the official splicing sequence to the outer end of the target. For computational analysis, PE reads were spliced and quality-controlled. Analysis was conducted according to the sequencing data.



2.9 Metabolomics analysis of caecal contents

100 μL liquid sample was added to a 1.5 mL centrifuge tube with 400 μL solution [Acetonitrile: methanol = 1:1(v:v)] containing 0.02 mg/mL internal standard (L-2-chlorophenylalanine) to extract metabolites. The samples were mixed by vortex for 30 s and low-temperature sonicated for 30 min (5°C, 40 KHz). The samples were placed at −20°C for 30 min to precipitate the proteins. Then the samples were centrifuged for 15 min (4°C, 13,000 g). The supernatant was removed and blown dry under nitrogen. The sample was then re-solubilized with 100 μL solution (acetonitrile: water = 1:1) and extracted by low-temperature ultrasonication for 5 min (5°C, 40 KHz), followed by centrifugation at 13,000 g and 4°C for 10 min. The supernatant was transferred to sample vials for LC-MS/MS analysis. The LC-MS/MS analysis of sample was conducted on a Thermo UHPLC-Q Exactive HF-Xsystem equipped with an ACQUITY HSS T3 column (100 mm × 2.1 mm i.d., 1.8 μm; Waters, United States) at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The mobile phases consisted of 0.1% formic acid in water: acetonitrile (95:5, v/v; solvent A) and 0.1% formic acid in acetonitrile: isopropanol: water (47.5:47.5, v/v; solvent B). The flow rate was 0.40 mL/min and the column temperature was 40°C. After the mass spectrometry detection is completed, the raw data of LC/MS is preprocessed by Progenesis QI (Waters Corporation, Milford, United States) software, and a three-dimensional data matrix in CSV format is exported. Perform variance analysis on the matrix file after data preprocessing. Differential metabolites among two groups were summarized, and mapped into their biochemical pathways through metabolic enrichment and pathway analysis based on database search (KEGG, http://www.Genome.jp/kegg/).



2.10 Statistical analysis

The data were collated and analyzed by EXCEL, and the results are expressed as mean ± SD. The ANOVE program was used for significance analysis, p < 0.05 indicated a significant difference, and GraphPad Prism was used for mapping. The experimental data consist of three replicas.




3 Results


3.1 Intestinal morphological change

The villus height of the duodenum, jejunum and ileum in the SPD group was significantly higher than that in the control group, and the ratio of villus to crypt was also significantly increased (p < 0.05). The duodenal villus height in the 3-NPA group was significantly increased, and the jejunum and ileum villus height/crypt depth were significantly higher than that in the control group (p < 0.05). Compared with the 3-NPA group, the villus height and correct ratio of the duodenum and ileum in the SPD + 3-NPA group were significantly increased (p < 0.05; Figure 1; Table 1).
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FIGURE 1
 Effects of spermidine on intestinal morphology. Pictures were observed at 200× magnification. The blue arrow indicates intestinal villi and the yellow arrow indicates crypts.




TABLE 1 Effects of spermidine on intestinal morphological parameters.
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3.2 The intestinal polyamine content changes

The contents of putrescine and spermidine in the duodenum, jejunum and ileum of the SPD group were not significantly different from those of the control group (p > 0.05). However, the contents of spermidine in the jejunum and ileum of the SPD group were significantly lower than those of the control group (p < 0.05). The contents of spermine in the jejunum and ileum of the SPD group were significantly lower than those of the control group (p < 0.05). The content of spermidine in the duodenum, jejunum and ileum in the 3-NPA group was significantly lower than that in the control group (p < 0.05). Compared with the 3-NPA group, spermidine content in the small intestine and putrescine content in the duodenum and ileum in the SPD + 3-NPA group were significantly increased, but spermine content in the duodenum were significantly decreased (p < 0.05; Figures 2A–C).
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FIGURE 2
 Effect of spermidine on polyamine content in the intestinal tract (A) duodenum; (B) jejunum; (C) ileum. Different superscript letters were significantly different by Student’s test (p < 0.05).




3.3 Digestive enzyme activity changes

The duodenal amylase activity of the SPD group was significantly higher than that of the control group (p < 0.05), and the duodenal and jejunal lipase activity was significantly lower than that of the control group (p < 0.05). The activity of amylase in the jejunum of the 3-NPA group was significantly higher than that of the control group (p < 0.05), but there was no significant difference in the activity of lipase in duodenum, jejunum and ileum between the 3-NPA group and the control group (p > 0.05). Compared with the 3-NPA group, the amylase activities in the duodenum and ileum in the SPD + 3-NPA group were significantly decreased (p < 0.05), and the trypsin activities in the jejunum and ileum were significantly decreased (p < 0.05; Table 2).



TABLE 2 Effects of spermidine on intestinal digestive enzyme activity.
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3.4 Intestinal MDA and antioxidant enzyme activity changes

The activities of SOD in the jejunum and ileum, and GPX in the duodenum, jejunum and ileum in the SPD group were significantly higher than those in the control group (p < 0.05). The SOD activity of the duodenum in the 3-NPA group was significantly lower than that in the control group (p < 0.05), and the SOD activity of the jejunum and ileum and the CAT activity of the duodenum, jejunum and ileum in the 3-NPA group were significantly higher than that in control group (p < 0.05). Compared with the 3-NPA group, SOD activity in the duodenum, jejunum and ileum in the SPD + 3-NPA group was significantly increased (p < 0.05). In addition, the MDA content in the duodenum, jejunum and ileum in the SPD group was significantly lower than that in the control group (p < 0.05). MDA levels in the duodenum, jejunum and ileum in the 3-NPA group were significantly higher than those in the control group (p < 0.05). Compared with that in the 3-NPA group, the MDA content in duodenum, jejunum and ileum in the SPD + 3-NPA group was significantly decreased (p < 0.05; Table 3).



TABLE 3 Effects of spermidine on antioxidant enzyme activity and MDA.
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3.5 Microbe distribution in the caecum of Sichuan white geese

The caecal contents of five geese from each group were randomly selected for sequencing to assess microbial diversity. After quality control of sequencing data, an average of 43,426 optimized sequences were obtained for each sample, with a length of 416 bp. Based on 97% species similarity, the operational taxonomic units (OTU) picking with was compiled with Qiime using default parameters. Taxonomic classification was performed based on the OTU database. The sequencing sequences were clustered through the Uparse software platform and 97% of similar sequences were divided into an OUT (Operational Taxonomic Units) and a total of 3,167 OTUs were obtained. Among them, 593 were core OTUs, 64 OTUs were unique to the control group, 23 OTUs were unique to the SPD group, 10 OTUs were unique to the 3-NPA group, and 10 OTUs were unique to the SPD + 3-NPA group (Figure 3A). The PCoA map reflected the difference (OTU level) in caecal microflora in each treatment groups, While the 3-NPA group and the SPD + 3-NPA group had a large overlap, between the three treatment groups and the control group showed clear separation from them. These results indicated that spermidine and 3-NPA could affect the structure of the intestinal flora, but spermidine had a limited effect on the structure of the intestinal flora induced by 3-NPA. 3-NPA treatment significantly decreased the Sobs index, Ace index and Chao index compared with control group (p < 0.05). The results showed that 3-NPA treatment significantly reduced the diversity of caecal microflora. The 3-NPA group and the SPD + 3-NPA group there was no significant difference of microbial diversity, and spermidine cannot affect the microbial diversity decline caused by 3-NPA. Compared with the control group, the 3-NPA group showed better aggregation, which may be related to the effect of 3-NPA on the colonization of some microflora in the caecum and the reduction in microflora diversity (Figure 3B). 3-NPA treatment significantly decreased the Sobs, Ace and Chao index compared with control group (p < 0.05). The results showed that 3-NPA treatment significantly reduced the diversity of caecal microflora. Compared with the 3-NPA group and the SPD + 3-NPA group, the Shannon index in the SPD group was significantly increased, and the Simpson index was significantly decreased (p < 0.05; Figure 3C). These results indicated that spermidine and 3-NPA could affect the structure of the intestinal flora, but spermidine had a limited effect on the structure of the intestinal flora induced by 3-NPA. A Circos map was used to display the dominant flora and the proportion of individual flora in each treatment groups and to visualize the influence of different treatments on the proportion of intestinal flora at the genus level (Figure 3D).
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FIGURE 3
 Effect of spermidine on intestinal flora structure. (A) Venn diagram; (B) Principal coordinate analysis based on OTU level; (C) The α-diversity of the microbial community, bar with the asterisk (*) level suggests the degree of significant difference, and the values are indicated as the means ± SD (* p < 0.05, **p < 0.01). (D) The discriminant analysis of LEfSe multilevel species differences from the phylum to genus level.


Firmicutes and Bacteroidetes accounted for 90% of the total microflora in the caecum of geese. At the phylum or genus level, 3-NPA changed the structure of intestinal flora and decreased the diversity of intestinal flora. The intestinal flora structure of SPD group was similar to that of the control group (Figure 4A). At the genus level, the microorganisms that dominated the top five in the control group were Bacteroides (18.25%), Romboutsia (5.18%), Rikenellaceae_RC9_gut_group (3.20%), unclassified_f__Lachnospiraceae (2.95) and Alistipes (2.9%). In the SPD group were Bacteroides (16.87%), Rikenellaceae_RC9_gut_group (6.06%), Subdoligranulum (4.86%), Faecalibacterium (4.58%) and norank_f__norank_o__Bacteroidales (2.74%); in the 3-NPA group were Bacteroides (25.67%), Subdoligranulum (4.91%), Rikenellaceae_RC9_gut_group (4.57%) and norank_f__norank_o__Bacteroidales (3.91%) and Olsenella (3.63%); in the SPD + 3-NPA group were Bacteroides (27.82%), Olsenella (5.34%), Subdoligranulum (4.92%), Rikenellaceae_RC9_gut_group (3.88%) and norank_f__norank_o__Bacteroidales (3.47%; Figure 4B).
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FIGURE 4
 Effects of spermidine on intestinal flora abundance. (A,B) Barplot analysis of microbial community compositions at the phylum and genus levels. (C,D) Heatmap analysis of microbial community compositions at the phylum levels and genus levels.


To intuitively see the difference in the bacterial community among intestinal samples of Sichuan white geese, we conducted species heatmap clustering analysis. At the phylum level, Bacteroidetes, Firmicutes and Actinobacteria were abundant in the intestinal flora. Gemmatimonadota abundance is low. Treatment with 3-NPA reduced the abundance of WPS-2 and Verrucomicrobiota in the gut. Spermidine slightly alleviated 3-NPA induced intestinal flora changes. The changes in flora abundance at the genus level and phylum level were different in the intestinal flora of Sichuan white geese. Spermidine or 3-NPA increased the abundance of Rikenellaceae_RC9_gut_group, Subdoligranulum and Faecalibacterium. Interestingly, spermidine or 3-NPA did not improve the bacterial abundance of Collinsella and Lactobacillus, but spermidine combined with 3-NPA increased the bacterial abundance (Figures 4C,D).

Based on the community abundance data in the sample, we used statistical methods to detect species with abundance differences in each group of flora, and assessed the significance of the differences. norank_f__Oscillospiraceae, Barnesiella, Erysipelatoclostridium, NK4A214, Fournierella and Clostridia_vadinBB60 showed significant differences among the treatment groups (p < 0.05). To further understand the effects of each treatment on the intestinal flora, two groups were selected for comparison. The abundances of Fournierella and Anaerofilum in the SPD group were significantly higher than those in the control group, while the abundances of Eubacterium_hallii_group and NK4A214_group were significantly lower than those in the control group (p < 0.05; Figures 5A,B). Compared with the control group, the abundance of norank_f__Oscillospiraceae, Christensenellaceae_R-7_group, Parabacteroides and NK4A214 decreased significantly in the 3-NPA group (p < 0.05). The abundance of Collinsella and Faecalitalea increased significantly (p < 0.05). Compared with the 3-NPA group, the abundance of Barnesiella in the 3-NPA + SPD group significantly increased, while the abundance of Eubacterium significantly decreased (p < 0.05; Figures 5C,D).
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FIGURE 5
 Differences in intestinal flora among different groups at the genus level. (A) Significance test of differences between treatments at the genus level. (B) Control group and SPD group. (C) Control group and 3-NPA group. (D) SPD group and SPD + 3-NPA group. Bar with the asterisk (*p < 0.05, **p < 0.01).




3.6 Effects of spermidine on metabolites of intestinal flora

A total of 9,785 positive ion peaks and 592 metabolites were detected by metabolome sequencing. There were 9,694 negative ion peaks and 413 metabolites (Table 4). The Venn diagram provides a clear understanding of the metabolites that exist between treatment groups and those that are unique to each group (Figures 6A,C). PLS-DA reflected the difference in metabolites in each treatment group. In the cationic mode, there was a partial overlap between the SPD group and the control group. There was overlap between the 3-NPA group and the SPD + 3-NPA group. In anionic mode, the SPD group and control group were separated. There was a small overlap between the 3-NPA group and the SPD + 3-NPA group (Figures 6B,D). To further explore the effects of spermidine, 3-NPA and oxidative stress on intestinal metabolites, differential metabolites were screened by limiting the variable Important in the projection, fold change and p value. When VIP > 1 and p value <0.05, 208 different metabolites were screened. There were 45 different metabolites in the SPD group and the control group, of which 26 metabolites were significantly increased and 19 metabolites were significantly decreased. There were 96 different metabolites in the 3-NPA group and the control group, among which 34 metabolites were significantly increased and 62 were significantly decreased. There were 22 different metabolites in the combined treatment group and 3-NPA group, among which 17 metabolites were significantly increased and 5 metabolites were significantly decreased (Table 5; Figures 7A–C).



TABLE 4 Statistical table of total ions and identification of intestinal metabolites in Sichuan white goose.
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FIGURE 6
 Effects of spermidine on intestinal metabolites. (A) Venn diagram of cationic metabolites. (B) PLS-DA analysis of cationic metabolites. (C) Venn diagram of anion metabolites. (D) PLS-DA analysis of anionic metabolites.




TABLE 5 Statistics of different metabolites in each treatment group.
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FIGURE 7
 Volcanic maps of different metabolites of each group. (A) Control group and SPD group. (B) Control group and 3-NPA group. (C) SPD + 3-NPA group and 3-NPA group.


The top 30 relative abundances of intestinal metabolites in the 3-NPA group, the SPD group, the SPD + 3-NPA group and the control group were selected to draw a cluster heatmap and VIP bar chart to further explore the changes in intestinal metabolites. The contents of Flavine mononucleotide, PE (15:0/16:0), Laccaic acid D and other metabolites in the SPD group were significantly lower than those in the control group (p < 0.05). The contents of Wikstromol, N-adaverine, Alpha-bisabolol and AS 1–5 were significantly increased (p < 0.05; Figure 8A). The contents of Isodesmosine, Blasticidin S, Bufotenin, D-Urobilin, Aucubin, N-butylscopolamine and Lysyl-phenylalanine in the 3-NPA group were significantly higher than those in the control group; The levels of D-mannose 6-phosphate and Butyryl-L-carnitine were significantly reduced (p < 0.05; Figure 8B). Compared with the 3-NPA group, the content of Ferulic acid 4-sulfate in the SPD + 3-NPA group was significantly decreased (p < 0.05). Phloretin xylosyl-galactoside, Equol, Sphingosine, and 17-phenyl trinor prostaglandin F2alpha serinol amide content was significantly increased (p < 0.05; Figure 8C).
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FIGURE 8
 Heatmap of different metabolites in each group. (A) Control group and SPD group. (B) Control group and 3-NPA group. (C) SPD group and SPD + 3-NPA group. Bar with the asterisk (*p < 0.05, **p < 0.01, ***p < 0.001).


To investigate the effects of spermidine and 3-NPA on metabolic pathways, KEGG enrichment analysis was performed. As shown in Figure 9A, spermidine treatment had significant effects (p < 0.05) on caffeine metabolism, Glutathione metabolism, Biosynthesis of alkaloids derived from histidine and purine, and Nicotinate and nicotinamide metabolism and Purine metabolism. 3-NPA enriched Prion disease, Neuroactive ligand–receptor interaction, Phosphotransferase system, and Regulation of actin. The pathways of cytoskeleton and Phenylalanine metabolism was significantly affected (p < 0.05; Figure 9B). Compared with the 3-NPA group, the SPD + 3-NPA group significantly affected the signaling pathway, Sphingolipid metabolism, Necroptosis and Apoptosis pathways (p < 0.05; Figure 9C).
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FIGURE 9
 Bubble map of KEGG enrichment of different metabolites in each group. (A) Control group and SPD group. (B) Control group and 3-NPA group. (C) SPD group and SPD + 3-NPA group.





4 Discussion

The gut is the main place for animals to absorb nutrients from the outside world, and its basic structure includes crypts and villi. Intestinal villi expand the intestinal surface area and enhance absorption (Kai, 2021). Wei et al. (2022) found that 8 μmol/L spermidine can promote the proliferation of IPEC-J2 cells. This study found that spermidine could improve the villus height and villus-crypt ratio in the gut of geese. The ratio can also reflect intestinal absorption capacity. It is speculated that spermidine can improve the height of intestinal villi by promoting cell proliferation, thus enhancing digestion and absorption. 3-NPA also increased the villus height of the duodenum and the villus height: crypt depth ratio of the jejunum and ileum. However, our subsequent experiments found that 3-NPA treatment can induce an increase in intestinal MDA content, resulting in intestinal oxidative damage. 3-NPA can significantly increase the expression of inflammatory factors and related proteins in glial cells, resulting in inflammatory response (Jang et al., 2023). It is speculated that 3-NPA can induce intestinal oxidative stress or inflammation, resulting in intestinal tissue enlargement, resulting in an increase in intestinal villus-crypt ratio. Compared with the 3-NPA group, the villus height of the duodenum and ileum was significantly increased in the SPD + 3-NPA group. We found that the contents of spermidine and putrescine in the duodenum and ileum were significantly increased in the group treated with spermidine combined with 3-NPA. Putrescine plays an important role in protecting intestinal integrity and promoting epithelial cell maturation (Liu et al., 2019). The contents of spermidine and putrescine increased in the group treated with spermidine combined with 3-NPA. Interestingly, the contents of putrescine and spermidine increased in the group treated with spermidine combined with 3-NPA, while the contents of spermidine in the duodenum and ileum decreased. There was no significant change in the contents of putrescine and spermidine in each intestinal segment of the SPD group, but the contents of spermidine in the jejunum and ileum decreased. It is speculated that exogenous spermidine does not affect the metabolism of putrescine and spermidine in physiological state. Pegg and Erwin (1985) found that after intraperitoneal injection of spermidine, the activity of spermidine/Spermine N1-acetyltransferase (SSAT) in the liver, kidney and lung tissue of mice increased. SSAT can catalyze the transfer of acetyl groups to spermidine or spermine amidopropyl terminals to produce N1-acetylated spermidine or spermine (Kurihara, 2022). It was speculated that feeding spermidine could improve the activity of SSAT in the gut of geese and lead to the conversion of spermidine to N1-acetylated spermidine deposition. In conclusion, feeding spermidine can improve intestinal morphology and increase villus-cyrpt ratio.

Digestive enzyme activity can affect intestinal digestion and intestinal function. Poultry digestive enzymes are mainly secreted by the pancreas and distributed mainly in the duodenum and jejunum (Gu et al., 2021). Amylase helps the gut digest gluten in food (Smith et al., 2015). Our study found that spermidine can increase the activity of amylase in the duodenum, suggesting that exogenous supplementation with spermidine is conducive to gluten decomposition. Lipase can participate in the digestion of fats and lipids and regulate gallbladder function (Patel et al., 2019). Reducing lipase activity an effective means to treat obesity. Lipase inhibitors change the lipid metabolism of the body by combining with active lipase in the intestine, thus reducing the digestion, absorption and accumulation of lipids in food (Liu et al., 2020). Zhang et al. (2020) showed that inhibition of lipase could improve the activity of immune enzymes, antioxidant capacity and the expression of anti-inflammatory factors, and improve the adverse effects caused by a high-fat diet. Our study found that feeding spermidine reduced duodenal and jejunal lipase activity, suggesting that spermidine can improve intestinal lipid metabolism and has the potential to be developed as a lipase inhibitor. Trypsin is a type of hydrolase that breaks down proteins into peptides (Kaur and Singh, 2022). Our study found that the trypsin content in the duodenum and jejunum remained stable, but spermidine and 3-NPA significantly changed the trypsin content in ileum. It was speculated that the ileum was close to the colon and cecum, and the microbial species increased. Spermidine or 3-NPA affected the trypsin activity by changing the microbial diversity. Compared with lipase and amylase, trypsin was always at a lower level in each intestinal segment. This may be related to the excessive increase in trypsin activity, which may cause a variety of diseases (Li et al., 2014). Spermidine combined with 3-NPA always reduces the activity of digestive enzymes. It is speculated that there may be an interaction between spermidine and 3-NPA, which inhibits endogenous digestive enzyme secretion. The specific mechanism remains to be further studied. In conclusion, feeding spermidine can significantly change the activity of intestinal digestive enzymes, promote the utilization of starch and inhibit the accumulation of fat.

Spermidine removes ROS and is considered an antioxidant (Balderas et al., 2016). Malondialdehyde oxidative stress is the reaction product of lipid peroxidation. MDA content can be used as one of the indices to measure the degree of oxidative stress in the body. Our study found that 3-NPA caused a significant increase in MDA in the intestinal tissues of geese, indicating that 3-NPA also caused oxidative stress in the intestinal tissues. MDA in the ileal tissue of piglets was significantly decreased after 11 days of feed treatment with 0.15% humus (Wu, 2018). This was consistent with our study, which showed that irrigation with spermidine significantly reduced the MDA content in small intestine tissues, and the MDA content in the intestinal tract of the spermidine combined with 3-NPA group was also significantly lower than that in the 3-NPA group. We also found that 3-NPA reduced intestinal spermidine levels, and the addition of spermidine reversed this situation. These results indicated that spermidine could reduce oxidative damage by reducing MDA accumulation. Our study found that spermidine could increase the activities of SOD and GPX enzymes in intestinal tissues, but did not affect the activities of CAT enzymes. The main function of CAT enzymes is to decompose H2O2 into O2 and water (Glorieux and Calderon, 2017). Spermidine has a positive charge at physiological pH and can directly neutralize H2O2 (Feuerstein et al., 1986). It is speculated that the antioxidant function of spermidine is similar to that of the CAT enzyme, so it does not affect its activity. Our study found that 3-NPA can increase the activities of intestinal SOD and CAT enzymes, while 3-NPA also causes MDA accumulation in intestinal tissues. It is speculated that the activity of antioxidant enzymes can be increased after 3-NPA stimulation, but it is not enough to alleviate the damage caused by 3-NPA. In conclusion, spermidine increased the activities of a variety of antioxidant enzymes and reduced lipid peroxidation, avoiding intestinal tissue damage induced by elevated oxidative stress levels.

Tens of thousands of microbial floras cogrowing in the gut and the host form a complex and changeable microecosystem, playing an important role in host metabolism and immunity (Wang et al., 2014). Changes in microbial flora can enable the host to rapidly adjust its metabolic and immune performance in response to environmental changes (Candela et al., 2012). Exogenous spermidine can increase the abundance of Fournierella and Anaerofilum flora in the intestinal tract of calves. Fournierella is the dominant genus in the intestinal tract of calves, and the abundance of Fournierella in the intestinal tract of calves with wet and hot diarrhea decreases. Moreover, Fournierella is positively correlated with phosphatidylcholine content (Yan et al., 2022). Phosphatidylcholine is one of the important components of intestinal mucus, which is the first barrier against bacterial invasion of the intestine (Stremmel et al., 2012). Qiu et al. showed that Anaerofilum in the gut of broilers was positively correlated with the production of short-chain fatty acids (Ali et al., 2022). Other studies showed that adding 1% Spicarum powder to the diet could improve the abundance of beneficial bacteria such as Anaerofilum, Sutterella and Peptococcus, improve intestinal morphology and antioxidant capacity, and thus improve intestinal health level and production performance of broilers (Zhang et al., 2022). We speculated that spermidine could affect the intestinal barrier and metabolism and improve intestinal health by increasing the abundance of beneficial bacteria.

Compared with the control group, the abundance of Oscillospiraceae, Parabacteroides and NK4A214 decreased significantly after 3-NPA treatment. Collinsella and Faecalitalea show significant increases in abundance. Oscillospiraceae is a genus of anaerobic bacteria belonging to the phylum Firmicutes and the family Ruminococcaceae. An increase in vitamin D content decreases the abundance of Rumenococcaceae (Bellerba et al., 2021). Other studies have shown that lipids and fatty acids play an essential regulatory role in intestinal absorption of vitamin D (Pyne et al., 2016). Our study found that after treatment with 3-NPA, the abundance of certain species of Spirillum in the gut decreased, while treatment with spermidine had no effect on it. It is hypothesized that 3-NPA therapy reduces the abundance of Oscillospiraceae in the intestine, affecting lipid metabolism and other pathways, and thus intestinal vitamin D absorption. Collinsella can participate in the regulation of cholesterol absorption, glycogen synthesis and triglyceride metabolism. Chen et al. showed that Collinsella could increase the expression of interleukin-17 and other inflammatory factors, causing intestinal inflammation and damaging intestinal barrier function. Other studies have shown a positive correlation between Collinsella and serum triglycerides and the degree of cirrhosis. In this study, it was found that 3-NPA treatment significantly increased the abundance of Collinsella, and it was speculated that 3-NPA treatment would lead to the disturbance of lipid metabolism in the body, and then cause intestinal inflammation or liver diseases (Taneja, 2016). The abundance of the gram-negative pathogen Parabacteroides increases the permeability of the intestinal epithelium and leads to inflammation and endotoxemia. Parabacteroides is also involved in carbohydrate and insulin signaling pathways (Hasain et al., 2020). Other studies have shown that Parabacteroides can produce acetate, reduce neutrophil infiltration and alleviate acute pancreatitis (Lei et al., 2021). Our study found that 3-NPA significantly decreased the abundance of Parabacteroides, suggesting that 3-NPA may affect metabolic pathways and intestinal epithelial cell permeability. Faecalitalea belongs to the Dantobacter family and is associated with intestinal inflammatory diseases (Dai et al., 2020). Wang et al. (2021) showed that adding xylanase to broiler diets could reduce the abundance of harmful bacteria such as Faecalitalea and Shigella Castellani, and promote the colonization of beneficial bacteria, thereby improving the growth performance of broilers. After 3-NPA treatment, the abundance of Faecalitalea was significantly increased, indicating that 3-NPA may cause intestinal inflammation and affect growth performance. NK4A214 belongs to the rumen bacteria family, which can decompose plant cellulose and hemicellulose in the gut and produce short-chain fatty acids to provide energy for the host (Wang et al., 2019). NK4A214 is a potential beneficial intestinal bacterium (Kan et al., 2021). Liang et al. (2021) showed that NK4A214 was negatively correlated with piglet diarrhea. This study found that spermidine and 3-NPA treatment groups significantly reduced the abundance of NK4A214, and the abundance of NK4A214 in the gut of obese mice also decreased (Zhao et al., 2017). The results showed that spermidine and 3-NPA could inhibit the colonization of NK4A214 and reduce the production of short-chain fatty acids. Compared with the 3-NPA group, the abundance of Barnesiella in the 3-NPA + SPD group significantly increased, and the abundance of Eubacterium significantly decreased. With the use of antibiotics, curbing the emergence and spread of resistant bacteria has become a major challenge (Snitkin et al., 2012). Vancomycin-resistant Enterococcus (VRE) is a type of Gram-positive coccus with strong Vancomycin resistance. Ubeda et al. (2013) showed that Barnesiella colonization could improve intestinal resistance to VRE colonization, limit its growth, and thus regulate intestinal microbial composition. Other studies have shown that the addition of resistant starch can increase the abundance of Barnesiella in the intestines of mice, thereby inhibiting intestinal inflammation (Hu et al., 2016). This study found a significant increase in the abundance of Barnesiella in the combined treatment group as compared to the 3-NPA group, suggesting that spermidine may be able to modify the structural changes in the gut flora caused by 3-NPA to some extent and inhibit 3-NPA-induced inflammation in the gut. Eubacterium is a kind of Gram-positive bacillus with uniform size, which can decompose carbohydrates to produce short-chain fatty acids (Ghosh et al., 2020). As a healthy diet, the Mediterranean diet can increase the abundance of Eubacterium (Mediterranean diet intervention alters the gut microbiome in older people reducing frailty and improving health status: the NU-AGE 1-year dietary intervention across five European countries). Eubacterium can degrade complex carbohydrates and produce short-chain fatty acids, then regulate intestinal inflammation or colonize in intestinal mucous layer and improve the utilization capacity of intestinal short-chain fatty acids (Van den Abbeele et al., 2013; Chen et al., 2015). Interestingly, the combined treatment group showed a significant reduction in Eubacterium abundance compared to the 3-NPA group, suggesting that spermidine may inhibit colonization of some Eubacterium genera in the gut. In summary, spermidine modulates the structure of the gut flora and promotes the colonization of beneficial bacteria in the gut. 3-NPA can damage the body by promoting the colonization of harmful bacteria and damaging intestinal health.

Gut microbes are considered to be one of the body organs that can affect gut metabolism and health, and metabolites produced by their decomposition of food are also key substances in regulating the host state. Spermidine promotes the production of beneficial metabolites. Wikstromol has anti-inflammatory effects (Yatkin et al., 2014). Laavola et al. showed that Wikstromol could relieve the inflammation of the limbs of mice and inhibit the production of inflammatory factors in macrophages (Laavola et al., 2017). The content of Wikstromol increased after spermidine treatment, which suggested that spermidine might have an anti-inflammatory effect on the intestinal tract. Acetoeugenone (AS 1–5) is one of the phenolic compounds produced by the degradation of lignin (Liu et al., 2020). The content of AS 1-5 in the SPD group was significantly increased, indicating that spermidine was conducive to lignin decomposition and could be used as an additional additive for microbial enzymatic hydrolysis of lignin (Kamimura et al., 2019). Alpha-bisabolol is a sesquiterpene alcohol that has anti-inflammatory, anti-apoptotic and antibacterial effects (Ramazani et al., 2022). Spermidine can increase the Alpha-bisabolol content in the intestine, suggesting that spermidine can exert anti-inflammatory and anti-apoptotic effects by regulating the Alpha-bisabolol content. Dietary supplementation with Flavine mononucleotide can improve the anti-inflammatory and antioxidant capacities of the body (Suwannasom et al., 2020). This study found that the content of Flavine mononucleotide decreased significantly after spermidine treatment. However, the activity of intestinal glutathione reduction was significantly increased, suggesting that spermidine might enhance the activity of antioxidant enzymes and inhibit the production of Flavine mononucleotide in other ways. The specific mechanism of action remains to be further studied.

Spermidine promotes the production of beneficial metabolites that improve gut quality. 3-NPA affects the production of many metabolites and can cause intestinal damage. Mannose plays an essential role in the body’s metabolism and glycosylation of specific proteins. Mannose ingestion is accumulated in the form of D-Mannose 6-phosphate (Gonzalez et al., 2018). Zhang et al. (2017) showed that adding Mannose to drinking water of mice could promote the proportion of regulatory T cells and inhibit the occurrence of diabetes and airway inflammation. It was found that 3-NPA resulted in a significant reduction in the amount of D-Mannose 6-phosphate in the gut, it is speculated that 3-NPA affects mannose uptake and may cause inflammation in the gut. Butany-L-carnitine can be transported to the intestine for absorption by the carnitine transprotein OCTN2, and the impairment of OCTN2 function may lead to intestinal inflammation (Vermeire and Rutgeerts, 2005). Srinivas et al. (2007) showed that Butyryl-L-carnitine has the potential to treat intestinal inflammation and can provide both butyrate and carnitine. Treatment with 3-NPA significantly reduces the amount of Butyrate-L-carnitine in the gut, and it has been hypothesized that 3-NPA affects OCTN2 function and reduces the absorption of Butyrate-L-carnitine, which can cause inflammation in the gut. Isodesmosine is a biomarker of chronic obstructive pulmonary disease and systemic inflammation (MacNee, 2013). 3-NPA can promote inflammation by enhancing the expression of IL-1β and TNF-α (Abdelfattah et al., 2020). Previous laboratory studies have found that intraperitoneal injection of 3-NPA in Sichuan white geese can cause ovarian damage. It has been speculated that 3-NPA promotes elastin hydrolysis, and thus the production of Isodesmosine. Meanwhile, 3-NPA increases systemic inflammatory factor levels after entering the bloodstream, causing tissue damage and inducing disease. Studies have shown that N-Butylscopolamine can inhibit intestinal motility in mice (Sasaki et al., 2020). Intestinal peristalsis has an impact on the body’s digestive ability and immune defense. After 3-NPA treatment, the increase of N-Butylscopolamine content may lead to the inhibition of intestinal peristalsis, affect intestinal flora and thus lead to inflammation. Blasticidin S is able to target translation by binding to the peptidyl transferase center of the large subunit of the ribosome and is able to inhibit the translation extension and termination process in some bacteria (Powers et al., 2021). In the 3-NPA group, the content of Blasticidin S increased significantly and the abundance of microorganisms decreased. It was speculated that 3-NPA inhibited the growth and colonization of some bacteria by increasing the content of Blasticidin S. Under oxidative stress, spermidine has a limited effect on metabolite content. Ferulic acid 4-sulfate is a cinnamic acid diffractant that has anti-inflammatory and antioxidant effects. Ferulic acid and Ferulic sulfate are negatively charged at high pH, and spermidine is a positively charged aliphatic compound (Kok et al., 2014). It is speculated that the interaction of spermidine with Ferulic acid leads to a significant decrease in the Ferulic acid 4-sulfate content in the intestinal tract. Pyne et al. (2016) showed that phosphorylation of Sphingosine can produce sphingosine phosphate, which can promote the interstitial transformation of epithelial cells. In this study, it was found that the content of Sphingosine increased after spermidine treatment, and spermidine could improve intestinal morphology, suggesting that spermidine might induce the proliferation and differentiation of epithelial cells by promoting sphingosine metabolism. In summary, spermidine and 3-NPA can change the content of intestinal metabolites, spermidine can increase the content of a variety of beneficial metabolites, and 3-NPA can inhibit the production of a variety of beneficial metabolites and thus cause intestinal inflammation.



5 Conclusion

Our experiment clarified the effects of spermidine on the intestinal health indices of Sichuan white geese. Spermidine can improve intestinal morphology, improve SOD, CAT and GPX enzyme activities, promote the colonization of beneficial bacteria such as Fournierella and Anaerofilum, and improve intestinal health by producing beneficial metabolites such as Wikstromol, Alpha-bisabolol and AS 1–5. 3-NPA reduces intestinal health and causes intestinal oxidative damage, which may be related to 3-NPA inhibiting beneficial metabolites such as D-mannose 6-phosphate and Butyryl-L-carnitine and promoting the production of harmful metabolites such as Blasticidin S and N-butylscopolamine. In conclusion, spermidine can improve intestinal health and alleviate intestinal damage caused by 3-NPA, which provides basic data for the development of spermidine-rich diets (Figure 10).
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FIGURE 10
 The basic mechanism of spermidine improving intestinal health. Spermidine can improve intestinal morphology, improve SOD, CAT, and GPX enzyme activities, promote the colonization of beneficial bacteria such as Fournierella and Anaerofilum, and improve intestinal health by producing beneficial metabolites such as Wikstromol, Alpha-bisabolol and AS 1-5. 3-NPA reduces intestinal health and causes intestinal oxidative damage.
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The purpose of this research was to investigate the impact of dietary supplementation of Caragana korshinskii tannin (CKT) on rumen fermentation, methane emission, methanogen community and metabolome in rumen of sheep. A total of 15 crossbred sheep of the Dumont breed with similar body conditions, were divided into three groups (n = 5), which were fed with CKT addition at 0, 2 and 4%/kg DM. The study spanned a total of 74 days, with a 14-day period dedicated to adaptation and a subsequent 60-day period for conducting treatments. The results indicated that the levels of ammonia nitrogen (NH3-N) and acetate were reduced (p < 0.05) in rumen sheep fed with 2 and 4% CKT; The crude protein (CP) digestibility of sheep in 2 and 4% CKT groups was decreased(p < 0.05); while the neutral detergent fiber (NDF) digestibility was increased (p < 0.05) in 4% CKT group. Furthermore, the supplementation of CKT resulted in a decrease (p < 0.05) in daily CH4 emissions from sheep by reducing the richness and diversity of ruminal methanogens community, meanwhile decreasing (p < 0.05) concentrations of tyramine that contribute to methane synthesis and increasing (p < 0.05) concentrations of N-methy-L-glutamic acid that do not contribute to CH4 synthesis. However, CH4 production of DMI, OMI, NDFI and metabolic weight did not differ significantly across the various treatments. To sum up, the addition of 4% CKT appeared to be a viable approach for reducing CH4 emissions from sheep without no negative effects. These findings suggest that CKT hold promise in mitigating methane emissions of ruminant. Further investigation is required to evaluate it effectiveness in practical feeding strategies for livestock.
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1 Introduction

The problems of global warming and climate change have gained worldwide attention. According to Moss et al. (2000), the contribution of livestock to global anthropogenic methane (CH4) emissions is estimated as 14–18%. Moreover, the generation of CH4 through the process of carbohydrate fermentation in the rumen is an energy utilization inefficiency (Millen et al., 2016). Hence, it is highly important to decrease CH4 emissions from ruminants, as it not only helps in mitigating climate change but also improves the efficient utilization of feed in livestock production (Chen et al., 2015).

For years, plant secondary metabolites have been regarded as harmful to animals and were referred to as anti-nutritional factors (Sarwar et al., 2012). Nevertheless, over the past few decades, there has been an increasing interest with these metabolites in the field of animal nutrition. This interest stems from their potential to enhance rumen function and reduce CH4 emissions by engaging various mechanisms that involve the rumen microbiome (María et al., 2020). Among them, condensed tannins (CT) stand out as highly promising. Researches on CH4 inhibition methods associated with diets rich in tannins or tannin extracts have been conducted with sheep (Adejoro et al., 2019) and dairy cows (María et al., 2020). According to prior research, the characteristics of ruminant animals were influenced by the microorganisms in their rumen, and the functions of these microorganisms could be observed through the metabolites (Hua et al., 2017). Nevertheless, the majority of research has primarily concentrated on the alteration in rumen fermentation (Ogunade et al., 2019; Avila et al., 2020) or the digestion of nutrients (Wang et al., 2021). The rumen microbiome assumes a crucial function in all ruminant species, participating in their utilization of nutrients, detoxification, and emission of CH4. Rumen methanogens use the H2 resulting from the fermentation of carbohydrates to reduce CO2 to CH4 in a series of biochemical reactions (Kuvera et al., 2019). And few reports studied the effects of CKT on CH4 emission in sheep. Which may be one of the main reasons why CKT inhibit CH4 emissions, and further study is needed.

Caragana korshinskii (CK) is extensively cultivated in arid and semi-arid farming-pasture areas of Northwestern China. It is commonly employed as a shrub species for afforestation and to combat desertification due to its ecological significance (Long et al., 2020). CK, being a fundamental cereal, has a beneficial impact on the growth and weight gain of herbivorous animal (Hong et al., 2016). CK has gained recognition in recent times as a fodder shrub due to its nutritional composition, which being rich phenolic acids, alkaloids, and various essential and nonessential amino acids (Long et al., 2020). CT are polyphenolic compounds with a high molecular weight, and it can regulate rumen fermentation and reduce enteric CH4 emissions (Tiemann et al., 2008; Adejoro et al., 2019). Thus, we hypothesized that Caragana korshinskii tannin(CKT) also has the ability to reduce enteric CH4 emissions. The present study investigated the mechanisms of CKT affecting the CH4 production using the high-throughput sequencing and untargeted metabolomics technology.



2 Materials and methods

The experimental animals, designs, and animal management in the present study were performed in accordance with the National Standard Guidelines for Ethical Review of Animal Welfare (GB/T 35892-2019).


2.1 Experimental animals, diets, and design

The experiment was carried out on the experimental farm of the Inner Mongolia Agricultural University, Hohhot, China. Dietary treatments consisted of 500 g/kg concentrate and 500 g/kg roughage, on a DM basis, composed of a variety of forage sources supplied in various quantities. The employed roughage sources were Chinese wildrye, alfalfa and CK. Whole-crop of CK at 60 days of growth were harvested, they were chopped and dried in the shade for 7 days, and dried CK were stored and protected from light until used. CK were used as sources of CT, and CT were measured using the butanol-HCL-method (Makkar, 2003). Table 1 provides information on the chemical composition and CT concentration in CK. A total of 15 crossbred sheep of the Dumont breed, with an average age of 1.5 years and an initial body weight of 40 ± 3 kg, each group consisted of five sheep. The sheep received one of the following feed regimens according to the treatment groups: (1) 400 g/kg concentrate +450 g/kg Chinese wildrye +150 g/kg alfalfa (CON); (2) 400 g/kg concentrate +150 g/kg Chinese wildrye +250 g/kg alfalfa +200 g/kg CK (2% CKT); (3) 400 g/kg concentrate +40 g/kg Chinese wildrye +160 g/kg alfalfa +400 g/kg CK (4% CKT); The three above dietary of sheep treatments had similar energy and CP levels (Table 2). The sheep were housed in the same barn and reared in individual tie stalls (1.5 × 2.5 m) with individual feed trough, the sheep were able to have direct visual and tactile contact and the animals were checked daily by trained personnel to verify the absence of symptoms of disease. Each sheep were given ad libitum to clean drinking water in a plastic bucket throughout the whole experiment. The experimental diet was given twice daily at 07:00 and 17:00. Table 2 displayed the components and nutritional content of the diet. The study spanned a total of 74 days, with a 14-day period dedicated to adaptation followed by 60 days of conducting treatments.



TABLE 1 Nutrient composition and CT content in Caragana korshinskii (%, air-dry basis).
[image: Table1]



TABLE 2 Ingredients and nutrient composition of the experimental diet (%, air-dry basis).
[image: Table2]



2.2 Chemical analysis

The feed samples were sent to the Inner Mongolia Key Laboratory of Animal Nutrition and Feed Science, College of Animal Science, Inner Mongolia Agricultural University, for DM and chemical analysis. To determine the DM content, the samples were oven-dried at 65°C until a constant weight was achieved. Upon drying, the samples were through a 1-mm screen. The ground samples were analyzed for ashes after 4 h of combustion in a muffle furnace at 550°C [Association of Official Analytical Chemists, 1990: method 942.05]. The DM, ash and ether extract (EE) of feed and feces samples were analyzed according to Association of Official Analytical Chemists, (1990) using the methods No. 934.01, 920.39, and 924.05, respectively. The OM of the samples was calculated by DM minus ash. The NDF and ADF were analyzed on an Ankom A200i Fiber Analyser (Ankom Technology Co., New York, NY, United States) using the methods of Damiano et al. (2023). CP using a Kjeldahl nitrogen analyzer [Association of Official Analytical Chemists, 1990: method 984.14]; Starch [Association of Official Analytical Chemists, 1990: method 996.11]; Calcium (Ca) [Association of Official Analytical Chemists, 1990: method 927.02]; Phosphorus (P) [Association of Official Analytical Chemists, 1990: method 965.17].



2.3 Digestibility trial

The trial to determine digestibility was carried out one week prior to the conclusion of the experiment. Feces from each sheep were collected daily using a plastic screen and weighted prior to being fed. Before determining chemical composition, the feed and feces samples were oven-dried at 65°C for 48 h. Then, determining DM, CP and ash according to Association of Official Analytical Chemists, (1990). The OM was determined by deducting the ash content from the DM of the samples. The determination of NDF and ADF was conducted using the approach outlined by Damiano et al. (2023). According to Chen et al. (2015), nutrient apparent digestibility = (total nutrients intake - nutrients in feces)/total nutrients intake.



2.4 Rumen fermentation index measurement

Samples of rumen fluid were obtained at 6 h after morning feeding on the final day of the experiment through utilizing a rumen tube with vacuum pump. To prevent contamination from saliva, the initial 5 mL of rumen fluid were discarded. The pH value of rumen was immediately measured after collection. Subsequently, rumen fluid sample underwent filtration using 4 layers of cheesecloth to analysis volatile fatty acids (VFA), ammonia nitrogen (NH3-N), ruminal methanogens, and metabolites. The filtered sample was divided into 4 parts and frozen (−20°C) for further analysis.

Gas chromatography (GC-2014, Shimadzu International Trading CO. LTD) was used to detect the total concentrations of VFA, following the method outlined in Liu et al. (2019). 15-mL rumen fluid from each sheep was centrifuged (10,000 × g) for 10 min. Following this, 4 mL of the resulting liquid was moved to a centrifuge tube that already contained 1 mL of metaphosphoric acid with a concentration of 25%. After being held for a duration of 30 min and then centrifuged (10,000 × g) for 15 min. For gas chromatographic determination, a sample bottle was filled with a 1.5-mL supernatant using a pipette.

Each sheep’s rumen fluid sample, measuring 10 mL, underwent centrifugation at 10,000 × g for 10 min. Then, 0.5 mL of the resulting supernatant was combined with 4.5 mL of hydrochloric acid (0.2 mol/L) to determine NH3-N concentrations, following the method outlined in Pellikaan et al. (2011).



2.5 Methane production

The open-circuit respirometry system with 6 metabolism cages (Sable Systems International, NV, United States) was utilized to measure CH4 production. A total of 15 sheep were split into three groups for determination. After a 48-h adaptation period, there was a subsequent 48-h duration dedicated to measuring methane emissions, The specifics regarding its explanation, functioning, and calibration are given in Salazar et al. (2018). The net CH4 concentration was determined by subtracting the ambient-air CH4 concentration from the CH4 concentration of air released from each chamber. To calculate the overall daily CH4 emission, the net CH4 concentration for each chamber was multiplied by each chamber’s daily air volume.



2.6 Analysis of methanogens community

The DNA Kit (Omega Bio-tek, Norcross, GA, United States) was used to extract the total DNA of sample. The NanoDrop2000 (Thermo Fisher, NY, United States) was used to detect the purity and concentration of DNA. A universal primer was used to amplify the 16S rRNA gene’s V3-V4 region 338F (5’-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3′) and 806R (5’-TTCATTGCRTAGTTWGGRTAGTT-3′), with microbial DNA serving as the template. The data were processed and analyzed on the Majorbio cloud platform.1



2.7 Non-targeted metabolomics analysis


2.7.1 Gas chromatography–mass spectrometry metabolomics analysis

Metabolomics analysis was conducted using the fluid from the rumen. A 200 μL sample of rumen fluid was moved into a centrifuge tube with a capacity of 1.5 mL, and then 300 μL of extraction solution (a mixture of methanol and acetonitrile in a ratio of 2:1) was introduced. After vortexing the mixture for 30 s, it was subsequently centrifuged at a speed of 13,000 revolutions per minute for 15 min at a temperature of 4°C. Following centrifugation, the liquid above the sediment was subjected to drying in a vacuum concentrator. Following the process of evaporation, the sample was supplemented with 80 μL of hydrochloride of methoxy amination (15 mg/mL in pyridine) and left to incubate for 90 min at a temperature of 37°C. The blend was placed in an incubator at a temperature of 70°C for a duration of 60 min. The samples that underwent derivatization were examined utilizing the Agilent 8890B-5977B gas chromatograph system manufactured by Agilent, located in Santa Clara, CA, United States.



2.7.2 Metabolomics data processing and analysis

MassHunter workstation Quantitative Analysis (v10.0.707.0) software was used to process the initial data. The preprocessed data were analyzed via Majorbio Cloud Platform. PCA and OPLS-DA were conducted using the R program’s ropls package (Version 1.6.2). The FC was utilized to assess the alteration pattern (upregulation or downregulation) of distinct metabolites. Significantly differential metabolites were chosen based on the variable important in projection (VIP) acquired from the OPLS-DA model and the p-value derived from Student’s t-test. Metabolites that had a VIP score greater than 1.5 and a p-value less than 0.05 were determined to be the metabolites that showed significant differences among the three groups. The metabolite distance algorithm was Bray-Curtis. The KEGG database was used to annotate the metabolic pathways where the distinct metabolites were grouped. Pathway enrichment analysis was conducted using the Python software (version 1.0.0) as described by Artegoitia et al. (2017). To investigate the metabolites essential for distinguishing between groups, we employed Receiver Operator Characteristic (ROC) analysis using SPSS (version 22) Statistics. As the area under curve (AUC) value approached 1, the prediction accuracy increased.




2.8 Correlation analysis

The correlation analysis was performed utilizing the tools provided by OmicShare. Spearman’s correlation coefficient was used to calculate the associations between distinct methanogens and metabolites, rumen fermentation parameters, and CH4 production. Additionally, the correlation coefficient was employed to determine the significant relationships between specific metabolites and CH4 production. The correlation coefficient (r) ranged from −1 to 1, with positive correlation represented by r > 0 and negative correlation represented by r < 0.



2.9 Statistical analysis

In order to determine the effect of treatments on the nutrient apparent digestibility, the alpha diversity indexes, rumen fermentation parameters, and CH4 production, in the present study, each sheep was considered as an experiment unit. The normality of the distribution of variables was tested by the Shapiro - Wilk test and all variables were normally distributed. All results of 3 dietary treatment groups were subjected to ANOVA where diets were treated as the fixed effect, period, and animal were considered as the random effect using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC, USA; version 9.0). When significant differences were observed, Tukey’s test was used to adjust for multiple comparisons. The PROC MIXED model was used including random and fixed effects as follows: Yij = μ + Li + Tj + εij, where Yij is the dependent variable, μ is the overall mean, Li is the random effects of sheep (i = 5), Tj is the fixed effect of CKT supplements (j = 0, 2 and 4%), and εij is the error term. Variability in the data was expressed as the standard error means and a probability level of p < 0.05 was considered statistically significant.




3 Results


3.1 The effect of CKT on rumen fermentation characteristics

The rumen fermentation parameters were listed in Table 3. In comparison to the control group, the 2 and 4% CKT groups exhibited a significant decrease (p < 0.05) in NH3-N and acetate concentrations. Rumen fluid pH, total VFA (TVFA), propionate, butyrate and valetate concentration and acetate: propionate (A/P) were not altered (p > 0.05) by addition of CKT.



TABLE 3 Effect of CKT on rumen fermentation parameters in sheep.
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3.2 The effect of CKT on intake and nutrient apparent digestibility

As shown in Table 4, dietary treatments did not show any effect on DM, OM, CP, NDF and ADF intake of animal. Similarly, the addition of 2% CKT did not have impact (p > 0.05) on the apparent digestibility of NDF. However, the addition of 4% CKT significantly increased (p < 0.05) the apparent digestibility of NDF. The addition of CKT at 2 and 4% resulted in a significant reduction (p < 0.05) in the apparent digestibility of CP. Both 2 and 4% CKT had no impact (p > 0.05) on the apparent digestibility of DM, OM, ADF and the intake of DM, OM, CP, NDF, ADF.



TABLE 4 Effect of CKT on feed intake and nutrient apparent digestibility in sheep.
[image: Table4]



3.3 The effect of CKT on CH4 emission

Table 5 shows that the inclusion of 2 and 4% CKT resulted in a significant reduction (p < 0.05) in daily CH4 emission (L CH4/d). CH4 production of DMI, OMI, NDFI and metabolic weight (BW0.75) did not differ significantly (p > 0.05) among the various treatments.



TABLE 5 Effect of CKT on CH4 emission in sheep.
[image: Table5]



3.4 The effect of CKT on the richness, diversity, and composition of ruminal methanogens

A total of 193,249 effective 16S rRNA sequences were obtained from 15 rumen fluid samples and 97 OTU were obtained by performing OTU clustering on nonrepetitive sequences according to 97% similarity. The analysis of α-diversity indicated a decrease in the Chao index in the 4% CKT group (p < 0.05), and the ACE index for both the 2 and 4% CKT groups showed a significant decrease (p < 0.05) compared to the CON group. Meanwhile, a significant increase(p < 0.05) in the Simpson index was observed in the 4% CKT group. Which demonstrated that adding CKT decreased the diversity and richness of ruminal methanogen communities (Table 6).



TABLE 6 Effect of CKT on α-diversity of ruminal methanogens in sheep.
[image: Table6]



3.5 The significantly different ruminal methanogens between the control and CKT groups

The β-diversity analysis was performed to explore differences in the rumen methanogens community between the treatment groups (Figure 1). The PCoA and NMDS plots, using the Bray-Curtis distance matrix, revealed a clear separation between the rumen methanogens in the control group and the 4% CKT group. Different quadrants of the coordinate axis held these points, indicating the intake of 4% CKT had a noticeable impact on both the species and abundance of rumen methanogens.

[image: Figure 1]

FIGURE 1
 Beta diversity analysis of ruminal through (A) principal coordinate analysis (PCoA) and (B) non-metric multidimensional scaling analysis (NMDS). CON, control group. CKT, caragana korshinskii tannin; PC = principal components.


At the phylum level, norank_d_Bacteria (34.62, 37.50 and 53.48%) and Euryarchaeota (52.12, 47.83 and 18.86%) were the dominant microbe in the control, 2% CKT and 4% CKT groups, respectively. The relative abundance of norank_d_Bacteria was increased in the 4% CKT compared with the CON and 2% CKT groups (p < 0.05). In contrast, Euryarchaeota was decreased in rumen with the 4% CKT addition (p < 0.05). At the genus level, norank_d_Bacteria (34.62, 37.50 and 53.48%), Methanobrevibacter (50.61, 45.76, and 16.60%), unclassified_d_Unclassified (13.26, 14.67, and 27.65%) and Methanosphaera (0.86, 1.38, and 1.63%) were the predominant genera in the control, 2% CKT and 4% CKT groups, respectively. The relative abundance of norank_d_Bacteria and unclassified_d_Unclassified were increased in the 4% CKT compared with the CON and 2% CKT groups (p < 0.05). In contrast, Methanobrevibacter was decreased in rumen with the 4% CKT addition (p < 0.05) (Table 7).



TABLE 7 Effect of CKT on species proportion of rumen methanogensin sheep.
[image: Table7]



3.6 The effect of CKT on ruminal metabolites in sheep

Untargeted metabolomics techniques were used to analyze the rumen metabolites, resulting in the identification of a grand total of 261 metabolites. The PCA analysis, which is a type of unsupervised multivariate statistical analysis, indicated that there was a clear distinction in the ruminal metabolites between the sheep in the CON and 4% CKT groups (Figure 2A). The variations in metabolites were additionally confirmed through the score plots of OPLS-DA (Figure 2B). The stability and reliability of the OPLS-DA model are confirmed by the cumulative values of R2Y (0.786) and Q2 (0.530) in the OPLS-DA plot.

[image: Figure 2]

FIGURE 2
 The principal component analysis (PCA) score plot (A) and orthogonal partial least squares discriminant analysis (OPLS-DA) score plot (B) of rumen metabolites. CON, control group; CKT = Caragana korshinskii tannin.




3.7 The significantly different ruminal metabolites between the control and 4% CKT groups

In Table 8, it was found that there were 25 distinct metabolites in the sheep’s rumen that differed between the control group and the 4% CKT group, with VIP scores exceeding 1.5 and p-values less than 0.05. Two clusters were formed to distinguish the differential metabolites between the two groups. The relative expression of dibenzofuran, heptanoic acid, 4-hydroxypyridine, N-methy-L-glutamic acid, N-carbobenzoxy-L-leucine, 1-octanol, N-alpha-acetyl-L-lysine, 2,3-butanediol and apigenin were elevated in the rumen of sheep fed 4% CKT compared with the CON group. However, The relative expression of tyramine, cyclohexanecarboxylic acid, 5-hydroxyindole-2-carboxylic acid, 2,6-diaminopimelic acid, asarylaldehyde, 4-O-methylphloracetophenone and 3,7-dihydroxyflavone etc. were higher in the CON group than that of 4% CKT group.



TABLE 8 Significant differential metabolites between the sheep of CON and 4% CKT groups (VIP > 1.5; p < 0.05).
[image: Table8]

To assess if the identified differential metabolites were crucial for distinguishing between different groups, a ROC curve was generated. As shown in Figure 3, the AUC of tyramine, N-methylglutamic acid, heptanoic acid and 1-octanol were all above 0.85, demonstrating that these specific ruminal metabolites effectively indicate the impact of a 4% CKT diet on rumen metabolism.

[image: Figure 3]

FIGURE 3
 ROC curves to evaluate the differential metabolites that have key impact on the differentiation between the sheep of CON and 4% CKT groups. ROC curve reflects the relationship between sensitivity and specificity. The x-axis is specificity (false positive rate). The closer the x-axis is to zero, the higher the accuracy will be. The y-axis is sensitivity (true positive rate). The larger the y-axis is, the better the accuracy is. The AUC is used to indicate the accuracy of prediction. AUC value close to 1 suggested the higher the accuracy of prediction. (A) Tyramine; (B) N-methylglutamic acid; (C) Heptanoic acid; (D) 1-octanol.




3.8 Metabolic pathway enrichment analysis of differentially abundant metabolites

The KEGG pathway enrichment analysis revealed that the addition of 4% CKT affected primarily CH4 metabolism (p < 0.0001), glycine, serine and threonine metabolism (p = 0.001), mminoacyl-tRNA biosynthesis (p = 0.057), glycerolipid metabolism (p = 0.036), glyoxylate and dicarboxylate metabolism (p = 0.001), pentose phosphate pathway (p = 0.039), cysteine and methionine metabolism (p = 0.060), isoquinoline alkaloid biosynthesis (p = 0.083), carbon fixation in photosynthetic organisms (p = 0.025) and sphingolipid metabolism (p = 0.024) in the rumen of sheep (Figure 4).

[image: Figure 4]

FIGURE 4
 Differential metabolic pathway enrichment analysis of significantly differential metabolites in rumen. The large size indicates high pathway enrichment, and dark color indicates high pathway impact values.




3.9 Correlation analysis among differential ruminal methanogens, metabolites, CH4 production, and rumen fermentation parameters

Correlation analysis between rumen methanogens and CH4 production showed that the emission of CH4/kg of DMI was positively associated with unclassified_f_Methanobacteriaceae (r = 0.550, p = 0.034) and unclassified_p_Euryarchaeota (r = 0.584, p = 0.022). CH4/day was negatively associated with unclassified_f_Methanomassiliicoccaceae (r = −0.386, p = 0.046). CH4/kg of OMI was positively associated with unclassified_p_Euryarchaeota (r = 0.515, p < 0.05) (Figure 5A).

[image: Figure 5]

FIGURE 5
 Correlation analysis between (A) rumen methanogens and CH4 production, (B) rumen methanogens and differential metabolites associated with methane metabolism.


The correlation between rumen methanogens and differential metabolites associated with methane metabolism is shown in Figure 5B. Methanobrevibacter was negatively associated with fructose- 1,6 -diphosphate (r = −0.4227, p = 0.037). Methanosphaera was positively associated with fructose- 1,6 -diphosphate (r = 0.3675, p = 0.018). Unclassified_c_Thermolplasmata was positively associated with N-methylglutamic acid (r = 0.5095, p = 0.029).




4 Discussion


4.1 CKT affected rumen fermentation, nutrient digestibility, and CH4 emission of sheep

Regarding rumen pH, no differences were found among the sheep, which aligned with the findings of Phesatcha and Wanapat (2017) who reported that average pH values of 6.5 ± 0.2 at CT concentration of <2%. Maintaining a stable pH in the rumen is essential for the proliferation of microorganisms and the fermentation of feed (María et al., 2020). Our results further indicated that CKT did not destroy rumen homeostasis.

To be certain to put in evidence any effect on CH4 production, various research studies have demonstrated alterations in VFA production and nutrient digestibility when employing quebracho tannins, fumarate, and propionate precursors, further affecting CH4 synthesis and metabolism. For instance, there was a decrease in acetate concentration and the A/P ratio when 10 and 20 g/kg DM of quebracho tannin extracts were added to sheep dietary (Beauchemin et al., 2007). This subsequently lowers the quantity of hydrogen available for methanogenesis, as mentioned in a research by Patra and Jyotisna (2009). Study carried out utilizing propionate precursors, like acrylate (Newbold et al., 2005), demonstrated a decrease in CH4 yield while observing an increase in acetate and TVFA production. Amlan et al. (2017) found that the decrease in CH4 emissions from the digestive system was affected by the digestibility of CP. Similar responses were discovered in this research, where the decrease in intestinal propionate concentration and CH4 production was impacted by the digestibility of NDF. Molina-Botero et al. (2019) observed a reduction in the apparent digestibility of NDF by including E. cyclocarpum and G. sepium (contain CT), this could be explained by the multiple adverse effects of CT’s on animal fermentative processes. CT negatively affected the adhesion of cellulolytic bacteria to the substrate, reduced the activity of fibrolytic enzymes, and inhibited the growth of the cellulolytic population or form complexes with cellulose. However, in the present study, the digestibility of NDF was increased in 4% CKT group, this could be attributed to the different activity and molecular structure of tannins, which needs to be further studied.

NH3-N serves as a crucial nitrogen provider for the process of rumen fermentation and the development of microorganisms. Increased availability of NH3-N in the rumen results in higher nitrogen loss and stunted growth (Kabasa et al., 2004). In this research, the inclusion of 2 and 4% CKT in the diet resulted in the concentration of NH3-N decreased significantly, suggesting a reduction in ruminal CP degradation. Other research studies have also yielded comparable findings when assessing quebracho CT at a daily dosage of 18 g/kg in cows (Aguerre et al., 2016). The decrease in NH3-N concentration corresponded to the decrease in CP digestibility in the rumen of sheep that were fed 2 and 4% CKT. The decreased digestibility of CP observed in the 2% CKT and 4% CKT group is associated with the capacity of tannin to attach to protein. Furthermore, it is plausible that a portion of this compound (tannin-proteins) did not separate in the abomasum (Waghorn, 2007). Furthermore, when tannin is released into the duodenum, it has the potential to deactivate enzymes in the intestines or attach itself to proteins (Warren et al., 1998), ultimately leading to a decrease in the digestibility of proteins. Similar results were observed by Tiemann et al. (2008) with black wattle CT, there was a gradual decrease in CP digestibility as the levels of up to 20 g/kg of DM were included in the diets of Jersey steers. Al-Dobaib (2009) reported a negative impact of 15 g kg−1 CT from quebracho on protein degradation in an in vitro experiment with rumen fluid from sheep. Other studies reported that condensed or hydrolysable tannin concentrations below 15 g/kg had no impact on in vivo ruminal protein degradation (Benchaar et al., 2008; Krueger et al., 2010). The inclusion of 2 and 4% CKT resulted in a significant reduction in daily CH4 emission can be attributed to the reduced digestibility of CP in the rumen, as observed in current research.

Rumen microorganisms degrade carbohydrates to form VFAs, CO2, H2, CH4, adenosine triphosphate (ATP), and a few other compounds. VFAs account for 70–80% of the energy sources of ruminants (Jayanegara et al., 2011). Vasta et al. (2019) provided a summary of the existing literature on the alterations in TVFA levels and the acids acetic, propionic, butyric, and valeric following tannin usage. Five parameters showed varying levels, ranging from increased to unchanged to decreased. The precise impact of tannin on the alteration of the molar ratios of VFAs in the rumen remains uncertain, and several authors have proposed that differences in tannin structure and activity due to different plant sources and extraction conditions may explain this inconsistency (Patra et al., 2017). Hence, it is crucial to examine the impacts of tannin inclusion on a per-instance basis. The absence of disparities in TVFA, propionic, butyric, and valeric acids in the present research might be attributed to the restriction of animal numbers per treatment, which minimized the variability linked to the impacts of diet or the insignificant impact of dietary additives on VFA absorption through the rumen wall (Bodas et al., 2012). These results align with previous studies (Aguerre et al., 2016; Piñeiro-Vázquez et al., 2018). The decrease in acetate levels could be associated with the impact of CT on the breakdown of fiber in the rumen. According to Castro-Montoya et al. (2011), cellulolytic bacteria exhibit greater susceptibility to elevated levels of CT in comparison to other microorganisms. These substances not only create complexes with plant cell wall carbohydrates but also directly hinder the activity of CT in these microorganisms. The CT caused a shift in the usage of carbon chain for the creation of VFAs in the rumen, resulting in a reduction in the concentration of acetic acid. This alteration in rumen fermentation could potentially lead to a decreased amount of free metabolic hydrogen, ultimately resulting in limited availability for CH4 production (Hassanat and Benchaar, 2013). Which was another reason for CH4 emission reduction effect of CKT.



4.2 Mechanisms of CKT decreasing CH4 emission in rumen of sheep

In present work, we confirm the strong effect of depression of CKT on methanogensin population. In addition, as above mentioned, the mechanisms in which CKT reduce CH4 emission have two mechanisms, i.e., (1) through reduction in CP digestibility and increase in NDF digestibility, and (2) through decrease concentration of acetic acid, this change in the rumen fermentation may have led to a decrease in the amount of free metabolic hydrogen available for CH4 production. Nevertheless, Cammack et al. (2018) reported that microorganisms had a significant impact on the effective functioning of the rumen. Protozoa utilize starch, cellulose, hemicellulose, pectin, and soluble sugars to generate VFA and H2. The methanogens that are attached to the surface of protozoa employ available H2 to produce CH4, thereby reduce the negative pressure in the rumen (Caridad et al., 2012). In the absence of methanogens, the levels of methane can be reduced by approximately 11% (Newbold et al., 2015). Thus, high-throughput sequencing technology was used to detect the population diversity of methanogensin the current study, results showed that the relative abundance of Euryarchaeota, which contained most of the methanogens, was lower in the 4% CKT group than that of CON and 2% CKT groups. In addition, the relative abundance of Methanobrevibacter, as the prominent methanogen, also was lower in the 4% CKT group than that of the CON and 2% CKT groups. In this sense, several studies provide support for our findings through various studies conducted under in vitro conditions using cattle rumen liquor, for example, Tan et al. (2011) observed that the total methanogens, as well as methanogens belonging to the Methanobacteriales, showed a significant decline when CT inclusions exceeded 1 mg/50 mg DM. Meanwhile, Animut et al. (2007a) also noted that goats fed diets containing CT had decreased populations of methanogens in their rumen. Liu et al. (2011) observed the phenomenon in vivo, the addition of 30 g of CT/kg of diet from chestnut decreased the populations of methanogens in sheep. One potential explanation for the antimethanogenic impact is the suppressive influence of tannins on the functions of enzymes essential for the development of methanogens (Patra and Saxena, 2011). In addition, several studies (Animut et al., 2007b; Bhatta et al., 2009) found that CT had antiprotozoal properties. As we know, methanogens attached to the surface of ciliate protozoa and symbiosed with them (Finlay et al., 1994). Hence, a decline in protozoa populations could potentially lead to a decrease in methanogen populations. However, the underlying mechanism behind this process needs further investigation.

The use of metabolomics analysis offers a chance to comprehensively assess a wide range of small molecule metabolites in cells, tissues, and biofluids. While the complete description of the majority of differential rumen metabolites identified in the research is still lacking, the metabolomics findings also indicate that CKT supplementation has a significant impact on methane metabolism in sheep. Tyramine is a monoamine compound derived from the tyrosine, which can be converted to pyruvate under the action of tyrosine aminotransferase (Zhang et al., 2019). The H2 produced by the catabolism of pyruvate is the raw material for methane synthesis (Min et al., 2020), thus, the decrease in tyramine levels was consistent with the decrease in the daily CH4 emission. Therefore, the decreased levels of tyramine might imply the potential of CKT to downregulate methane synthesis in sheep. Studies have shown that animals can produce formaldehyde through physiological and biochemical reactions and metabolic reactions, which is an important intermediate metabolite (Ma et al., 2020). Through substitution reaction, methane can be converted into methanol, and formaldehyde is the oxidized substance of methanol. N-methy-L-glutamic acid is analog of L-glutamic acid, which can produce formaldehyde through a series of metabolic pathways (Guido et al., 2018). In the present research, the rice in N-methy-L-glutamic acid levels implies that the transition from methane to formaldehyde may be inhibited. The negative correlation between N-methy-L-glutamic acid and Methanobrevibacter could be accounted for. The above-mentioned compounds are significant candidates for future investigations due to their reaction to CKT supplementation. Further investigation is warranted to explore the metabolic processes and action mechanism of CKT in the sheep rumen.

However, some limitations need to be acknowledged. First of all, it is obvious that supplementing tannin with CK instead of green hay is not appropriate, since tannin is only one of the main active ingredients in CK, further extraction and purification of this compound is needed to carry out further research. In addition, this preliminary model was developed on a single experimental group at one farm (crossbred sheep of the Dumont breed). Therefore, its generalizability remains to be assessed in multi-farm studies and meta-analyses and is yet to be externally validated. Recognizing these limitations is crucial to properly contextualize the study and the research questions that need to be investigated in order to gain a more comprehensive understanding of the impact of CKT on CH4 emission of sheep.




5 Conclusion

The results of this experiment demonstrate that the levels of NH3-N and acetate in rumen of sheep were reduced when fed 2 and 4% CKT; The digestibility of CP in sheep from 2 and 4% CKT groups was decreased; while the digestibility of NDF was increased in 4% CKT group. Furthermore, the supplementation of CKT resulted in a decrease in daily CH4 emissions from sheep by reducing the richness and diversity of ruminal methanogens community, meanwhile decreasing concentrations of tyramine and increasing concentrations of N-methy-L-glutamic acid. However, CH4 production of DMI, OMI, NDFI and metabolic weight did not differ significantly across the various treatments. Whether this is related to adaptative mechanisms involved in feed conversion efficiency and rumen digestion process needs further studies preferable under house feeding situations. Collectively, Dietary supplementation with 4% CKT/kg DM per sheep could reduce CH4 emission through reduction in CP digestibility, increase in NDF digestibility and decrease concentration of acetic acid. In addition, decreased the abundance of ruminal methanogens, inhibited CH4 synthesis and metabolism.



6 Prospect

Competency in nutritional science is essential for veterinarians to be able to promote and maintain good health in all types of livestock. In addition, Veterinarians, technicians, and students must consider using social media platform as an innovative educational tool (Edlira et al., 2023; Muca et al., 2023). Which is importance of effective teaching methods in shaping knowledgeable students and proficient veterinarians. As the social media landscape evolves. Which can result in a significant platform for knowledge sharing, collaboration, and engagement among veterinary professionals and students. Finally, CK is a kind of high nutrient roughage resource with local characteristics, has little food-feed competition, and could be one of the promising tools for small and marginal farmers to reduce the negative environmental impact of livestock production while improving the productivity.
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Beneficial effects of American ginseng (Panax quinquefolius L.) extract residue as a feed additive on production, health status, and gastrointestinal bacteria in sika deer (Cervus nippon)
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American ginseng residue is an industrial by-product of ginseng saponin extraction, including polysaccharides and amino acids; however, it is often discarded into the natural environment, representing a waste of resources as well as an environmental issue. In this study, we examined the effects of adding American ginseng residue to the basal diet of sika deer. Twelve antler-bearing male sika deer were assigned randomly to groups fed a diet supplemented with 0% (CON), 1% (LGR), and 3% (HGR) American ginseng residue, respectively, (n = 4 per group) for 5 weeks. Supplementation with 3% American ginseng residue significantly increased antler production and feed utilization efficiency in antler-bearing sika deer (p < 0.05). There were no significant differences in serum biochemical indexes among the three groups, but serum immunoglobulin A and glutathione peroxidase levels were significantly increased in the LGR and HGR groups (p < 0.05). Supplementation with American ginseng residue affected rumen fermentation in sika deer, significantly increasing the rumen contents of acetic acid, propionic acid, and total volatile fatty acids, and decreasing rumen fluid pH (p < 0.05), but had no significant effect on microbial protein or ammoniacal nitrogen content. American ginseng residue also affected the rumen bacterial composition, with significant up-regulation of Bacteroidota abundance in the HGR group, significant increases in Fibrobacterota and Fibrobacter abundance in the LGR group, and a significant decrease in Oscillospiraceae_UCG-005. Supplementation with ginseng residue had no significant effect on volatile fatty acids in the feces of sika deer, but did affect the composition of fecal bacteria, with significant decreases in Desulfobacterota and Rikenellaceae_RC9_gut_group in the HGR group, and a significant increase in Ruminococcus in the LGR group (p < 0.05). In addition, the abundance of Paeniclostridium in the feces decreased linearly with increasing concentration of ginseng residue, with a significant difference among the groups (p < 0.05). This study comprehensively evaluated the effects of American ginseng residue as a potential feed additive on the production performance and gastrointestinal bacterial community in antler-bearing sika deer. The results indicated that ginseng residue was a suitable feed additive for improving production performance and health in sika deer.
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1 Introduction

Ginseng residue is an industrial by-product resulting from the extraction of ginseng plants, such as American ginseng (Panax quinquefolius L.) and ginseng (Panax ginseng C. A. Mey.). These residues were previously disposed of as landfill, with adverse effects on the ecological environment. Given the efficacy and importance of ginsenosides in human health care products, many residues after ginsenoside extraction still contain active ingredients, such as polysaccharides and amino acids (Sun et al., 2022, 2023); however, extracting these would entail additional costs. Ginseng residue has previously been reported as a novel source of cellulose to provide energy to piglets, after microbial fermentation to break down lignocellulose (Xiao et al., 2022); however, this likely disrupted the functions of the active substances. We therefore considered that it would be possible to avoid wasting the functional ingredients of ginseng residue, such as active polysaccharides, oligopeptides, and sterols, by direct feeding, while simultaneously reducing environmental pressures.

Panax quinquefolius, P. ginseng, P. notoginseng, and P. japonicus are all well-known medicinal plants with excellent antioxidant and immunity-boosting effects (Li et al., 2017; Paik et al., 2023), which have different qualities in Chinese medicine and can be used for different diseases (Liu et al., 2020). Its main medicinal components are saponins and polysaccharides (Xiong et al., 2020; Qi et al., 2021). American ginseng is currently widely planted globally, with huge production, with the United States, Canada, China, and South Korea among the main production areas (Punja, 2011). The most commonly reported biological functions of American ginseng polysaccharides involve modulation of the inflammatory response and improvement of immune function. Previous studies showed that neutral polysaccharides in American ginseng significantly reduced expression levels of the pro-inflammatory cytokines interleukin (IL)-1β, IL-6, and tumor necrosis factor-α, and inhibited the massive recruitment of neutrophils in the neural thalamus of zebrafish, thus alleviating inflammation (Xie et al., 2023). Another oligopolysaccharide isolated from American ginseng, CVT-E002, acted on B-lymphocytes and stimulated the proliferation of splenocytes and the production of immunoglobulin (Ig) G in mice (Wang et al., 2001). Three acidic polysaccharides in American ginseng, PPQA2, PPQA4, and PPQA5, also showed immunostimulatory functions (Wang et al., 2015), while the polysaccharide WQP significantly ameliorated antibiotic-induced diarrhea in rats by inhibiting the mitogen-activated protein kinase inflammatory signaling pathway, decreasing inflammatory cytokine levels and the infiltration of inflammatory cells in the ileum and colon, and increasing short-chain fatty acids by increasing the abundance of beneficial bacteria, such as Lactobacillus and Bacteroides intestinalis, which promote restoration of the intestinal barrier (Ren et al., 2022). In addition to saponins and polysaccharides, protopanaxadiol in American ginseng significantly inhibited the growth of cancer cells by acting on signaling pathways such as TRAIL (Zhang et al., 2015). Some small molecule oligopeptides in American ginseng were shown to increase the activity of oxide-producing dismutase and glutathione peroxidase, reduce malondialdehyde content, and increase expression levels of nuclear respiratory factor 1 and mitochondrial transcription factor A in mice, thus enhancing the body’s scavenging function of reactive oxygen species and relieving fatigue (Li D. et al., 2018). These results indicate that saponin-extracted American ginseng residue retains medicinal value.

Sika deer are an important component of China’s livestock industry, providing humans with high-quality medicinal and edible products such as antlers, blood, and meat; notably however, nutritional research in sika deer is lacking (Bao et al., 2021; Zhou Z. et al., 2022; Takeda et al., 2023). The antler provide a traditional, valuable, and expensive medicinal product with a variety of effects, such as improving sexual performance in mice and boosting immunity (Zang et al., 2016; Xia et al., 2022). Antler production is thus one of the most important stages in the breeding of sika deer, with distinct economic impacts. Sika deer are sensitive and timid by nature and are thus susceptible to stress caused by frequent human interventions in captivity and the inability to change their living environment in response to changes in the natural environment (Zidon et al., 2009). During the antler-growth period, deer also need to cope with high energy and protein requirements, as well as adapting to rapid changes in hormone levels (Price and Allen, 2004; Bartos et al., 2009; Bao et al., 2021).

The effect of American ginseng residue in sika deer farming is unknown. We therefore comprehensively assessed the effect of American ginseng residue on the production performance, digestibility of nutrients, serum biochemical indexes, and gastrointestinal bacteria and bacterial fermentation in antler-bearing sika deer, with the aim of providing a reference for the reuse of waste and the development of novel feed additives.



2 Materials and methods


2.1 Animal ethics statement

All animal procedures were approved and authorized by the Animal Ethics Committee of the Institute of Special Animal and Plant Sciences, Chinese Academy of Agricultural Sciences (NO. ISAPSAEC-2021-59D).



2.2 Experimental material

American ginseng residue is a by-product of ethanol extraction of saponins. The ginseng residue used in these experiments was purchased from Jilin Hongjiu Bio-technology Co. (Tongliao, Jilin, China). The average polysaccharide content of this batch of residue was 31.61%, and no total ginsenosides were detected in the laboratory.



2.3 Experimental design and animal management

Twelve healthy 4-year-old male sika deer with similar body weights and antler-regeneration times were selected for this experiment. Each deer was housed in a separate enclosure and assigned randomly to one of three groups fed basal diets supplemented with 0, 1, and 3% American ginseng residue, respectively. The entire experiment lasted for 5 weeks, including a 1-week pre-experimental period to determine the maximum feed intake of the animals and acclimatize them to the diet, followed by a 4-week experimental period. Throughout the 5-week period, the animals were fed at 4 am and 5 pm each day with a total of 2.8 kg of diet (air-dried basis), during which time the animals had free access to water and the pens were cleaned regularly to ensure a clean environment. All the feed provided was consumed by the animals. The composition and nutrient content of the basal diet are shown in Table 1. The experiment was carried out in Shuangyang District, Changchun City, Jilin Province, China (longitude: 125.724, dimension: 43.539, temperature: 19–28°C, wind scale: <3).



TABLE 1 Basic dietary composition and nutrient levels (dry-matter basis).
[image: Table1]



2.4 Sample collection and measurement

Approximately 200 g of fresh feces were collected from the deer each day before morning feeding for 4 days prior to the end of the experiment. Hair and grit were removed from the collected feces and the feces were sprayed with 10% dilute hydrochloric acid for nitrogen fixation. The samples were then divided into two parts and processed immediately. One part was dried at 65°C to constant weight, pulverized, and passed through a 40-mesh sieve to produce air-dried samples to detect crude protein and so on (Yang L. et al., 2022), and the other was sterilized at 85°C for 2 h, dried at 65°C to constant weight, and sieved through an 18-mesh sieve for fiber determination.

On the last day of the experiment, the deer were anesthetized using an anesthesia gun (xylazine hydrochloride injection, 2 mL/100 kg) prior to the morning feeding, the antlers were cut off completely using a sterilized saw and weighed, and approximately 30 mL of blood was obtained. The blood was centrifuged (1,200 × g) and the serum was aspirated and stored at −80°C for later use. A special hose is inserted through the mouth to reach the rumen, and then the rumen fluid is extracted by means of negative pressure. Approximately 200 mL of rumen fluid was obtained from each deer via the rumen, of which the first 100 mL was discarded to avoid salivary contamination (Chang et al., 2022). Approximately 20 g of fresh feces were obtained from the rectum of the deer using sterile disposable gloves. The rumen fluid and feces were transferred quickly to liquid nitrogen and stored at −80°C for further analysis.


2.4.1 Digestibility of nutrients

Crude protein, ether extract, and dry matter were determined as described previously [Association of Official Analytical Chemists (AOAC), 2006] using a fully automated Kjeldahl nitrogen analyzer KDN-520 (Hangzhou Lvbo Instrument Co., Hangzhou, Zhejiang, China) and Soxhlet fat extraction B-811 (Büchi Labortechnik AG., Flawil, Switzerland). Neutral detergent fiber and acid detergent fiber (ADF) were determined using a fiber analyzer ANKOM A2000i (Ankom Technology Co., Macedon, NY, USA) according to the methods (Raffrenato and Van Amburgh, 2011; Barbosa et al., 2015). Acid-insoluble ash was used as an indicator and determined as described by the reference (Prawirodigdo et al., 2021). Apparent digestibility of a nutrient = 100 − (100 × A/A1 × B1/B), where A is the percentage of 2 mol/L hydrochloric acid-insoluble ash in the sample, A1 is the percentage of 2 mol/L hydrochloric acid-insoluble ash in the feces, B1 is the percentage of that nutrient in the feces, and B is the percentage of that nutrient in the sample.



2.4.2 Serum biochemical, antioxidant, and immunological indicators

The concentrations of serum triglycerides, total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, glucose, total protein, albumin, globulin, alkaline phosphatase, and aspartate aminotransferase were analyzed using commercial colorimetric kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) with a Beckman AU480 automatic biochemistry analyzer (Vitalab Selectra E, Spankeren, The Netherlands). Serum concentrations of IgA, IgM, and IgG were quantified using enzyme-linked immunoassay kits (MLBIO, Shanghai, China). Serum antioxidant levels of total superoxide dismutase, glutathione peroxidase, catalase, and total antioxidant capacity were measured using kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China), in accordance with the manufacturer’s instructions.



2.4.3 Volatile fatty acids and rumen fermentation

Rumen fluid samples were centrifuged at 5000 × g for 10 min at 4°C, and the supernatant was added to 25% metaphosphoric acid solution containing an internal standard at a ratio of 5:1 (supernatant: internal standard), mixed well, frozen at −20°C overnight, centrifuged at 10,000 × g for 10 min at 4°C, and the supernatant was prepared. Fecal samples (30 mg) were placed in a glass tube and 900 μL of 0.5% phosphoric acid was added, mixed well, centrifuged at 14,000 × g for 10 min at 4°C. An equal amount of ethyl acetate was added to 800 μL of supernatant for extraction, mixed well, and centrifuged at 14,000 × g for 10 min at 4°C. The upper layer of the organic phase was mixed with 4-methylglutaric acid and prepared for use. The prepared samples were analyzed by mass spectrometry using an Agilent 7890A/5975C gas-mass spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA). The chromatographic peak areas and retention times were extracted using MSD ChemStation software (Version B.08.00, Agilent Technologies Inc., Santa Clara, CA, USA). Standardized curves were plotted to calculate the contents of volatile fatty acids in the samples (Wang M. et al., 2016; Zhang et al., 2017).

The concentrations of ammoniacal nitrogen and microbial proteins in the rumen fluid were determined using appropriate kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) (Shahinian and Reinhold, 1971; Liu S. et al., 2023) and the pH of the rumen fluid was determined using a PHS-3C pH meter (Shanghai INESA Scientific Institute Co., Shanghai, China) (Kong et al., 2020).



2.4.4 16S rRNA amplicon sequencing

DNA was extracted from the samples using the CTAB method (Minas et al., 2011), tested for purity and concentration, and then diluted to 1 ng/μL using sterile water and used as a template for polymerase chain reaction (PCR) amplification using the following primers: 338 F (5′-ACTCCTACGGGGAGGCAGCA-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR products were purified by magnetic beads, and detected by electrophoresis using a 2% agarose gel after mixing in equal amounts according to the PCR product concentration. A TruSeq DNA PCR-Free sample preparation kit (Illumina Inc., San Diego, CA, USA) was used for library construction, and the constructed libraries were quantified by Qubit and Q-PCR, qualified, and analyzed by NovaSeq6000 (Illumina Inc.) for on-line sequencing (Li et al., 2015; Zhang et al., 2023).




2.5 Data analysis

The Shannon index, Simpson index, abundance-based coverage estimator index, Chao1 index, and UniFrac distance were calculated using Qiime software (Version 1.9.1). Principal coordinates analysis (PCoA) plots were plotted using R software (Version 2.15.3). PCoA analysis was performed using the WGCNA, stats, and ggplot2 packages in R. Linear discriminant analysis effect size (LEfSe) was performed using the LEfSe package with a default setting of linear discriminant analysis (LDA) score of 3. Adonis analysis was performed using the adonis function in the R vegan package.

Data were analyzed using SPSS software (IBM SPSS Statistics 26; IBM-SPSS Inc., Chicago, IL, USA). The Shapiro–Wilk test was used to determine if the data conformed to a normal distribution, the Kruskal–Wallis test was used to determine non-conformity, and the Bonferroni method was used for multiple comparisons if p < 0.05. Normally distributed data were analyzed using parametric tests and the F-test was used to determine variance alignment. One-way ANOVA was used and post hoc multiple comparisons were made using Tukey’s test if variance alignment was met, and the t-test was used if variance alignment was not met. Values were expressed as mean ± standard error, with a significance value of p < 0.05.




3 Results


3.1 Effect of American ginseng residue on antler production and apparent digestibility of nutrients in sika deer

The addition of American ginseng residue to the diet significantly increased antler production by sika deer during the antler-bearing period (Table 2), with significantly greater production in the HGR group compared with the CON group (p < 0.05). Antler production was also increased in the LGR group, but the difference was not significant. The apparent digestibility of the ADF was significantly increased in the LGR and HGR groups compared with the CON group (p < 0.05), but there was no significant difference in the apparent digestibility of other nutrients among the groups.



TABLE 2 Antler weight and apparent fecal digestibility of nutrients.
[image: Table2]



3.2 Serum biochemical indexes in the three groups of sika deer

The addition of American ginseng residue to the diet had no significant effect on any of the measured serum biochemical indexes (Table 3), and no effect on glycolipid metabolism, protein metabolism, or enzymes related to liver and kidney metabolism (p > 0.05). Serum globulin levels tended to increase linearly with increasing ginseng residue concentration, but the difference was not significant (p < 0.1).



TABLE 3 Serum biochemical indicators.
[image: Table3]



3.3 Effects of American ginseng residue on antioxidants and immune status of sika deer

Supplementation with American ginseng residue improved the immune and antioxidant statuses of sika deer during the antler-bearing period (Table 4). Serum IgA levels increased significantly (p < 0.05) and linearly in the LGR and HGR groups compared with the CON group. In addition, catalase and glutathione peroxidase activities increased significantly (p < 0.05) in the HGR group and glutathione peroxidase activity increased significantly (p < 0.05) in the LGR group compared with the CON group, but there were no significant differences in the other indexes among the three groups.



TABLE 4 Immune and antioxidant indicators.
[image: Table4]



3.4 Supplementation of American ginseng residue altered rumen fermentation and bacterial communities in sika deer

We compared the rumen fermentation parameters among the three groups of sika deer (Table 5), and found that the acetate content was significantly higher in the LGR group compared with the CON group, and the propionate content was significantly higher in the LGR and HGR groups (p < 0.05). In addition, the total volatile fatty acid content was also significantly higher in the LGR group than in the CON group. The ammonia nitrogen and microbial protein contents of the rumen fluid were similar in all three groups of sika deer (p > 0.05), but the rumen fluid pH was significantly lower in the HGR group compared with the CON group (p < 0.05).



TABLE 5 Indicators of rumen fermentation and volatile fatty acids in rumen fluid.
[image: Table5]

Illumina Nova sequencing, construction of PCR-free libraries, followed by paired-end sequencing. After splicing the reads, an average of 85,245 tags were measured per sample, and an average of 84,552 valid data were obtained after quality control, with the amount of valid data for quality control amounting to 65,081, and the effective quality control rate of 76.42%. The sequences were clustered into operational taxonomic units (OTUs) with 97% concordance. A total of 4,869 OTUs were obtained, and 3,289 OTUs were filtered after removing data for Archaea, unknown, and no blast hits. Among these, 1,928 OTUs were common to all three groups of Figure 1C. The sequences of the OTUs were then annotated for species using the Silva138 database. At the phylum level, Bacillota and Bacteroidota were the dominant rumen bacteria in sika deer, accounting for 47.5 and 35.5% of the total bacterial abundance, respectively (Figure 1A). At the genus level, Prevotella, Ruminococcus, Rikenellaceae_RC9_gut_group, Pseudomonas, Christensenellaceae_R-7_group, and Succiniclasticum were the dominant genera (Figure 1B), accounting for about half of all genera. We plotted a curve by randomly selecting the amount of sequencing data for the sample and its corresponding number of species to obtain the dilution curve of the sample (Figure 1D); the curve gradually flattened out and the sequencing data were reasonable.

[image: Figure 1]

FIGURE 1
 Abundances of top 10 bacteria at phylum level (A) and top 20 at genus level (B) in the rumen. Venn diagrams (C) and dilution curves (D) of rumen bacteria.


We investigated the effect of American ginseng residue on the abundance and diversity of rumen bacterial communities by comparing the alpha diversities among the three groups. There were no significant differences (p > 0.05) in the Shannon index, Simpson index, Chao1 index, and ACE index of the rumen bacteria (Figure 2). Based on the Bray–Curtis, binary-Jaccard, weighted UniFrac, and unweighted UniFrac distances, PCoA (Figure 3) and adonis analysis (Table 6) showed that the bacterial compositions of the CON and LGR groups were significantly separate (binary-Jaccard distances: p < 0.05, [CON vs. LGR]). We further compared bacteria with significantly different abundances at the phylum and genus levels. At the phylum level, Bacteroidota were significantly more abundant in the HGR group than in the LGR group (Figure 4A) and Fibrobacterota were significantly more abundant in the LGR group compared with the CON group (Figure 4B). At the genus level, Oscillospiraceae_UCG-005 were significantly less abundant in the LGR group (Figure 4C) and Fibrobacter were significantly more abundant in the LGR group compared with the CON group (Figure 4D). LDA showed that 11 bacterial species differed significantly from phylum level to genus level in the rumen fluid of the three groups (Figure 5A), Fibrobacteria, Fibrobacterales, and Fibrobacteraceae were significantly enriched under the same branch of the developmental tree in the LGR group, and Aeromonadales and Succinivibrionaceae were enriched in the HGR group under the same branch, while Oscillospirales__UCG-010 and Bacteroidales in the CON group were enriched on different branches (Figure 5B).

[image: Figure 2]

FIGURE 2
 Bacterial alpha diversity in the rumen of sika deer.


[image: Figure 3]

FIGURE 3
 Principal co-ordinates analysis of bacterial communities in the rumen of sika deer based on Bray–Curtis distance (A), binary-Jaccard distances (B), weighted-UniFrac distance (C), and unweighted-UniFrac distance (D).




TABLE 6 Adonis analysis of bacterial communities in the rumen.
[image: Table6]
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FIGURE 4
 Differences in rumen bacteria at phylum level by t-test (A) and ANOVA (B). Differences in rumen bacteria at genus level (C,D). *p < 0.05.


[image: Figure 5]

FIGURE 5
 Linear discriminant analysis (LDA) effect size (LEfSe) analysis of rumen bacteria in sika deer. (A) LDA score of rumen microbiota (score > 3 significant). (B) Cladogram of LEfSe showing nodes of significant bacteria on evolutionary branches. Yellow nodes, no difference; other colored nodes, significant differences.




3.5 Effect of American ginseng residue on fecal volatile fatty acids and bacterial communities in sika deer

Fecal volatile fatty acids can reflect bacterial fermentation in the intestine. The feces contents of acetate, propionate, isobutyrate, butyrate, isovalerate, valerate, caproate, and total volatile fatty acids were similar in the three groups of deer (p > 0.05) (Table 7).



TABLE 7 Fecal volatile fatty acids.
[image: Table7]

The fecal samples were sequenced and an average of 73,449 tags were measured for each sample. 73,020 data were obtained on average after quality control, and the amount of valid data for quality control amounted to 55,270, and the effective rate of quality control was 75.25%. A total of 5,981 OTUs were obtained after clustering with 97% concordance, and 4,794 OTUs were obtained after screening, of which 2,058 OTUs were common to all three groups (Figure 6C). The dominant bacteria in feces at the phylum level were Bacillota and Bacteroidota, which accounted for 48.6 and 29.2% of the total abundance, respectively (Figure 6A). The dominant bacteria at the genus level were Oscillospiraceae_UCG-005 (16.1%), Treponema (5.7%), Rikenellaceae_RC9_gut_group (5.7%), and Bacteroides (4.3%) (Figure 6B). The dilution curve gradually flattened out (Figure 6D) and the data were reasonable.

[image: Figure 6]

FIGURE 6
 Abundance of top 10 bacteria in feces at phylum level (A) and top 20 at genus level (B). Venn diagrams (C) and dilution curves (D) of fecal bacteria.


The fecal alpha diversity results were similar for all three groups (p > 0.05) (Figure 7).

[image: Figure 7]

FIGURE 7
 Bacterial alpha diversity in the feces of sika deer.


The results of PCoA (Figure 8) and adonis analysis (Table 8) showed that the fecal bacterial composition differed significantly between the CON and HGR groups, especially in terms of binary-Jaccard and unweighted-UniFrac distances (p < 0.05). Further analysis of the differential bacteria in the feces of the three groups (Figure 9) showed a significant decrease in Desulfobacterota abundance at the phylum level in the HGR group compared with the CON group (p < 0.05). At the genus level, the abundance of Rikenellaceae_RC9_gut_group was highly significantly decreased in the HGR group compared with the CON group (p < 0.01), and the abundance of Ruminococcus was highly significantly increased in the HGR group compared with the CON and HGR groups (p < 0.01), while the abundance of Paeniclostridium declined linearly in line with increasing addition of ginseng residue, with significant differences among the groups (p < 0.05). LDA (Figure 10A) showed significant enrichment from the phylum to the genus level for 19 bacterial species in the three groups, with Fibrobacterota providing the greatest contribution to the evolutionary tree (Figure 10B) in the LGR group. Fibrobacterota, Fibrobacteria, Fibrobacterales, Fibrobacteraceae, and Fibrobacter were enriched in the same branch, and Actinobacteriota, Actinobacteria, Bifidobacteriales, Bifidobacteriaceae, and Bifidobacterium were also equally enriched in the same branch, in addition to homology between Rikenellaceae and Rikenellaceae_RC9_gut_group in the CON group.

[image: Figure 8]

FIGURE 8
 Principal co-ordinates analysis of bacterial communities in the feces of sika deer based on Bray–Curtis distance (A), binary-Jaccard distances (B), weighted-UniFrac distance (C), and unweighted-UniFrac distance (D).




TABLE 8 Adonis analysis of bacterial communities in feces.
[image: Table8]

[image: Figure 9]

FIGURE 9
 Differences in feces bacteria at phylum level (A) and genus level (B–D). *p < 0.05; **p < 0.01.


[image: Figure 10]

FIGURE 10
 Linear discriminant analysis (LDA) effect size (LEfSe) analysis of fecal bacteria in three groups of sika deer. (A) LDA score of fecal microbiota (score > 3 significant). (B) Cladogram of LEfSe showing nodes of significant bacteria on evolutionary branches. Yellow nodes, no significant difference; other colored nodes, significant differences.





4 Discussion

American ginseng and sika deer are specific agricultural and animal husbandry industries, respectively, in Northeast China (Li et al., 2014), and the application of American ginseng by-products in sika deer breeding can thus maximize local advantages with mutual benefits. However, evidence for the role of American ginseng residue in the production of antler-bearing sika deer is currently lacking. Previous studies showed that animals experienced stress during specific physiological phases due to environmental changes or rapid changes in their own hormone levels, potentially leading to gastrointestinal tract damage, redox imbalance, and microflora dysbiosis, and ultimately affecting the performance and health of the animal (Campbell et al., 2013; Gresse et al., 2017; Deng et al., 2020). The current results showed that dietary supplementation with American ginseng residue significantly increased antler production as a direct result of improved utilization of cellulose in the feed, possibly related to the amelioration of gut damage and restoration of function. Previous studies found that American ginseng polysaccharides effectively treated intestinal mucosal injuries by up-regulating the ratio of villus height to crypt depth, increasing the number of cuprocytes and the expression of tight junction proteins (Zhou et al., 2021; Ren et al., 2022). In a mouse model of dextran sodium sulfate-induced enteritis, American ginseng extract reduced ileal inflammation and edema, increased villus length to alleviate diarrhea symptoms, and was effective in both prophylactic and therapeutic treatments (Jin et al., 2008; Wang C. Z. et al., 2016). Differences in serum activities and metabolite contents of various enzymes among the three subgroups in the present study demonstrated further the effects of ginseng residue in sika deer. Serum levels of various enzymes and transport products related to hepatic and renal metabolism were unaffected by the residue, indicating that the drug components in the residue did not affect hepatic and renal functions. Notably however, diet supplementation with American ginseng residue significantly enhanced the activities of catalase and glutathione peroxidase, which play key antioxidant roles in animals. Catalase is found widely in living organisms, and its main role is to scavenge the strongly cytotoxic hydrogen peroxide produced by the body’s metabolism (Alfonso-Prieto et al., 2009). Glutathione peroxidase exerts its antioxidant function by catalyzing the reduction of hydrogen peroxide by glutathione to achieve the scavenging of oxygen free radicals, and the oxidized glutathione generated can be reduced by other enzymes to play a role in the glutathione cycle (Arthur, 2000). In addition, serum IgA levels were significantly increased in the LGR and HGR groups, consistent with previous reports that American ginseng polysaccharides and other components exerted various effects to achieve immune-enhancing effects, such as activation of macrophages and enhanced phagocytosis (Yu et al., 2014), promotion of lymphocyte proliferation to increase Ig expression (Yu et al., 2017), and activation and inhibition of inflammatory responses (Jin et al., 2008; Yang S. et al., 2022). It mainly acts through binding to Toll-like receptors 2 ad 4 (Yin et al., 2019), to achieve the activation and recruitment of IL receptor-related kinases and phosphorylation of various immune-response-related protein kinases, ultimately resulting in immunomodulatory effects (Hoshino et al., 1999; Liu et al., 2017). In addition, American ginseng polysaccharides bind to complement receptor CR3, C-type lectin receptor, and scavenger receptor to regulate the immune response (Loh et al., 2017; Prado et al., 2020; Su et al., 2020). Polysaccharides and other active ingredients in ginseng dregs thus have good antioxidant and immunomodulatory effects that may improve the utilization of nutrients and the overall health of sika deer.

Ruminant diets contain a large proportion of crude feed components that are difficult to digest, and they thus rely on microorganisms in the rumen to ferment and degrade the cellulose and hemicellulose, which can produce large amounts of short-chain fatty acids (Wang et al., 2018; Liang et al., 2022), which then enter the animal’s body via the gastrointestinal tract epithelial cells and serve as an important source of energy. The composition of rumen microorganisms thus has an important impact on the animal (Baldwin and Connor, 2017). The current results showed that Bacillota and Bacteroidota dominated the rumen in sika deer at the phylum level, while Prevotella, Ruminococcus, and Rikenellaceae_RC9_gut_group were the dominant bacteria at the genus level, in agreement with previous studies of rumen bacteria in sika deer (Li et al., 2013, 2015; Si et al., 2021). The results of β-diversity analysis indicated that dietary supplementation with American ginseng residue resulted in significant differences in rumen bacterial composition between the LGR and CON groups, with significant differences at the phylum and genus levels for Fibrobacterota, Oscillospiraceae_UCG-005, and Fibrobacter. Fibrobacterota is an important bacterial phylum that degrades cellulose in the gastrointestinal tract of herbivores and provides an important physiological basis for the adaptation of animals to harsh dietary conditions (Ransom-Jones et al., 2012; Jewell et al., 2013). In addition to being present in ruminants, this group of bacteria is also widely present in the intestinal tracts of termites, camels, and other animals that rely heavily on cellulose-based diets (König et al., 2013; Gharechahi et al., 2022; Zhao et al., 2023). Fibrobacter, a genus of Fibrobacterota, has likewise been reported as an important cellulose-degrading bacterium (Béra-Maillet et al., 2004). The current results thus explain the significantly higher apparent digestibility of ADF in the LGR group compared with the CON group, as well as the differentially increased levels of acetic acid and propionic acid in the rumen fluid in the LGR and HGR groups. In the same way, red ginseng polysaccharides have a positive effect on the production of short-chain fatty acids in the cattle rumen (Ju et al., 2024). Oscillospiraceae_UCG-005 is also a class of cellulose-degrading bacteria in the rumen (Li et al., 2021), but is also thought to play a role in the catabolism and utilization of dietary lipids, with significant increases in abundance, especially in animals exposed to high-fat diets (Liu Y. et al., 2023; Wu Z. L. et al., 2023). This is consistent with the results of a decrease in apparent digestibility of ether extracts in the three groups of deer, although the difference was not significant. In addition, deer in the HGR group showed a significant decrease in rumen fluid pH, which may imply an effect on the homeostasis of the rumen internal environment. However, it remained within the healthy range according to previous reports (Zhou X. et al., 2022), and the decrease in rumen fluid pH within the appropriate range was more favorable for the transport of short-chain fatty acids (Yan et al., 2014). Although American ginseng residue reduced the abundance of some beneficial bacteria in the rumen of sika deer, the overall effect on rumen function was positive.

Unlike the rumen microbiome, gut microbes are essential for the survival of all animals. Gut microbes are involved in the digestion and absorption of nutrients in the host (Zhao et al., 2019), influence host growth and development (Sommer and Bäckhed, 2013), participate in the onset and progression of disease (Hsu and Schnabl, 2023), can even affect the host’s mood and sleep (Li Y. et al., 2018). Microorganisms interact with the host via mediators, including metabolites such as short-chain fatty acids, bile acids, and endogenous cannabinoids (de Vos et al., 2022). The dominant bacteria at the phylum level in the intestine in sika deer were Bacillota and Bacteroidota, and the most abundant genera were Oscillospiraceae_UCG-005, followed by Treponema and Rikenellaceae_RC9_gut_group, with clear inconsistency between the dominant bacteria in the intestines and rumen, in agreement with previous reports (Wu Y. et al., 2023). Diversity analysis and adonis analysis showed that the composition of gut bacteria in the HGR group was significantly different from the other two groups, specifically in terms of Desulfobacterota at the phylum level, and Rikenellaceae_RC9_gut_group, Ruminococcus, and Paeniclostridium at the genus level. Previous studies demonstrated that Desulfobacterota were mainly concentrated in the hindgut of animals and were significantly enriched in a wide range of diet-induced intestinal inflammation conditions in mice (Panah et al., 2023; Ruan et al., 2023). They have also been suggested to be a marker of intestinal barrier damage (Rao et al., 2021), largely due to the fact that Desulfobacterota lipopolysaccharides are severe inflammatory stimulants for the host (Huang et al., 2021). Rikenellaceae_RC9_gut_group is a beneficial bacterium in the gastrointestinal tract of animals, involved in the fermentation of cellulose and capable of producing short-chain fatty acids (Xi et al., 2023). Ruminococcus is a common bacterium in the feces of ruminants, mainly colonizing the jejunum and ileum of the intestinal lumen (Guerra et al., 2022; Zhang et al., 2022), and is involved in the degradation of starch and other complex polysaccharides (Rangarajan et al., 2022). Ruminococcus has also been well-documented as an inducer of active inflammation in animals (Hall et al., 2017; Henke et al., 2021), and has been shown to play a role in the maintenance of homeostasis by acting as a key symbiotic component of the intestinal ecosystem (La Reau and Suen, 2018; Crost et al., 2023; Juge, 2023). Paeniclostridium is a pathogenic bacterium (DeCandia et al., 2023) that induces inflammation in the intestinal tract and in various tissues in animals (Nyaoke et al., 2020; Gryaznova et al., 2021), via its ability to produce cytotoxic endotoxins (Watts et al., 2019; Li et al., 2022). Consistent with our results, these studies demonstrated that polysaccharide components contained in American ginseng and red ginseng can effectively regulate the bacterial composition of the intestinal tract of animal animals, significantly increase the abundance of beneficial bacteria and reduce the level of pathogenic bacteria, which is beneficial to the improvement of diarrhea in animals (Sha et al., 2023; Song et al., 2023; Min et al., 2024). We also detected Fibrobacterota in the intestine, and although its abundance did not differ not significantly among the groups, LEfSe analysis revealed that Fibrobacterota and its subordinate multiple bacteria, from the class to the genus level, were significantly enriched, with the highest contribution in the LGR group. This may facilitate the digestion of cellulose in the hindgut, and also suggests that, despite differences in microbial composition between the rumen and intestine (Zou et al., 2020), like communication between the upper and lower intestinal tracts, the effects of changes in the dominant bacteria in the rumen are transmitted to the intestinal tract (Steele et al., 2016); however, it is not known whether this microbial migration and crosstalk can occur in the reverse direction.



5 Conclusion

Overall, dietary supplementation with American ginseng residue increased the apparent digestibility of nutrients, improved the immune and antioxidant statuses, and promoted antler production in sika deer during the antler-bearing period, as well as positively regulating the gastrointestinal flora and bacterial fermentation. These results suggest that American ginseng residue may be a suitable feed additive for the production of sika deer.
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Different fat-to-fiber ratios by changing wheat inclusion level impact energy metabolism and microbial structure of broilers
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Introduction: Dietary nutrient content is crucial for energy metabolism and development of gut microbiota. Herein, this study aimed to explore the effects of fat-to-fiber ratios on nutrient transporter, energy metabolism and gut microbiota when ingredients composition was altered.

Methods: A total of 240 as-hatched broiler chickens were randomly assigned into three groups including low fat-high dietary fiber (LF-HD), medium fat-medium dietary fiber (MF-MD) and high fat-low dietary fiber (HF-LD), with diets being iso-protein, and broilers were offered the same commercial diets from 21 to 42 d. The data were analyzed using one-way ANOVA of SPSS.

Results and Discussion: Results showed that HF-LD diet significantly increased glucose content and decreased triglyceride in serum of broilers (p < 0.05). The mRNA abundance of jejunal gene involved in glucose transporter and tricarboxylic acid (TCA) cycle was significantly increased in broilers fed with HF-LD diets. Compared with LF-HD, HF-LD had a lower abundance of Anaerofilum and CHKCI001, and an increased proportion of beneficial bacteria such as Alistipes, Catenibacillus, Intestinimonas, Lactobacillus, and Peptococcus (p < 0.05). Functional prediction of these microbial changes indicated that HF-LD diet drove caecal microbiota to participate in carbohydrate metabolism and TCA cycle (p < 0.05). Dietary HF-LD-induced microbiota changes were positively correlated with growth performance of broilers (p < 0.05). Therefore, HF-LD diet increased glucose transporters and energy metabolism in intestine and shaped microbial structure and metabolic pathways, which may benefit the growth performance of broilers.
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Introduction

Corn is the main energy source in diets fed to mono-gastric animal. Due to the imbalance of supply and demand of corn in the poultry industry, wheat has been increasingly used in the diets. However, wheat contains non-starch polysaccharide (NSP) about 50% higher than corn, which may encapsulate other nutrients and increase the viscosity of digesta (Zhang T. et al., 2018; Pan and An, 2020). In fact, energy derives from a wheat-based diet is less readily available than that from a corn-based diet, attributed largely to the presence of soluble NSP content, especially for arabinoxylans (Theander et al., 1994; Nguyen et al., 2022). Therefore, increasing wheat content in the diet could be accompanied by an increase in fiber content. Fiber-rich wheat and corn differently impact nutrient utilization (Chen et al., 2019), the composition of microbiota (Ghiasvand et al., 2021) and growth performance (Schoenherr et al., 1989) of broilers.

Dietary energy density and nutrient composition, especially fat-to-fiber ratios, play major roles in regulating nutrient and energy utilization of animals (Barekatain et al., 2021). On the one hand, fat produces less heat energy loss in the process of digestion and absorption in the intestine. It was recognized that dietary fat and fiber differently affect heat increment (HI) and net energy to metabolizable energy ratio (fat > starch >CP = fiber) of monogastric animals (Noblet et al., 1994a; Wu et al., 2019). Reducing fiber and increasing fat content in the diet increased energy intake of broilers (Latshaw, 2008) On the other hand, fat and fiber have different characteristics for digestion and absorption in the intestine. Fat reduces the passage rate of digesta through gut tract, allowing for better nutrient and energy utilization (Jiménez-Moreno et al., 2009). The NSP is incapable of depolymerize in the small intestine and is mainly hydrolyzed in the hindgut via microbial fermentation (Romero et al., 2014; Kim et al., 2022). Therefore, the energy efficiency of digestion and fermentation of fiber-rich diet could be different from the digestion and absorption of fat.

The gastrointestinal tract constitutes up to 23% ~ 36% of total body energy expenditure (Hunter and Mitchell, 2002). The intestine is an organ highly dependent on energy for digestion, absorption and renewal of epithelium. Dietary nutrients could be sensed and regulated by intestine to meet the energy requirement (Dyer et al., 2007). These absorbed nutrients in the small intestine experienced a series of metabolic pathway such as tricarboxylic acid (TCA) and oxidative phosphorylation to produce biological energy. There are literatures illustrated that the low energy intake could decreased the energy status in the small intestine (Wang et al., 2022). Nutritional strategies have been extensively documented to improve energy metabolism in the intestine (Pi et al., 2014; Zhang H. et al., 2019). However, to our knowledge, this is the first attempt to explore the effects of dietary energy density especially fat-to-fiber ratio on intestinal energy metabolism.

Diet composition and energy density are powerful factors affecting gut health and shaping gut microbiota (Wang et al., 2015; Adewole and Akinyemi, 2021). As is all known, fiber-rich diets could alter the microbial richness and diversity in the hindgut. The microbial fermentation produces energy substances such as short-chain fatty acid and bile acid. Previous studies reported that SCFA, especially for butyrate was positively correlated with intestinal energy metabolism (Li et al., 2019), epithelium integrity and mucosal growth (Wu et al., 2021; Cantoni et al., 2022). Moreover, during the fermentation process, microbiota provides intermediates and enzymes that were related to metabolism of carbohydrate, lipid and amino acid (Zhang Y. et al., 2019). Dietary nutrient shifts the microbial composition and metabolic pathway of microbiota, which may further affect nutrient utilization and hindgut health. Although evidence has demonstrated the effects of fiber on intestinal microbiota, the microbial changes in response to different fat-to-fiber ratios are still unknown. The hypothesis of this study is that an increase in the dietary fat-to-fiber ratios could improve the energy metabolism and alter the composition and function of gut microbiota, thereby supporting intestinal health and overall growth performance. Herein, the effects of dietary fat-to-fiber ratios on growth performance, energy metabolism, composition and function of gut microbiota in broilers are determined.



Materials and methods


Experiment diets

The experiment comprised a 2-phase feeding program including a starter phase (from hatch to 21 d) and a finisher phase (from 21 to 42 d). Broilers were administrated three diets at starter phase: low fat-high dietary fiber (LF-HD), medium fat-medium dietary fiber (MF-MD) and high fat-low dietary fiber (HF-LD). Different diets were formulated by changing the fiber-rich wheat (neutral detergent fiber, NDF, 14.6%) with corn and increasing the additional level of soybean oil with a maximum level of 4.20%. The fat content gradually increased (3.88, 4.86, and 7.55%, respectively) and total dietary fiber content gradually decreased (6.73, 3.57, and 2.06%, respectively) from LF-HD to HF-LD diets. Dietary fat-to-fiber ratios were changed accordingly (0.58, 1.36, 3.67) from LF-HD to HF-LD diets. As shown in Table 1, diets were formulated to exceed the nutrient and energy requirement as recommended by NRC (1994). All experiment diets were pelleted in a similar way. A commercial diet (from New Hope Liuhe Co., Ltd) for broilers at the finisher phase was adopted to explore the persistent effects of fat and fiber content on broilers.



TABLE 1 Ingredients and nutrient contents of experiment diets of broilers from 1 to 21 d (as-fed basis)1.
[image: Table1]



Birds management and experiment design

The animal experiment was approved by Institutional Animal Care and Use Committee, China Agricultural University. A total of 240 as-hatched Arbor Acres broilers with similar body weights were enrolled in the study and reared in animal facilities (Zhuozhou, Hebei, China). The husbandry practices (including immunization procedure, humidity, temperature and light program) were undertaken according to the Arbor Acres broilers management guidelines with minor modifications to suit the experimental conditions. Birds were randomly allocated into 3 groups with 8 replicates per group, and 10 birds per replicate. Following this, all broilers were exposed to their respective diets with free access to water and feeds. After 12 h starving at 21 d, one bird from each replicate was sacrificed by electrical stunning for sample collection.



Chemical analysis

The gross energy (GE) of diets was determined using a bomb calorimeter (IKA-C3000, Germany), standardized with benzoic acid. Crude protein was determined by the Kjeldahl method (AOAC, 990.03) using semi-automated Kjeldahl distillation (KT 200 Kjeltec distillation unit, Hilloeroed, Denmark). Crude fat content was assayed using the method of AOAC (920.39). The NDF and acid detergent fiber (ADF) of diets were determined using a fiber analyzer (ANKOM-A2000i, America) following a procedure by Van Soest et al. (1991). Total dietary fiber was determined by using method AOAC 985.29. Basically, dietary fiber was determined by enzymatic hydrolysis and followed by ethanol precipitation.



Serum and sample preparation

After fasting for 12 h, one bird per replicate with averaged body weight was electrocuted. Before euthanasia, the blood was drawn from the jugular vein and then centrifuged at 3,000 × g at 4°C for 15 min to obtain serum. Immediately after euthanasia, about 2 cm tissue of mid-jejunum was collected. The tissues were washed in phosphate buffer saline and then frozen in liquid nitrogen until RNA extraction. The cecum contents were collected for microbiota analysis.



Serum metabolites

Serum metabolites including glucose (GLU), fatty acid (FFA), low-density lipoprotein (LDL), high-density lipoprotein (HDL) and triglyceride (TG) were measured using an automatic biochemical analyzer (iCubio Chemistry Analyzer, iChem 340, Shen Zhen, China).



Total RNA extraction and real-time qPCR

Approximately 1 g of jejunal tissues were cut from the frozen sample and immediately homogenized in 1 mL Trizol reagents (Genstar, China) to extract total RNA following the manufacturer’s protocol. The concentration and purity of extracted RNA were verified at 260/280/230 nm by Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA). Then cDNA was synthesized from 1,000 ng total RNA following the manufacturer’s protocol with High Capacity cDNA Reverse Transcription Kit (Genstar, China). Real-time qPCR was run on a Step Two Plus System (Thermo Fischer), using Genstar RT-PCR kit according to the manufacturer’s protocol. Reactions were performed following a previous study (Zhang S. et al., 2018). Table 2 displays the sequence of primers that were used to amplify target genes. The target gene expression normalized by β-actin was calculated and analyzed by the 2−ΔΔCt method.



TABLE 2 Primer sequences used in the real-time qPCR.
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DNA extraction and 16S RNA gene sequencing

Total bacterial DNA was extracted from caecal samples and the quality of DNA was assessed by 1% agarose gel electrophoresis. The V3-V4 hypervariable regions of bacterial 16 rRNA gene were amplified with primers 338F (5′-ACTCCTACGG GAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGG TWTCTAAT-3′) by using thermal cycling PCR system (GeneAmp 9700, ABI, USA). PCR conducts were extracted from 2% agarose gel and then purified by AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, USA) and quantified by QuantiFluor™ – ST blue fluorescence quantitative system (Promega, USA). At last, the library for the samples were pooled at equal ratio and sequenced on the Illumina MiSeq platform. Raw sequencing reads could be found in the NCBI Sequence Read Archive (SRA) under BioProject PRJNA952536.



Sequencing data analysis and functional prediction

Paired-end reads sourced from the original DNA fragments were merged into tags using FLASH (version 1.2.11).1 Sequencing process was performed by using UPARSE software package (version 11)2 with the UPARSE-OUT algorithms. MOTHUR (1.30.2)3 and QIIME (version 1.9.1)4 were used to assess alpha diversity within samples and beta diversity among samples. Sequences were assigned to the same operational taxonomic units (OTUs) when the similarity reaches 97%. Functional prediction was performed by using PICRUSt (version 1.1.0).5 The difference in metabolic pathways were analyzed using KEGG pathway search function.



Statistical analysis

Each pen was considered as the experimental unit for the performance outcome parameters. Serum metabolites, jejunal gene expression, relative abundance of differential microbiota and functional metabolites in 3 groups were analyzed using One-way ANOVA followed by Duncan’s multiple range tests using the GLM procedure of SPSS (version 16.0, SPSS Inc., Chicago, IL, USA). Mean and pooled standard errors of the mean (SEM) were calculated for each variable. Differences were accepted as representing statistically significant differences when p < 0.05. ANOSIM was performed based on Bray–Curtis dissimilarity to determine distance between three groups of microbial communities. The bacterial variation and the metabolic pathway were analyzed using the linear discriminant analysis (LDA) of effect size (LEfSe) biomarker discovery tool (p < 0.05 and LDA score > 2.5). Moreover, spearman correlation analysis was carried out to estimate relationships between microbiota at genus level and growth phenotypes of broilers.




Results


Serum metabolites

The effects of dietary composition and fat-to-fiber ratios on serum metabolites of 21-day-old broilers that related to lipid and glucose metabolisms are shown in Figure 1A. Diet HF-LD significantly increased glucose content in serum compared with LF-HD diet (p < 0.05). Moreover, the LDL and TG levels significantly declined in the serum of birds fed with MF-MD and HF-LD diets relative to birds fed with LF-HD diet (p < 0.05). Compared with LF-HD and MF-MD diets, HF-LD diet significantly decreased HDL content in serum of broilers at 21 d (p < 0.01). In addition, FFA content was numerically higher in birds fed with HF-LD diet (p = 0.099).
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FIGURE 1
 Effects of fat-to-fiber ratio on serum metabolites (A) and jejunal gene expression related to nutrient transport (B) of broilers. GLU, glucose; FFA, free fatty acid; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG, triglyceride; SGLT1, sodium dependent glucose transporters 1; GLUT5, glucose transporter 5; FABP1, fatty acid binding protein 1; FABP2, fatty acid binding protein 2; FATP4, Fatty acid transport protein 4; LF-HD, low fat-high dietary fiber; MF-MD, medium fat-medium dietary fiber; HF-LD, high fat-low dietary fiber. Significant difference was recorded by *p < 0.05, **p < 0.01, n = 8.




Jejunal gene expression related to energy metabolism

Table 3 displayed jejunal gene expression of enzymes that participate in TCA cycle of 21-day-old broilers. The oxoglutarate dehydrogenase (OGDH) and succinate dehydrogenase (SDHB) levels of HF-LD group increased considerably relative to other groups (p < 0.05). Relative to HF-LD diet, the decreased gene expression of succinyl-coA ligase GDP-forming β subunit (SUCLG2) in the jejunum was only notable upon MF-MD diet (p < 0.01).



TABLE 3 Effects of fat-to-fiber ratio1 on metabolic markers related to energy metabolism2.
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Jejunal gene expression related to nutrient transport

As illustrated in Figure 1B, a significant increase of glucose transporter 5 (GLUT5) in jejunal was observed in birds fed HF-LD diet compared with other diets (p < 0.05). Besides, the jejunal gene expression of sodium-dependent glucose transporters 1 (SGLT1) was up-regulated in birds fed with HF-LD diet compared with those fed LF-HD diet (p < 0.05). Birds fed HF-LD diet exhibited relatively higher gene expression of fatty acid binding protein 2 (FABP2) in jejunum relative to those fed MF-MD diet (p < 0.05), whereas there was no difference relative to birds fed with LF-HD diet (p > 0.05).



Cecum microbial diversity

Alpha-diversity and Beta-diversity indices, estimating the bacterial diversity and richness of caecal digesta of 21-day-old broilers, are shown in Figure 2. Shannon, Simpson and Chao index had no significant difference in these groups (p > 0.05). The scatter plot of principal coordinate analysis (PCoA) displayed significant separation (p = 0.002) of caecal microbiota in three groups.

[image: Figure 2]

FIGURE 2
 Alpha and beta diversity of caecal microbial communities of broilers at 21 d fed diets with different fat-to-fiber ratio. (A) Alpha diversity of three index including Shannon, Simpson and Chao. (B) Beta diversity of caecal microbiota communities was calculated based on bray curtis distance for principal coordinate analysis (PCoA). LF-HD, low fat-high dietary fiber; MF-MD, medium fat-medium dietary fiber; HF-LD, high fat-low dietary fiber. Significant difference was recorded by *p < 0.05, **p < 0.01, n = 8.




Composition of caecal microbiota

Figure 3A exhibits the composition of caecal microbiota. Firmicutes were the most dominant phylum microbiota in the cecum, then Bacteroidota ranked second, followed by the Actinobacteriota and Proteobacteria. As shown in Figures 3B,C, the relative abundance of Bacteroidota experienced a distinct decline in LF-HD diet compared with other diets (p < 0.05). However, Firmicutes significantly increased in LF-HD diet compared with HF-LD diet. In addition, there was a higher abundance of Proteobacteria in HF-LD diet compared to MF-MD diet (p < 0.05). Figure 3D displayed the relative abundance of microbiota at genus level. The abundance of Anaerofilum and CHKCI001 significantly elevated (p < 0.05) in LF-HD diet, while the abundance of Peptococcus, Intestinimonas, Bifidobacterium, Anaerostignum, Lachnoclostridium, Catenibacillus, Eubacterium, Escherichia-Shigella, Alistipes and Lactobacillus significantly increased in HF-LD diet (p < 0.05). Besides, Hydrogenoanaerobacterium, Anaerotruncus and Ruminococcus_torgues_group significantly increased upon MF-MD diet (p < 0.05).
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FIGURE 3
 Effects of fat-to-fiber ratio on caecal microbiota composition of 21 d broilers. (A) The relative abundance of microbiota at phylum level. (B) The differentially abundant microbiota at phylum level by using LDA scores (p < 0.05 and LDA score > 2.5). Heatmap shows the relative abundance of microbiota at phylum level. The blue represents high abundance of microbiota while the red represents low abundance of microbiota. (C) The differentially abundant microbiota at phylum level. (D) The differentially abundant microbiota at genus level using linear discriminant analysis (LDA) scores (p < 0.05 and LDA score > 2.5). LF-HD, low fat-high dietary fiber; MF-MD, medium fat-medium dietary fiber; HF-LD, high fat-low dietary fiber. Significant difference was recorded by *p < 0.05, n = 8.




Functional prediction of microbiota

As shown in Figure 4A, 16 metabolic pathways of KEGG involved in carbohydrate (Figure 4B), lipid (Figure 4C) and energy (Figure 4D) metabolisms were identified between three groups. HF-LD group enriched carbohydrate metabolism including glycolysis/gluconeogenesis, fructose and mannose, pentose phosphate and pyruvate metabolism compared with other groups (p < 0.05), but depleted starch and sucrose metabolism compared with LF-HD group (p < 0.05). Additionally, HF-LD group increased lipid metabolism including linoleic acid, biosynthesis of unsaturated fatty acids, glycerolipid, glycerophospholipid and bile acid biosynthesis compared with other groups (p < 0.05). Interestingly, lipid metabolism of ether lipid and arachidonic acid decreased markedly in HF-LD group compared with other groups (p < 0.05), while sphingolipid metabolism decreased in HF-LD group compared with LF-HD group (p < 0.05). Moreover, Oxidative phosphorylation and citrate cycle metabolism significantly improved in HF-LD group compared with other groups (p < 0.05).
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FIGURE 4
 Effects of fat-to-fiber ratio on metabolic pathways of caecal microbiota of 21 d broilers. (A) The differentially abundant metabolic pathways using LDA scores (p < 0.05 and LDA score > 2.5). (B) Relative abundance of carbohydrate metabolites. (C) Relative abundance of lipid metabolites. (D) Relative abundance of energy metabolites. LF-HD, low fat-high dietary fiber; MF-MD, medium fat-medium dietary fiber; HF-LD, high fat-low dietary fiber. Significant difference was recorded by *p < 0.05, **p < 0.01, n = 8.




Correlation analysis between microbiota and growth phenotypes

Spearman correlation analysis was carried out to estimate relationships between microbiota at genus level and growth phenotypes of broilers (Figure 5). The abundance of Peptococcus, Lactobacillus, Anaerostignum and Catenibacillus were positively correlated with BW, ADG, ADFI of 21 d broilers and carcass weight of 42 d broilers (p < 0.05). Additionally, the abundance of Lactobacillus was positively correlated with BW of 42 d broilers but negatively correlated with FCR of 21 d broilers and thigh muscle rate of 42 d broilers (p < 0.05). The Peptococcus was positively correlated with BW and ADG of 42 d broilers (p < 0.05). The abundance of CHKCI001 was positively correlated with thigh muscle rate of 42 d broilers (p < 0.05) but negatively correlated with ADG, BW of 21 d broilers and carcass weight of 42 d broilers (p < 0.05). Moreover, there are positive relationships between Intestinimonas and thigh muscle rate, Bifidobacterium and abdominal fat rate, Anarotruncus and BW of 42 d broilers, Escherichia-Shigella and BW of 21 d broilers (p < 0.05).
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FIGURE 5
 Spearman correlations between differential caecal microbiota at genus level and growth performance of broilers. BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; FCR, feed conversion ratio. LF-HD, low fat-high dietary fiber; MF-MD, medium fat-medium dietary fiber; HF-LD, high fat-low dietary fiber. Significant difference was recorded by *p < 0.05, **p < 0.01, n = 8.





Discussion

The gene expression of TCA cycle-related enzymes was tested, under the assumption that intestinal energy homeostasis could be affected by dietary fat-to-fiber ratios. TCA cycle, also named the citrate cycle, is known as the center of cellular aerobic metabolism, and the metabolic enzymes of TCA cycle play important roles in regulating cellular and intestinal energy metabolism (Li et al., 2022; Luo P. et al., 2022). The catabolism of carbohydrate, protein and lipid produce acetyl-CoA, a two-carbon metabolite that could enter the TCA cycle to produce ATP. The up-regulated gene expression of enzymes related to TCA cycle including OGDH, SDHB and SUCLG2 in broilers fed with an HF-LD diet probably indicated higher energy metabolism of the intestine. Additionally, functional analysis in microbiota also showed that citrate cycle increased in birds fed HF-LD diet. Fiber-rich diet would increase extra energy expenditure and reduce the energy used for intestinal proliferation and development (JøRgensen et al., 1996). Therefore, increasing soybean oil content and decreasing the proportion of NSP-rich ingredients could enhance gene expression of TCA cycle-related enzymes and increase the metabolic pathway of TCA cycle of microbiota, contributing to better energy homeostasis in the intestine.

The intestine was responsible for nutrient absorption and digestion and the intestine epithelium was central to preserving gut homeostasis. These characteristics indicated that the intestine highly depended on energy (Yilmaz et al., 2012). Birds fed HF-LD diet were more capable of maintaining a state of energy balance, presumably because less digestion and metabolic efforts were needed to utilize the diets (Noblet et al., 1994b; Li et al., 2017). Our results showed that HF-LD diet up-regulated gene expression of transporter proteins related to glucose (SGLT1 and GLUT5), suggesting that high fat-low dietary fiber would enhance glucose absorption of broilers. Additionally, the starch source differs between wheat and corn, which may affect the nutrient transporter genes. In agreement with our study, Agyekum et al. (2015) demonstrated that high fiber diet decreased the active transporter genes of GLUT5 and the passive transporter genes of SGLT1. The metabolic pathways of microbiota including pentose phosphate, glycolysis/gluconeogenesis and pyruvate metabolism were closely correlated and interwoven into a network of energy metabolism (Zhang Y. et al., 2019). These metabolic pathways were enriched in HF-LD diets. On the contrary, dietary LF-HD decreased intestinal absorption and increased intestinal motility of broilers, producing heat energy loss in the intestine (Sanchez et al., 2021). It was well known that the intestinal tract was in contact with blood and thus circulating nutrients. Interestingly, the content of lipoprotein and triglyceride in serum increased in birds fed diet with LF-HD, accompanied by improvement of lipid metabolism (ether lipid, arachidonic acid and sphingolipid) of microbiota in hindgut. The reason for this improvement in lipid metabolism could be a compensatory response to a low-fat content in diet. Lipid metabolism was reported to be correlated with abdominal fat that was wasted as a slaughter product while carbohydrate metabolism participated in intramuscular fat deposition that was beneficial to growth performance (Luo N. et al., 2022). Consequently, it could be illustrated that dietary HF-LD increased gene expression of glucose transporters in the foregut and enhanced microbial metabolites related to carbohydrates in the hindgut.

Dietary energy density profoundly influences microbiota composition and abundance (Adewole and Akinyemi, 2021). Low energy density decreased the amount of nutrients available for bacterial fermentation, thereby reshaping bacterial structure (Attia et al., 2021). In addition, nutrient utilization of microbiota in hindgut is closely related to energy metabolism (Yamamura et al., 2021). We found that HF-LD diet improved the abundance and diversity of intestinal microbiota. In our study, the increasing fat-to-fiber ratios were accompanied by lower fiber content and NSP content. This was partly in consistent with studies that dietary high fiber or NSP content could enrich the abundance and diversity of microbiota and provide extra energy for animals (Zhao et al., 2023). Bacteroidotas are capable of hydrolyzing indigestible carbohydrates. The improvement of Bacteroidotas in HF-LD diet probably indicated an enhancement of carbohydrate metabolism. A higher abundance of the Firmicutes to Bacteroidotas was reported to increase the capacity to harvest energy from diets (Zhang Y. et al., 2019). In our study, HF-LD decreased the Firmicutes to Bacteroidotas ratio, probably due to the adequate energy available for broilers. Moreover, dietary HF-LD enriched the abundance of Proteobacteria to obtain energy from glycolysis, making up for the lack of energy obtained by Bacteroidotas (Zhang Y. et al., 2019). Intestinimonas, Eubacterium and Lactobacillus were enriched in HF-LD diet, which could ferment complex dietary carbohydrates to produce SCFA and provide energy for intestinal epithelial cells (Gong et al., 2021; Leyva-Diaz et al., 2021). More specifically, Peptococcus, as an NSP-degrading bacterium, could reduce the viscosity of intestinal contents and improve the nutrient value of diets, ultimately promoting energy utilization (Gao et al., 2022). NSP encapsulates other nutrients and hinders further absorption, increasing extra movement of intestine and contributing to the production of heat increment (Chen et al., 2023). In the current study, a high abundance of Peptococcus observed in HF-LD diet may accelerate the degradation of NSP and contribute to the reduction of heat increment. Therefore, HF-LD diet with appropriate high-fat content increased abundance of microbiota for energy harvesting and NSP-fermentation, thereby improving the energy status of intestine. Dietary high fat achieved its benefits on animals potentially by shifting microbiota toward propionate fermentation (Li et al., 2023). Further study should be conducted to explore the effects of fat and fiber content on the production of SCFA, particularly butyrate and propionate, which may provide information for the links between microbial changes and hindgut energy homeostasis. Therefore, HF-LD enriched microbiota diversity and provided better niches for the bacteria that could make better use of non-digestible carbohydrates.

These microbial changes in hindgut may bring about functional differences in metabolites. Our analysis using Tax4Fun found that dietary HF-LD was positively associated with carbohydrate metabolism, energy metabolism and some lipid metabolism. Glycolysis/gluconeogenesis, pyruvate metabolism and TCA cycle were enhanced in HF-LD diet, which may be the links between carbon metabolism and energy metabolism. On the one hand, pyruvate is a key intermediate of carbohydrate metabolism and participates in lipid and TCA cycle. Moreover, metabolites of fructose and mannose could enter glycolysis/gluconeogenesis and pyruvate metabolic pathways. On the other hand, the metabolic of pentose phosphate provides nicotinamide adenine dinucleotide phosphate oxidase (NADPH) for lipid metabolism, which links lipid and carbohydrate metabolism. More specifically, Alistipes, as a commensal microbiota, was known to be correlated with glycolysis/gluconeogenesis and pyruvate metabolic pathways, meanwhile a high abundance of Alistipes in an HF-LD diet could prove to be beneficial in carbohydrate metabolism (Zhang Y. et al., 2019). The complex oligosaccharides utilization and carbohydrate metabolism of Lactobacilli have been extensively studied (Zunga et al., 2021). Moreover, enzymes derived from Lactobacilli and Bifidobacteria play important roles in mediating the deconjugation of bile acid (Sun et al., 2019). There was evidence that the elevation of primary and secondary bile acid in HF-LD diet probably indicated an enhancement of intestinal energy metabolism (Hu et al., 2022). The detailed mechanism by which dietary fiber and fat interact with the gut microecology is still not yet well characterized. However, HF-LD diet appeared to increase microbiota diversity and restructure microbial composition as well as metabolic pathways such as glycolysis, gluconeogenesis and pyruvate metabolism.

The correlation analysis between differential microbiota and growth performance further demonstrated the beneficial effects of HF-LD diet. Consistent with our study, Peptococcus, Lactobacillus and Intestinimonas were reported to be positively related to body weight and feed intake (An et al., 2022; Zhang et al., 2022). Our study revealed harmful effects of CHKCI001 that were negatively correlated with body weight of broilers. The lack of metabolic information for CHKCI001 hinders the interpretation for the improvement in the LF-HD diet. In agreement with our study, a fiber-rich diet could impair the feed intake of pigs in order to enhance energy digestibility (Schoenherr et al., 1989). Consequently, it was not surprising given that microbiota changes in response to a HF-LD diet were positively correlated with growth performance of broilers.

It is reasonably given that a high fat-to-fiber ratio reshaped composition and function of microbiota and improved energy metabolism in the small intestine, thereby contributing to profound intestine functions and improving the overall growth of broilers. The study provides a new perspective on optimization of dietary nutrition component targeting profound energy homeostasis and microbial functions, which is of great importance in optimizing growth performance of broilers and maximum productive benefits. Nevertheless, the underlying mechanism of dietary fat-to-fiber ratio on regulating microbiota and its metabolites of broilers should be further studied.



Conclusion

Dietary HF-LD, formulating by increasing soybean oil and reducing NSP-rich ingredients, increased jejunal gene expression of glucose transporter and TCA cycle of broilers. Correspondingly, HF-LD diet enriched microbiota diversity and provided better niches for the bacteria, which could make better use of non-digestible carbohydrates. The microbial fermentation contributes to improving metabolic pathways including glycolysis/gluconeogenesis, pyruvate and TCA cycle. In addition, the growth performance was positively correlated with microbiota, which further confirmed the beneficial effects of the HF-LD diet. These findings indicate that dietary composition, particularly fat and fiber contents, should be considered for ensuring optimum intestinal health and overall growth in poultry.
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Introduction: The rumen microbial community plays a crucial role in the digestion and metabolic processes of ruminants. Although sequencing-based studies have helped reveal the diversity and functions of bacteria in the rumen, their physiological and biochemical characteristics, as well as their dynamic regulation along the digestion process in the rumen, remain poorly understood. Addressing these gaps requires pure culture studies to demystify the intricate mechanisms at play. Bacteria exhibit morphological differentiation associated with different species. Based on the difference in size or shape of microorganisms, size fractionation by filters with various pore sizes can be used to separate them.

Methods: In this study, we used polyvinylidene difluoride filters with pore sizes of 300, 120, 80, 40, 20, 8, 6, 2.1, and 0.6 μm. Bacterial suspensions were successively passed through these filters for the analysis of microbial population distribution using 16S rRNA gene sequences.

Results: We found that bacteria from the different pore sizes were clustered into four branches (> 120 μm, 40–120 μm, 6–20 μm, 20–40 μm, and < 0.6 μm), indicating that size fractionation had effects on enriching specific groups but could not effectively separate dominant groups by cell size alone. The species of unclassified Flavobacterium, unclassified Chryseobacterium, unclassified Delftia, Methylotenera mobilis, unclassified Caulobacteraceae, unclassified Oligella, unclassified Sphingomonas, unclassified Stenotrophomonas, unclassified Shuttleworthia, unclassified Sutterella, unclassified Alphaproteobacteria, and unclassified SR1 can be efficiently enriched or separated by size fractionation.

Discussion: In this study, we investigated the diversity of sorted bacteria populations in the rumen for preliminary investigations of the relationship between the size and classification of rumen bacteria that have the potential to improve our ability to isolate and culture bacteria from the rumen in the future.

Keywords
 rumen; bacteria; cell size; diversity; taxonomy


1 Introduction

The rumen microbiota is crucial for the digestion and metabolism of feed in ruminants, with bacteria being the predominant microorganisms present (Li et al., 2019). The rumen contains a vast number of bacterial cells, estimated to be approximately 1010–1011 cells/mL, belonging to over 200 different species (Matthews et al., 2019). Rumen bacteria ferment complex carbohydrates, such as hemicellulose, cellulose, and lignin, which are inedible to humans, producing short-chain fatty acids used for dairy or meat production (Stewart et al., 2019). Maintaining homeostasis in the rumen microecology is crucial for the host’s ability to digest, feed, and survive, which ultimately affects its productivity. Therefore, manipulating rumen bacteria offers opportunities to regulate rumen metabolism and reduce food production costs.

Both cultivation and sequencing-based research have strived to reveal the diversity of rumen bacteria and their respective functionalities (Seshadri et al., 2018; Xue et al., 2020). Studies utilizing high-throughput sequencing have unveiled a remarkable abundance of bacteria in the rumen, identifying approximately 7,416 distinct microbial taxa (da Cunha et al., 2023). However, only a fraction of bacteria have been isolated from the rumen (Seshadri et al., 2018). Although sequencing-based studies have helped reveal the diversity, function, and distribution of bacteria in the rumen, their physiological and biochemical characteristics, as well as dynamic regulation along the digestion process, remain poorly understood. These aspects rely on pure culture for further elucidation.

Traditional plating cultivation methods are important for the isolation and cultivation of bacteria, which are frequently used to successfully isolate interested bacteria (Galvez et al., 2020; Sorbara et al., 2020), which is laborious and time-consuming. We need some new methods to minimize these potential limitations. Bacteria exhibit morphological differentiation associated with different species, including coccoid, rod, spirilla types, and various other uncommon shapes (Kysela et al., 2016; van Teeseling et al., 2017; Tian et al., 2023). Based on the difference in size or shape of microorganisms, size fractionation using filters with various pore sizes can be used to separate them (Sorokin et al., 2017; Lewis et al., 2020).

The distribution of bacterial species among various cell size categories in the rumen remains unreported. In this study, we investigated the diversity of sorted bacteria populations in the rumen to preliminarily explore the relationships between cell size and classification diversity, which have the potential to enhance our ability to isolate and culture bacteria from the rumen.



2 Methods


2.1 Rumen microbiota sampling

Samples of rumen fluid were obtained from three Holstein dairy cows with cannulas (weighing approximately 600 ± 50 kg) to serve as the bacterial source for rumen analysis, which is a part of our previous study and has received ethical approval (Liu et al., 2023). All the procedures involving the care and management of dairy cows were approved by the Animal Care and Use Committee for Livestock of the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences (protocol no.: IAS201914). The dairy cows were fed a typical total mixed ration (DM base) consisting of 62.09% corn silage, 7.66% alfalfa hay, 10.25% corn powder, 17.87% soybean meal, and 2.13% premix. The rumen content was collected and subsequently filtered through a four-layered cheesecloth to separate the liquid. Immediately, the liquid samples were combined (in equal amounts) and injected into a penicillin bottle along with an equivalent volume of sterile glycerol (15%, v/v) using a syringe. Subsequently, they were preserved at −80°C until required.



2.2 Size fractionation by filters with various pore sizes

The microbiota from the rumen were fractionated based on different cell sizes using polyvinylidene difluoride filters with 300, 120, 80, 40, 20, 8, 6, 2.1, and 0.6 μm pore sizes (Merck, Merck Millipore Ltd., Ireland). The rumen fluid was successively passed through the 300, 120, 80, 40, 20, 8, 6, 2.1, and 0.6 μm filters. Four replicates were set up for each experimental treatment. To increase the flow of filtering, we used an injector, and the volumes filtered were less than 5 mL. Retentates were washed three times using a PBS solution. Bacterial fractionation resuspensions were centrifuged (13,000× g, 2 min, 4°C), and the sediment pellets were reserved. Consequently, bacteria fractions with size ranges at ≥300 μm, 120–300 μm (120 μm ≤ * < 300 μm), 80–120 μm (80 μm ≤ * < 120 μm), 40–80 μm (40 μm ≤ * < 80 μm), 20–40 μm (20 μm ≤ * < 40 μm), 8–20 μm (8 μm ≤ * < 20 μm), 6–8 μm (6 μm ≤ * < 8 μm), 2.1–6 μm (2.1 μm ≤ * < 6 μm), 0.6–2.1 μm (0.6 μm ≤ * < 2.1 μm), and < 0.6 μm were obtained.



2.3 DNA extraction and 16S rRNA gene amplification

DNA was extracted using the cetyltrimethylammonium bromide (CTAB) method plus bead beating, as previously documented (Liu et al., 2023). The quality of DNA was assessed through the utilization of agarose gel electrophoresis (1%), while the measurement of DNA concentration was conducted using a Nanodrop spectrophotometer (Thermo Scientific, United States).

The microbial diversity was detected by sequencing the V3–V4 region of 16S rRNA, which was amplified using PCR with the primers 338F (5´-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5´-GGACTACHVGGGTWTCTAAT-3′). The reactions were conducted using a MyCycler Thermal Cycler (Bio-Rad, United States) following the protocol described by Liu et al. (2020). The PCR amplicons were subjected to sequencing using the Illumina MiSeq platform at Majorbio (Shanghai, China).



2.4 Sequencing data analysis

Sequencing raw data were analyzed using the QIIME package (Bolger et al., 2014). First, the raw reads were trimmed to remove sequencing adaptors, followed by filtering to exclude any bases containing ambiguous information. Next, paired-end reads were merged using FLASH (Magoč and Salzberg, 2011) with parameters set at an overlap of >10 bp and a mismatch rate of <20%. Chimera sequences were removed using the UCHIME de novo algorithm (Wang et al., 2007). Operational taxonomic units (OTUs) were grouped by applying a threshold of 0.97 similarity using the USEARCH algorithm (Caporaso et al., 2010; Edgar, 2010). Finally, the OTUs were assigned to taxa by the RDP classifier based on the Greengenes database (13_5) (Wang et al., 2007).



2.5 Statistics analysis

The bacterial relative abundance data were analyzed using the Kruskal–Wallis test in SAS. The difference in alpha diversity across various pore sizes was assessed using ANOSIM within the QIIME software (Liu et al., 2020). Heatmaps and heatmap diagrams were generated using MicrobiomeAnalyst (Lu et al., 2023).



2.6 Nucleotide sequence accession number

Data are deposited in the China National Microbiology Data Center (NMDC)1 with accession number NMDC10018589.2




3 Results


3.1 Diversity with various pore sizes

After obtaining a total of 2,041,394 raw sequence reads, with an average of 49,510 reads, we assigned all the reads to 7,168 OTUs. The Chao1 and Shannon indices of alpha diversity in the <0.6 μm fraction were significantly higher, and there were no significant differences in the >0.6 μm fraction (Figures 1A,B).

[image: Figure 1]

FIGURE 1
 Alpha diversity of bacteria at different pore sizes. (A) Shannon and (B) Chao1 index. Boxplots indicate the first and third quartiles, with the median value indicated as a horizontal line. The whiskers extend to 1.5 times the interquartile range. Asterisk (*) indicates a significant difference.




3.2 Bacterial clustering with various pore sizes

The bacteria from the various pore sizes were clustered into four branches: >120 μm, 40–120 μm, 6–20 μm, and 20–40 μm, <0.6 μm (Figure 2). The changes in community composition indicate that filtration through different cell sizes could lead to the preliminary differentiation of rumen bacteria.

[image: Figure 2]

FIGURE 2
 Phylogeny trees based on the bacterial classification and abundance of the cell size. Different colors represent different pore sizes, and the numbers following indicate the number of sample repetitions.




3.3 Bacterial-specific groups with size fractionation

The heatmap shows that the filtration method had effects on enriching specific groups of bacteria. The community of relative abundance >1% in the >40 μm fraction was unclassified Bacteria, unclassified Bacteroidetes, unclassified Firmicutes, unclassified Prevotellaceae, unclassified Anaeroplasma, unclassified RF16, unclassified Erysipelotrichaceae, unclassified Mitsuokella, unclassified Butyrivibrio, unclassified Mollicutes, unclassified Oscillospira, unclassified Mogibacteriaceae, unclassified S24_7, D168 Desulfovibrio, unclassified Christensenellaceae, unclassified Moryella, unclassified TM7, and unclassified Ruminococcus (Figure 3A). The 6–20 μm fraction was unclassified TM7, unclassified Ruminococcus, unclassified Coprococcus, unclassified Roseburia, unclassified SR1, unclassified Schwartzia, unclassified Elusimicrobiaceae, unclassified Veillonellaceae, unclassified Gammaproteobacteria, unclassified Prevotella, unclassified Selenomonas, unclassified Oribacterium, unclassified Sutterella, Lachnospira pectinoschiza, unclassified Pseudobutyrivibrio, unclassified Campylobacter, unclassified Shuttleworthia, unclassified Succinivibrio, and unclassified Anaerovibrio (Figure 3A). The <0.6 μm fraction was unclassified Bacteria, unclassified Firmicutes, unclassified Bacteroidetes, unclassified Prevotellaceae, unclassified RF16, unclassified Erysipelotrichaceae, unclassified Mitsuokella, Fibrobacter succinogenes, unclassified Treponema, unclassified Schwartzia, unclassified Elusimicrobiaceae, unclassified Veillonellaceae, unclassified Gammaproteobacteria, unclassified Prevotella, unclassified Selenomona, unclassified Oribacterium, unclassified Sutterella, Lachnospira pectinoschiza, unclassified Pseudobutyrivibrio, unclassified Campylobacter, unclassified Shuttleworthia, unclassified Succinivibrio, and unclassified Anaerovibrio (Figure 3A). The 2.1–6 μm fraction was unclassified Prevotella, Fibrobacter succinogenes, and unclassified Treponema (Figure 3A).
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FIGURE 3
 Heatmap shows the relative abundance of bacteria in the rumen of cell size. (A) The relative abundance of bacteria was >0.1% and (B) the relative abundance of bacteria was <0.1%.


The community of relative abundance <1% in the <20 μm fraction was unclassified Desulfovibrio, unclassified R4_45B, unclassified Victivallaceae, unclassified Clostridium, unclassified Succinivibrionaceae, and unclassified RF32 (Figure 3B). The 20–120 μm fraction was unclassified Sphingomonas, unclassified Caulobacteraceae, unclassified Chryseobacterium, unclassified Flavobacterium, Methylotenera mobilis, unclassified Delftia, and unclassified Stenotrophomonas (Figure 3B). The >120 μm fraction was unclassified Ruminococcus, Syntrophococcus sucromutans, unclassified Opitutae, unclassified Coprococcus, and Sharpea azabuensis (Figure 3B).



3.4 Enrichment-specific bacteria with size fractionation

The species of unclassified Flavobacterium were enriched in the >6 μm fraction, with significantly higher abundance observed in the 20–120 μm fraction (Figure 4A). The species of unclassified Chryseobacterium were enriched in the 6–300 μm fraction, with significantly higher abundance observed in the 20–40 μm and 80–120 μm fractions (Figure 4B). The species of unclassified Delftia were enriched in the >6 μm fraction, with significantly higher abundance observed in the 20–120 μm fraction (Figure 4C). The species of Methylotenera mobilis were enriched in the 20–300 μm fraction, with significantly higher abundance observed in the 20–120 μm fraction (Figure 4D). The species of unclassified Caulobacteraceae were not enriched in the 2.1–6 μm fraction, with significantly higher abundance observed in the 20–40 μm and 80–120 μm fractions (Figure 4E). The species of unclassified Oligella were not enriched in the 2.1–6 μm fraction, with higher abundance observed in the >300 μm fraction (Figure 4F). The species of unclassified Sphingomonas were not enriched in the <0.6 μm, 2.1–6 μm, and 20–40 μm fractions, with significantly higher abundance observed in the 40–120 μm fraction (Figure 4G).
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FIGURE 4
 Distribution of bacteria in different pore sizes. (A) Unclassified; Flavobacterium, (B) unclassified; Chryseobacterium, (C) unclassified; Delftia, (D) mobilis; Methylotenera, (E) unclassified; Caulobacteraceae, (F) unclassified; Oligella, (G) unclassified; Sphingomonas. The letters on the pillars indicate a significant difference.


The abundance of unclassified Stenotrophomonas was significantly higher in the 80–120 μm fraction (Figure 5A). The abundance of unclassified Shuttleworthia was significantly higher in the 6–20 μm fraction (Figure 5B). The abundance of unclassified Sutterella was significantly higher in the <0.6 μm fraction (Figure 5C). The abundance of unclassified Alphaproteobacteria was significantly higher in the 8–20 μm fraction (Figure 5D). The abundance of unclassified SR1 was significantly higher in the 8–20 μm fraction (Figure 5E).

[image: Figure 5]

FIGURE 5
 Relative abundance of bacteria in different pore sizes. (A) Unclassified; Stenotrophomonas, (B) unclassified; Shuttleworthia, (C) unclassified; Sutterella, (D) unclassified; Alphaproteobacteria, (E) unclassified; SR1. The letters on the pillars indicate a significant difference.





4 Discussion

Ruminal bacterial communities are vast and complex, with only a subset of the species participating in specific functions (Xue et al., 2020; Sun et al., 2021). Therefore, the primary question is to determine which members of the ruminal bacteria community are responsible for specific functions of interest, with the goal of isolating and studying them to regulate their metabolism and improve ruminal production efficiency (Pope et al., 2011). However, effective methods for enriching and isolating rumen microorganisms are currently lacking. In this study, we successfully revealed the relationship between the size and classification of rumen bacteria. The application of this method to enrich interested bacterial groups may provide an opportunity to capture key species in specific metabolic pathways.

Different approaches have been used to decrease the bacterial diversity in complex communities prior to cultivation, including techniques such as filtration, density-gradient centrifugation or elutriation, and serial dilution-to-extinction (Bernard et al., 2000; Vartoukian et al., 2010). Filtration has been widely utilized in numerous studies, establishing itself as a prevalent technique with proven efficacy (Sorokin et al., 2017; Hu et al., 2021). In this study, we used a sequential filtration method that utilized different pore sizes to achieve the separation of different size fractions within the complex ruminal community. Through this method, rumen bacteria were divided into four clusters corresponding to different cell sizes, and the diversity was reduced, which indicates filtration is more suitable for further enrichment before bacteria isolation and cultivation.

Some studies revealed that Prevotella, Butyrivibrio, and Ruminococcus were the dominant bacterial groups in the rumen using sequencing technology (Henderson et al., 2015; Matthews et al., 2019). As the largest number of bacteria in the rumen, they have great genetic differences among species, which is closely related to healthy rumen metabolism (La Reau et al., 2016; Palevich et al., 2019; Dao et al., 2021; Betancur-Murillo et al., 2022). However, these dominant groups cannot be effectively separated from each other by cell size. One potential explanation is that cell aggregates may form either autonomously or through alternative mechanisms of adhesion to diverse cellular entities (Kubo et al., 2012; Garrison and Bochdansky, 2015). Only some rare and unclassified species can be efficiently enriched or separated by cell size. Most of the groups we identified were unclassified, potentially due to limitations in accurately assigning taxonomy using commonly targeted 16S sub-regions compared to sequencing the full 16S gene or metagenome (Johnson et al., 2019). With the continuous development of sequencing technology and the reduction in costs, the use of metagenomic sequencing or third-generation sequencing technology in the future may be able to address this issue.

Taken together, our results illustrate that although the most interesting bacteria cannot be targeted based on cell size in the rumen, we can enrich the targeted group through filtration. Additionally, when combined with a specific method, such as Raman-activated cell sorting (Lee et al., 2019) and live-FISH (Batani et al., 2019), or a high-throughput method, for example, culturomics (Mailhe et al., 2018) and iChip (Nichols et al., 2010), we can effectively isolate bacteria from complex communities and environments.



5 Conclusion

In this study, we investigated the relationship between the size and classification of rumen bacteria. The results showed that the dominant bacterial groups could not be effectively separated from each other based on cell size alone. A small proportion of rare unclassified bacterial groups could be efficiently enriched or separated by cell size, which may enhance our ability to isolate, culture, and characterize specific microorganisms from the rumen in future studies.
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As global demand for pork continues to rise, strategies to enhance nitrogen utilization efficiency (NUE) in pig farming have become vital for environmental sustainability. This study explored the relationship between the fecal microbiota, their metabolites, and NUE in crossbreed fattening pigs with a defined family structure. Pigs were kept under standardized conditions and fed in a two-phase feeding regime. In each phase, one fecal sample was collected from each pig. DNA was extracted from a total of 892 fecal samples and subjected to target amplicon sequencing. The results indicated an influence of sire, sampling period (SP), and sex on the fecal microbiota. Streptococcus emerged as a potential biomarker in comparing high and low NUE pigs in SP 1, suggesting a genetic predisposition to NUE regarding the fecal microbiota. All fecal samples were grouped into two enterotype-like clusters named cluster LACTO and cluster CSST. Pigs’ affiliation with enterotype-like clusters altered over time and might be sex-dependent. The stable cluster CSST demonstrated the highest NUE despite containing pigs with lower performance characteristics such as average daily gain, dry matter intake, and daily nitrogen retention. This research contributes with valuable insights into the microbiome’s role in NUE, paving the way for future strategies to enhance sustainable pig production.
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1 Introduction

The most recent projections from OECD/FAO anticipate that global pork consumption will ascend to over 129.3 million tons by 2032 due to increasing population and rising incomes (OECD-FAO, 2023). Pork is an excellent protein source and contains minerals and vitamins (e.g., iron and thiamine) that can benefit human nutrition (Cobos and Díaz, 2015). Nevertheless, intensive pig production is frequently linked with environmental pollution, wherein nitrogen (N) is a significant contributor (Aarnink and Verstegen, 2007). A growing pig retains only around 30% of the ingested N (Shirali et al., 2012), while the remainder is excreted via urine and feces (Flachowsky and Kamphues, 2012). Regardless of the production stage, the average proportion of excretion via urine is usually markedly higher (45–50%) than via feces (17–19%; Dourmad et al., 1999). The excreted N after microbial transformations can pollute the atmosphere in the form of ammonia (NH3), nitrous oxide (N2O), and N oxide (NOx) emissions, and the ground and surface waters through leaching and runoff of N compounds such as nitrate ([image: image]; Leip et al., 2014).

Nitrogen utilization efficiency (NUE) indicates the percentage of ingested N retained in the body. In sustainable pig production, maximization of NUE is mandatory (Millet et al., 2018). Precision feeding with diets based on the concept of ideal protein (van Milgen and Dourmad, 2015) leads to an increased NUE compared to conventional phase-feeding (Andretta et al., 2016). However, this is challenging to implement under practical husbandry conditions. Consequently, opportunities beyond feeding strategies are needed. A long-term approach could be to increase the NUE at the animal level through genetic improvement of the population (Oenema and Tamminga, 2005). A valuable tool for identifying pigs with an increased NUE is the implementation of diets with restriction of growth-determining amino acid (AA) concentration, such as lysine (GfE, 2008). Blood urea nitrogen (BUN) can be used to predict urinary N excretion in pigs of comparable production stages within a study (Kohn et al., 2005), and a negative correlation between BUN and NUE in growing pigs is described (Tran-Thu, 1975; Berschauer, 1977; Whang et al., 2003; Schmid et al., 2024). BUN concentration appears to be a useful auxiliary feature for determining the NUE, in groups with large numbers of animals that have a limited lysine supply (Berghaus et al., 2023).

The absorption and utilization of proteins in pigs is influenced by the AA availability in the diet (Mi et al., 2023). Different protein sources exhibit various patterns of AAs release, that are influenced by the solubility and digestibility of the protein (Wang et al., 2021). A faster and more synchronized release of AAs leads to reduced N losses and improved NUE (Wang et al., 2021). Dietary and endogenous N sources that escape endogenous enzymatic digestion can be fermented by the gut microbiota, mainly in the large intestine, due to its larger cell population and slower passage rate of digesta than in the small intestine (Williams et al., 2001; Zhang et al., 2020). Volatile fatty acids (VFAs) and NH3 are the main end-products (Zhang et al., 2020). In particular, branched-chain fatty acids, e.g., iso-butyrate and iso-valerate, serve as markers since they solely occur in proteolytic fermentation (Mortensen and Clausen, 1996). Acetate, propionate, and butyrate are generated from AA, but in much larger quantities from fermentable carbohydrates (Cummings et al., 1987; Smith and Macfarlane, 1997). A few studies showed the influence of dietary protein content on the microbiota composition (Fan et al., 2017; Spring et al., 2020; Tao et al., 2021). A study with diets varying in protein levels (standardized ileal digestibility of 17.5% vs. 14.9%) and protein sources (casein, corn gluten meal or mix diet) revealed changes in the microbiota community. The diets with lower standardized ileal digestibility resulted in greater microbial diversity and an increased abundance of Lactobacillus in the jejunum. Casein or mix diet as protein source led to a higher microbial diversity in the jejunum than the diet with corn gluten meal through the equalized release of AAs (Mi et al., 2023). A dietary crude protein (CP) content of 12% led to lower growth performance in pigs combined with lower abundance of Prevotella, while Christensenellaceae, Aligiphilus, and Algoriphagus were more abundant in the pig feces (Spring et al., 2020). Pigs with low body weight (BW) were associated with lower fecal microbial diversity and higher levels of opportunistic pathogenic bacteria such as Anaerotruncus and Bacteroides (Han et al., 2017).

Enterotyping, firstly described in microbiome research with humans (Arumugam et al., 2011) and later applied to pig studies (Mach et al., 2015; Ramayo-Caldas et al., 2016; Lu et al., 2018; Yang et al., 2018; Ke et al., 2019; Le Sciellour et al., 2019; Ma et al., 2022), involves clustering to decrease the complexity of the fecal microbiota (Costea et al., 2018). Enterotype-like clusters are defined as groups of samples sharing similar bacterial composition (Arumugam et al., 2011). In pigs, enterotypes have been associated with a variety of factors, including performance (Mach et al., 2015; Lu et al., 2018; Ke et al., 2019; Le Sciellour et al., 2019; Ma et al., 2022). Previous studies showed that the affiliation of a pig to an enterotype can change over time (Mach et al., 2015; Lu et al., 2018; Le Sciellour et al., 2019). However, the reasons behind these shifts remain largely unexplored but are of significant interest. In addition, the relationship between the pigs’ enterotype affiliation and NUE has not yet been explored.

Although optimization of animal husbandry, genetics, and feeding strategies have significantly improved feeding efficiency in recent decades (Reyer et al., 2020), there is still a lack of studies addressing the microbial communities in pigs with varying predispositions to NUE. The study aimed to reveal the interrelationship between the fecal microbiota of fattening pigs with a defined family structure, their produced metabolites, and NUE.



2 Materials and methods


2.1 Description of the animal experiment, diet and sampling

The experiment was carried out for 2.5 years (2018–2021) at the Agriculture Experimental Station of the University of Hohenheim following German Animal Welfare Legislation after approval of the Regierungspräsidium Tübingen, Germany (Project no. HOH52/18 TE). Supplementary Figure S1 gives an overview of the experimental design. In total 508 crossbreed pigs (German Landrace×Piétrain) with defined family structures were kept under standardized conditions and investigated into 21 cohorts. A detailed description of the experimental design and procedures is given in Berghaus et al. (2023). Briefly, at the 11th week of life, cohorts were moved into the experimental barn for individual housing. Depending on the cohort size, for both sexes the heaviest animals and those closest to the average litter weight were selected. A two-phase feeding regime was implemented over the experimental period. The starter phase was administered from the 11th week of life when the pigs were kept separately. The feed transition to the grower phase occurred in the 14th week of life. In both phases, the diet was based on barley, wheat, and soybean meal (Supplementary Table S1). The proportions of the ingredients were adjusted to meet 90% of the demand for prececal digestible lysine in the prevailing phase in accordance with the Gesellschaft für Ernährungsphysiologie recommendations (GfE, 2008). This restriction allowed the pigs to show their full genetic potential for NUE. The following data were recorded to calculate the respective performance characteristics: BW to calculate average daily gain (ADG); the amount of feed administered and feed refused to estimate dry matter intake (DMI); gain to feed ratio (G:F) and average daily nitrogen intake (DNI). Two sampling periods (SPs) were executed for each cohort. In the 13th week of life, the first sampling period (SP 1) was conducted, followed by a second sampling period (SP 2) in the 16th week of life. The BW was 40.5 ± 4.7 kg in SP 1 and 60.3 ± 7.0 kg in SP 2 (mean ± standard deviation (SD)). At the end of the experiment, the BW was 96.0 ± 9.5 kg. A subgroup of pigs (n = 48) were randomly selected throughout the experimental period for N balance measurement in combination with stable isotope tracer technique as described in detail in Berghaus et al. (2023).

Each SP was conducted during five consecutive days following the same procedure: during the time range from the second to the fourth day (14,30–16,00 daily), a single fecal sample was collected once from each pig immediately after defecation. Samples were kept on ice and stored at −80°C until DNA and VFAs were extracted. Fifty animals were excluded from the analysis due to an experimental break because of the pandemic. Five further animals received antibiotic treatment and were excluded from the study. The fecal samples of in total 453 pigs were in both SPs available and were used for the purpose of this study.

On all days of the respective SP, fecal samples were collected from each pig to measure total N and dry matter (DM; Berghaus et al., 2023). Blood samples were collected to determine the BUN level, serum cortisol (Cor), and serum insulin-like growth factor 1 (IGF-1). For the pigs subjected to balance measurement, daily urinary N excretion and daily fecal N excretion were determined in addition to DNI. These values and blood metabolite concentrations were used to estimate daily nitrogen retention (DNR) for all pigs by multiple regressions and further calculate NUE (Berghaus et al., 2023). Those pigs (n = 446) whose fecal samples in both SPs passed the bioinformatic quality control described below, were divided into two groups (low and high) within each SP based on their NUE. The group NUELow contained pigs with values belonging to the 25% quantile. Pigs belonging to the 75% quantile were considered in the group NUEHigh.



2.2 VFA determination

Each fecal sample of 23.8 ± 8.74 g (mean ± SD) was diluted with 17.74 ± 7.01 g of ultrapure water to achieve homogeneity. Two aliquots with a weight of 4 g were taken from each sample and acidified with 2.5 mL sulfuric acid (5 N H2SO4). The 80 mM 2-methylvaleric acid in 50% formic acid was used as an internal standard. After a second homogenization step, the samples were frozen in Erlenmeyer flasks under continuous movement using a − 30°C ethanol bath. The distillation of the non-dissociated fatty acids was carried out under vacuum. To measure the quantity of acetate, propionate, iso-butyrate, butyrate, iso-valerate, and valerate in mmol/kg fresh matter, a gas chromatograph (Hewlett-Packard 6,890; Agilent) provided with a flame ionization detector and a fused silica capillary column (HP-FFAP; 25 m by 0.32 mm with a film thickness of 0.5 μm; HP 7683; Agilent) was used, as reported by Wischer et al. (2013).



2.3 DNA extraction and sample preparation for target sequencing

Microbial DNA was extracted from 250 mg of each fecal sample (n = 906) using the commercial FastDNA™ SPIN Kit for Soil (MP Biomedical, Solon, OH, United States). DNA was quantified with a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and stored at −20°C. Amplicon sequencing libraries preparation of the V1-V2 region of the 16S rRNA gene was carried out with PrimeSTAR® HS DNA Polymerase kit (TaKaRa, Beijing, China) following the method described in Kaewtapee et al. (2017). Briefly, 1 μL of DNA was added for the first PCR, in a 20-μl reaction with 0.2 μL of PrimeSTAR HS DNA polymerase and 0.5 μL of each primer. The second PCR, which used 1 μL of the first PCR as a DNA template, ran in a total volume of 50 μL. An initial denaturation at 95°C for 3 min was followed by 15 cycles (first PCR) or 20 cycles (second PCR) of denaturation at 98°C for 10 s, subsequent annealing at 55°C for 10 s, extension step at 72°C for 45 s and a final extension for 2 min at 72°C. Derived amplicons were inspected by agarose gel electrophoresis, purified, and normalized using SequalPrep Normalization Kit (Invitrogen Inc., Carlsbad, CA, United States). Samples were sequenced using 250 base pairs (bp) paired-end sequencing chemistry on an Illumina Novaseq 6,000 platform.



2.4 Bioinformatical analysis

After demultiplexing Fastq files with Sabre, they were further processed with Qiime2 (v.2021.4; Bolyen et al., 2019). Reads were trimmed using the q2-cutadapt plugin (Martin, 2011). The q2-dada2 plugin was used to identify amplicon sequence variants (ASVs) through quality filtering, error correction, dereplication, and merging of reads (Callahan et al., 2016). ASVs with a sequence length of less than 100 bp and/or that occurred in fewer than ten samples were removed. Sklearn-based classifiers (Pedregosa et al., 2011) were generated with RESCRIPt (Robeson et al., 2021) using the Silva SSU-rRNA database (v.138.1, 16S 99%; Quast et al., 2013). These were used for the taxonomic assignment of ASVs using VSEARCH (Rognes et al., 2016). Samples containing less than 50 ASVs and/or having ASVs with a sequence length of less than 200 bp were removed. Reads from organelles and unassigned sequences were deleted from the analysis. Twelve samples were excluded from further analysis because of the fewer reads. Two further samples were excluded because only one SP has enough reads after quality filtering.

Illumina amplicon data were analyzed using R version 4.3.1 (2023-06-16; Ihaka and Gentleman, 1996). The Shannon diversity index was calculated with “vegan” to assess the α-diversity in the samples (Oksanen et al., 2022). The total number of reads was standardized per sample and a sample dissimilarity matrix was created using the Bray–Curtis dissimilarity coefficient. Permutation analysis of variance (PERMANOVA) using the “adonis” function of the package “vegan” was used to compare microbial communities associated with SPs, sex and different sires (Oksanen et al., 2022). Further PERMANOVAs were calculated within each SP to examine whether the microbial communities differed between the NUEHigh and NUELow groups. For visualization of ordination and clustering of samples, non-metric multidimensional scaling (NMDS) was plotted using “ggplot2” (Wickham, 2016). The barplot for the relative abundance of the microbial composition at the genus level was generated with “ggplot2.” If the PERMANOVA revealed a significant difference between the NUEHigh and NUELow groups, a linear differential abundance analysis (LinDA) model was applied to identify the genera that were associated the differences in the respective SP (Zhou et al., 2022). Therefore, the relative abundance data at the genus level was run with the function “linda” of the package “MicrobiomeStat.” The default settings were kept. LinDA was visualized as a volcano plot with the “linda.plot” function.



2.5 Cluster analysis of the fecal microbiota

Enterotypes were assigned following the methodology from Arumugam et al. (2011) to identify groups of samples with similar bacterial composition. The Jensen–Shannon divergence matrix was calculated from the relative genus abundance data (unclassified genera were excluded) and partitioning around medoids clustering algorithm was applied using “cluster” (Maechler et al., 2022). To assess the optimal number of clusters (corresponding to enterotypes), the Calinski-Harabasz Index was calculated with “clusterSim” (Walesiak and Dudek, 2020) and the average silhouette width was determined with “factoextra” (Alboukadel and Mundt, 2020). Principal coordinates analysis (PCoA) was carried out and visualized with the function “dudi.pco” of the package “ade4” (Dray and Dufour, 2007). Using between-class analysis, the enterotype-like clusters were named according to the genus with the respective highest taxon weight. To investigate the relationship between these genera and the other representatives within each enterotype-like cluster, a co-occurrence network analysis with “ggraph” was performed (Pedersen, 2021). The nodes represented different genera, and the edges marked positive and negative relations. Genera with a relative abundance >1% were standardized by calculating the Z-scores. This was used as an input for calculating the Spearman correlation coefficients using the “cor” function from the “Stats” package (R Core Team, 2020). Only significant correlations (p < 0.0001) with an r > 0.3 or r < −0.3 were considered. Similarity percentage analysis (SIMPER) was run in PRIMER (v.6.1.16, PRIMER-E, Plymouth Marine Laboratory, Plymouth, United Kingdom) at the ASV level to identify the ASVs responsible for the differences between the two enterotype-like clusters (Clarke and Warwick, 2001).

To evaluate the affiliation of pigs to an enterotype-like cluster across both SPs, a manual subgrouping of the samples was performed. Samples from pigs belonging to the same enterotype-like cluster in both SPs were given the index “stable” to the name of the cluster. Those that changed their affiliation to an enterotype-like cluster were named with the cluster of SP 1 and the index “unstable.” For determining the sex distribution, the number of female and male pigs were counted within each subgroup of the enterotype-like clusters.

Beta-diversity analysis was done with all ASVs (unclassified taxa were included) associated with the stable and unstable members of the enterotype-like clusters. PCoA was run with the package “vegan” based on the Bray–Curtis dissimilarity coefficient (Oksanen et al., 2022). The same dissimilarity coefficient was used to calculate PERMANOVA in the way above. Pairwise PERMANOVA of the package “pairwiseAdonis” was used to detect which enterotype-like cluster subgroups differed in microbial composition (Martinez Arbizu, 2020). The relative abundances at the genus level and of the top 15 ASVs determined with SIMPER, were visualized with the package “ggplot2” (Wickham, 2016) to compare the stable and unstable members of the enterotype-like clusters. The representative species for the ASVs were identified using the Basic Local Alignment Search Tool (NCBI Resource Coordinators, 2013). The VFA concentrations, performance characteristics and blood metabolites (all averaged over both SPs) were used to calculate the Z-scores for each stable and unstable enterotype-like cluster and visualized using “ggplot2” (Wickham, 2016).



2.6 Functional prediction

The workflow of Tax4Fun2 (v1.1.5) was used to predict the metabolic pathways of the microbial community in each enterotype (Wemheuer et al., 2020). Bacterial genomes were downloaded from the National Center for Biotechnology Information webpage (Sayers et al., 2022) to generate a user-specific reference dataset through 16S rRNA sequence extraction and functional annotation. This reference dataset and those implemented in the package (Ref100 NR) and the ASV table of all samples were used to perform functional prediction. In total 350 Kyoto Encyclopedia of Genes and Genome (KEGG) pathways were identified. PCo plot for the stable and unstable subgroups of the enterotype-like cluster was done based on the Bray–Curtis dissimilarity coefficient with the package “vegan” (Oksanen et al., 2022). PERMANOVA and pairwise PERMANOVA were calculated in the aforementioned way to compare the functional blocks between the subgroups. After filtering for “Amino acid metabolism,” “Carbohydrate metabolism,” “Lipid metabolism,” “Metabolism of other amino acids” and “Energy metabolism” at level 2, 62 KEGG pathways remained. To identify the KEGG pathways that caused the differences between the subgroups of the enterotype-like clusters, the linear discriminant analysis effect size (LEfSe) algorithm approach was applied using the package “microeco” (Liu et al., 2021). The linear discriminant analysis (LDA) score threshold was set to 2. Only the top 30 KEGG pathways were displayed. The corresponding relative abundances of these, prevalent in the subgroups were visualized in a barplot with the package “vegan” (Oksanen et al., 2022).



2.7 Statistical analysis

For the comparison of the Shannon diversity index and the relative abundance data at the genus (unclassified genera were included) and ASV level between the stable and unstable members of the enterotype-like clusters, the Kruskal Wallis test with Benjamini-Hochberg (BH) procedure was carried out (Robinson et al., 2022; Wickham et al., 2023). In the case of significance (p < 0.05), Wilcoxon test followed by BH procedure was conducted for pairwise comparison (Robinson et al., 2022; Wickham et al., 2023). The same test was used to analyze differences of the Shannon diversity index and the relative abundance data at the genus level (unclassified genera were included) between the enterotype-like clusters, and high and low NUE groups. The Shapiro–Wilk normality test was used to test the normal distribution of VFA concentrations, performance characteristics and blood metabolites (Villasenor Alva and Estrada, 2009). In the case of normal distribution, the homogeneity of variance in the different groups was checked by the function “leveneTest” (Fox and Weisberg, 2018). After running a one-way ANOVA test with the function “aov,” the function “TukeyHSD” was used to make multiple pairwise comparisons between the means of the groups (R Core Team, 2020). To compare the non-normally distributed data, the Kruskal Wallis test and the Wilcoxon test (both with BH procedure) were performed (Robinson et al., 2022; Wickham et al., 2023). Spearman correlation coefficients between genera (average relative abundance higher than 1%, unclassified genera were excluded), VFA concentrations, performance characteristics and blood metabolites (all averaged over both SPs) were calculated within each subgroup of enterotype-like clusters after determining the Z-scores for standardization, as described above. The visualization was done with the R package svglite (Wickham et al., 2023). Only significant correlations (p < 0.05) with r > 0.3 or r < −0.3 were included.




3 Results


3.1 Fecal microbial composition

After quality control, sequencing data from 892 fecal samples were used for further analysis. All samples showed an average of 44,204 ± 875 (mean ± standard error (SEM)) reads per sample, and a total of 5,956 ASVs were identified. PERMANOVA revealed that microbial composition in the feces differed between SPs (p < 0.001), sex (p < 0.001) and sires (p < 0.001; Supplementary Table S2). The factor “sire” had the largest impact on the sample grouping (R2 = 0.11), followed by factor “SP” (R2 = 0.03) and “sex” (R2 = 0.009). The groups NUEHigh and NUELow included approximately the same number, but different pigs in each SP (SP 1: NUEHigh = 112 pigs, NUELow = 111 pigs; SP 2: NUEHigh = 110 pigs, NUELow = 109 pigs). Within SP 1, microbial community composition differed between pigs belonging to the NUEHigh and NUELow groups (p < 0.001; Supplementary Table S3, Figure S2). The sires’ offspring were represented unequally in both groups (Supplementary Table S4). The comparison of the microbial composition between the NUEHigh and NUELow groups in SP 2 revealed a trend (p = 0.06; Supplementary Table S3). No significant differences were observed between the NUEHigh and NUELow groups for the Shannon diversity index (NUEHigh: 4.54; NUELow: 4.58; p = 0.58). LinDA revealed Streptococcus as a differentially abundant genus for the comparison between NUEHigh and NUELow groups (p < 0.05; Figure 1). The relative abundance was higher in NUEHigh (16.4%) than in NUELow (12.9%) group. All other differentially abundant genera were not significant.
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FIGURE 1
 Differential abundant genera (NUEHigh vs. NUELow group in SP 1). Genera identified by LinDA and plotted as volcano plot with negative Log10 of Benjamini–Hochberg adjusted p-value over Log2FoldChange (LFC). Differential genus with significant differences is marked in blue. Genera without significant differences and LFC ≤ 1 were marked in gray. Differential genus with LFC > 1 and without significant differences was indicated in green (Libanicoccus). Negative LFC shows an increased relative abundance in the NUEHigh group. Positive LFC shows an increased relative abundance in the NUELow group.




3.2 Enterotype-like clusters

All fecal samples (n = 892) were grouped into two enterotype-like clusters (Supplementary Figure S3). In accordance with the respective highest taxon weight, they were named by cluster Lactobacillus (LACTO) and cluster Clostridium sensu stricto (CSST) and were visualized in the PCoA plot (Figure 2A). To investigate potential interactions between microbial taxa, co-occurrence network analysis was performed for each enterotype-like cluster. In the network of the cluster LACTO in total 17 genera were involved (p < 0.0001; Figure 2B). 11 out of 34 correlations were negative. The genus Lactobacillus was negatively correlated with Dialister, Prevotella 7 and Prevotella 9. The cluster CSST network contained 19 genera (p < 0.0001; Figure 2C). Seven out of 45 correlations were negative. Genus Clostridium sensu stricto was negatively correlated with Limosilactobacillus and Prevotella 7. The Shannon diversity index differed between the two clusters to a small extent (cluster LACTO: 4.49; cluster CSST: 4.54; p = 0.03).

[image: Figure 2]

FIGURE 2
 Enterotype-like clusters. (A) Principal coordinate analysis (PCoA) based on Jensen-Shannon divergence distance highlighting two clusters named cluster CSST in green and cluster LACTO in blue. Co-occurrence network analysis based on Spearman correlation coefficients in (B) cluster LACTO, and (C) cluster CSST.


The comparison of the averaged relative abundance at the genus level (averaged relative abundance >1%) revealed that almost all genera differed between cluster LACTO and cluster CSST (p < 0.05; Supplementary Table S5). Most genera had higher relative abundances in cluster LACTO than in cluster CSST. This was also the case for Lactobacillus, the most abundant genus of cluster LACTO (cluster LACTO: 21.9% and cluster CSST: 11.7%). Streptococcus, the most abundant genus in cluster CSST and Clostridium sensu stricto (19.0 and 5.6%) were both significantly less abundant in cluster LACTO (11.5 and 1.7%; p < 0.05). Uncl. Lachnospiraceae and Uncl. Prevotellaceae were within the unclassified bacteria, the only groups that had higher abundances in cluster LACTO than in cluster CSST (p < 0.05).

Pig samples that maintained their position within the same enterotype-like cluster across both sampling periods were labeled as “stable.” Those that altered their cluster affiliation were designated with the cluster name from SP 1, accompanied by the “unstable” index. Evaluation of the pigs’ affiliation to the enterotype-like cluster across both SPs resulted in the following groups: cluster LACTO (stable; n = 141 pigs), cluster LACTO (unstable; n = 142 pigs), cluster CSST (stable; n = 138 pigs) and cluster CSST (unstable; n = 25 pigs; Supplementary Figure S4A). The numbers of female and male pigs within each subgroup of the enterotype-like clusters varied and indicated an unequal sex distribution (Supplementary Figure S4B). The cluster LACTO (stable) and cluster CSST (unstable) had more male than female pigs, while the opposite occurred in the cluster CSST (stable) and cluster LACTO (unstable).

The Shannon diversity index ranged from 4.45 to 4.57 and was statistically different between the cluster LACTO (stable) and the cluster LACTO (unstable), and between both stable subgroups (p < 0.05).

PCoA plot based on ASV level revealed a grouping of the samples of cluster LACTO (stable) and cluster CSST (stable), as evidenced by the spatial separation between their centroids (Figure 3A). Conversely, the proximity of centroids for the LACTO (unstable) and CSST (unstable) clusters suggested a greater similarity in their microbial compositions. The PERMANOVA confirmed the differences in microbial composition based on ASVs (p = 0.0001). The pairwise PERMANOVA indicated that the microbiota composition differed between all enterotype-like cluster subgroups (Supplementary Table S6).

[image: Figure 3]

FIGURE 3
 Ordination diagrams of the subgroups of the enterotype-like clusters based on Bray–Curtis dissimilarity. (A) Distribution of samples based on bacterial ASVs and (B) predicted KEGG pathways.


Comparing the averaged relative abundances at the genus level revealed significant variations among the subgroups within the enterotype-like clusters (Supplementary Figure S5, Table S7). The relative abundances of all genera differed between the stable subgroups, while only specific genera, e.g., Blautia, Faecalibacterium and Limosilactobacillus varied within the unstable ones (p < 0.05). Most genera had their highest relative abundances in cluster LACTO (stable) e.g. Dialister, Megasphaera and Prevotella 9. Lactobacillus, the most abundant genus in both cluster LACTO subgroups, differed significantly across all subgroups (cluster LACTO (stable): 23% > cluster CSST (unstable): 19.3% > cluster LACTO (unstable): 16.3% > cluster CSST (stable): 10.7%). Within the subgroups of cluster CSST Streptococcus was the most abundant genus. The subgroup cluster CSST (stable) exhibited the highest relative abundance of this genus and those of Clostridium sensu stricto (Streptococcus: 19.7% and Clostridium sensu stricto: 5.5%). The lowest relative abundances of both genera were revealed in cluster LACTO (stable; Streptococcus: 11% and Clostridium sensu stricto: 1.7%). No significant differences were revealed between the unstable subgroups (Streptococcus both subgroups: 15%, Clostridium sensu stricto cluster LACTO: 4% and Clostridium sensu stricto cluster CSST: 2.5%).

Fifteen ASVs contributed to 30% of dissimilarity between cluster LACTO and cluster CSST (Supplementary Table S8). Lactobacillus amylovorus (ASV752) and Streptococcus alactolyticus (ASV5126) contributed the most with 9.9 and 8.5%, respectively, followed by the remaining ASVs, which provided less than 2% each. All ASVs were further analyzed comparatively between the enterotype-like cluster subgroups (Figure 4; Supplementary Table S9). L. amylovorus (ASV752) and S. alactolyticus (ASV5126) were the most abundant ASVs within all subgroups. For both ASVs, the significant highest and lowest relative abundances were detected in the stable subgroups, but not in the same enterotype-like cluster. In cluster LACTO (stable) was the relative abundance of L. amylovorus (ASV752; 21.2%) more than twice that in cluster CSST (stable; 9.8%). Between all subgroups, differences were revealed (p < 0.05). For S. alactolyticus (ASV5126) the significant highest and lowest relative abundances were exposed in cluster CSST (stable) and in cluster LACTO (stable) with proportions of 18.4 and 10.4%, while no differences were found among the unstable subgroups (p > 0.05; Supplementary Table S9). Clostridium saccharoperbutylacetonicum N1-4 (HMT; ASV4775), Terrisporobacter petrolearius (ASV3941) and C. saccharoperbutylacetonicum N1-4 (HMT; ASV5917) followed the same pattern as S. alactolyticus (ASV5126) and had the highest and lowest relative abundances in cluster CSST (stable) and in cluster LACTO (stable), respectively. The highest and lowest relative abundances of Limosilactobacillus reuteri (ASV1426), Roseburia porci (ASV1469) and Limosilactobacillus mucosae (ASV5627) were detected in cluster LACTO (stable) and cluster CSST (stable). Megasphaera elsdenii (ASV3221), Dialister holminis (ASV3683) and Prevotella copri DSM (ASV3133) had the highest relative abundances in cluster LACTO (stable) with 1.2, 1.7 and 0.9%. The remaining low-abundant ASVs with relative abundances between 0.2 and 2.9% differed most often only marginal between the subgroups (Figure 4; Supplementary Table S9).
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FIGURE 4
 Top 15 ASVs. Comparison of the relative abundance between the subgroups of enterotype-like clusters. Red dots represent the mean within each subgroup of the enterotype-like cluster. Different letters within each ASV indicate significant differences (p < 0.05).




3.3 Functional prediction

The taxonomic dataset was used to predict metabolic pathways encoded in the respective taxa of the enterotype-like cluster subgroups. The distribution of the samples based on predicted KEGG pathways showed differences between the stable and unstable subgroups’ centroids indicating considerable differences in their functionality (Figure 3B). Differences in the proportional composition of KEGGs was observed among the subgroups of the enterotype-like clusters (p < 0.001). The pairwise comparisons revealed that the functional composition differed significantly between the subgroups of the enterotype-like clusters, except for cluster LACTO (stable) vs. cluster CSST (unstable; Supplementary Table S10). The 62 KEGG pathways that remained after filtering for “Amino acid metabolism,” “Carbohydrate metabolism,” “Lipid metabolism,” “Metabolism of other amino acids” and “Energy metabolism” had an average proportion of 23.3% of all pathways detected in the samples.

Nine out of the top 30 discriminating KEGG pathways detected by LEfSE (Supplementary Figure S6A, Table S11) belonged to “Amino acid metabolism” and “Carbohydrate metabolism.” “Lipid metabolism” and “Energy metabolism” were represented with five KEGGs each, whereas “Metabolism of other amino acids” pathways were only present with two KEGGs. Most of the revealed KEGG pathways (in total 24) were attributed to the enterotype-like cluster CSST subgroups. The subgroups of cluster LACTO were mainly discriminated by KEGGs belonging to “Carbohydrate metabolism” and “Energy metabolism” (e.g., starch and sucrose metabolism and oxidative phosphorylation). Cluster LACTO (unstable) was differentially enriched with KEGGs of the “Carbohydrate metabolism” (i.e., amino sugar and nucleotide sugar metabolism). Only cluster LACTO (stable) was further distinguished by the enrichment of one KEGG involved in “Amino acid metabolism” (cysteine and methionine metabolism). The stable subgroup within cluster CSST was mainly discriminated by KEGGs belonging to “Amino acid metabolism” (in total six KEGGs). In contrast, the unstable subgroup was distinguished by a higher number of KEGGs belonging to “Lipid metabolism” (four KEGGs). The cluster CSST (stable) showed the highest LDA score for the KEGG “Phenylalanine, tyrosine and tryptophan biosynthesis” which is also related to the “Amino acid metabolism.” Only the stable and unstable subgroup of the enterotype-like cluster CSST were characterized by the differential enrichment of KEGGs belonging to “Metabolism of other amino acids” (beta-Alanine and glutathione metabolism). The average relative abundances of the pathways described above varied among the subgroups of the enterotype-like clusters in small proportions (p < 0.05; Supplementary Figure S6B, Table S11). Pathways were identified up to 1.9%, such as starch and sucrose metabolism, and up to 1.6% for amino sugar and nucleotide sugar metabolism.



3.4 Link to metabolites, performance characteristics and blood metabolites

Fecal VFA concentrations (mmol/g), key performance indicators, and blood metabolites (all averaged across both SPs) are presented in Supplementary Table S12. Except for NUE, all data were non-normal distributed. The variance for the factor NUE was homogenous (p > 0.05).

Correlations between genera (averaged relative abundance >1%, excluding unclassified genera) and VFA concentrations, averaged over both SPs, are depicted in Figure 5, and categorized by the subgroups of the enterotype-like clusters. In several cases similar correlations occurred within all subgroups, e.g., Dialister and Prevotella 7 were positively correlated with propionate and valerate, and Agathobacter, Faecalibacterium and Ruminococcus were negatively correlated with iso-butyrate and iso-valerate. In the cluster LACTO (stable), positive correlations with branched-chain fatty acids were observed solely for Megasphaera. This genus also exhibited positive correlations with propionate in both stable subgroups and with valerate in both subgroups of cluster LACTO and in cluster CSST (stable). Shuttleworthia was only positively correlated with acetate, propionate, butyrate and valerate in the stable subgroups.
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FIGURE 5
 Correlations between genera and produced VFAs based on Z-scores within each subgroup of the enterotype-like clusters.


Correlations between genera (averaged relative abundance >1%, excluding unclassified genera) and performance data and blood metabolites across each subgroup of the enterotype-like cluster are depicted in Figure 6. Generally, more correlations emerged in the unstable subgroups than in the stable ones. BW showed the most correlations with genera among all subgroups. Negative correlations were found with Ruminococcus in both subgroups of the cluster LACTO, with Blautia in all subgroups, and positive correlation with Clostridium sensu stricto in both stable subgroups and the cluster LACTO (unstable). Regarding NUE, negative associations with Clostridium sensu stricto in both stable subgroups and in the cluster LACTO (unstable), positive correlations within the unstable subgroups (Blautia: cluster CSST and Faecalibacterium: cluster LACTO), and negative with Megasphaera in cluster CSST (unstable) were observed. A few correlations were identified for ADG, DMI, G:F and DNR. In cluster CSST (unstable), blood metabolites correlated only with specific genera. Blautia, Faecalibacterium and Ruminococcus negatively correlated with BUN. Faecalibacterium showed a negative correlation with Cor, and a positive correlation was observed between IGF-1 and Blautia. No correlations of blood metabolites were calculated for the other enterotype-like clusters.
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FIGURE 6
 Correlations between genera and performance characteristics and blood metabolites based on Z-scores within each subgroup of the enterotype-like clusters.


The calculated Z-scores for VFA concentrations (Supplementary Figures S7A–F) revealed significant variations (p < 0.05) among subgroups within the enterotype-like cluster (Supplementary Table S13). However, these differences were marginal in magnitude. The cluster CSST (stable) exhibited the highest Z-scores for all VFAs, with acetate (0.1) at a concentration of 69.4 mmol/kg, the only VFA showing no significant differences among the subgroups (p > 0.05). Propionate and valerate followed the same pattern within the subgroups: The highest Z-scores (0.2) represented concentrations of 36.2 and 5.4 mmol/kg that differed from those in the unstable subgroups (cluster LACTO: 33.4 mmol/kg and 4.6 mmol/kg, and cluster CSST: 32.2 mmol/kg and 4.5 mmol/kg). Iso-butyrate and iso-valerate showed the highest Z-scores (0.2 and 0.4), corresponding to concentrations of 3.8 and 4.6 mmol/kg, respectively. The lowest Z-scores were detected in cluster LACTO (stable; −0.2 and − 0.3) reflected concentrations of 1.9 and 2.4 mmol/kg (p < 0.05). The highest Z-score for butyrate (0.2) which expressed a concentration of 21.4 mmol/kg differed from the other subgroups (p < 0.05).

Z-scores (Figure 7; Supplementary Figures S7G–I) determined for performance characteristics and blood metabolites varied among enterotype-like cluster subgroups (p < 0.05; Supplementary Table S13). The highest and lowest Z-scores for NUE were detected in cluster CSST (stable; 0.1) and cluster LACTO (unstable; −0.1) that, indicated values of 46.2 and 47%, providing the only differences between the subgroups in terms of NUE (p < 0.05; Supplementary Table S14). For ADG, DMI and DNR similar patterns were revealed within the subgroups of enterotype-like clusters: Cluster LACTO (stable) and cluster CSST (unstable) showed the highest Z-scores, while cluster CSST (stable) had the lowest ones (Supplementary Table S13). No differences were detected between subgroups for BW, and G:F (p > 0.05). Within the blood metabolites the concentrations of Cor and IGF-1 differed between the stable subgroups (p < 0.05).
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FIGURE 7
 Comparison of the Z-scores of (A) NUE (nitrogen utilization efficiency), (B) BW (body weight), (C) ADG (average daily gain), (D) DMI (dry matter intake), (E) G:F (gain to feed ratio), (F) DNR (daily nitrogen retention) between subgroups of the enterotype-like clusters. Different letters indicate significant differences in the row data (p < 0.05).





4 Discussion


4.1 Interplay between sire, sex, SP, NUE and the fecal microbial composition

Consistent with prior research, our findings indicate minimal impact of sex on the fecal microbiota in pigs (Han et al., 2018; Wang et al., 2022). Han et al. (2018) described that fecal samples collected at five different time points could be categorized into three stages: early (10 and 21 days of age), mid (63 days of age), and late-stage (93 and 147 days of age). Male pigs were castrated before they reached the age of seven days, and although there was a slight separation between female and male samples in the early group, this differentiation disappeared in the mid and late-stage groups. The authors postulated that the sex effect on the fecal microbial composition diminishes post-castration and disappears during the post-weaning growing process. The first sampling time point of the late-stage group aligns with the two SPs in our study during the 13 and 16th weeks of life. Thus, the low impact of sex in the present study could be attributed to the similar age of the animals and the castration.

Contrary to other studies, the time of sample collection (SPs) had only a minor contribution to microbiota variation (Han et al., 2018; Wang et al., 2022). Both SPs were only 21 days apart. By this stage, the pigs had long weathered the weaning phase, known for inducing abrupt social, dietary, and environmental changes that alter the fecal microbiota (Campbell et al., 2013). Various studies have shown that the microbiota in the feces of pigs changes with increasing age (Zhao et al., 2015; Han et al., 2018). The age at which the fecal microbiota stabilizes varies across studies, generally from 3 to 6 months (Zhao et al., 2015; Han et al., 2018). Dietary changes are often considered the primary cause of gut microbiota alteration (Muegge et al., 2011; Tilocca et al., 2017; Wang et al., 2019). In pig production, the dietary composition is determined by the growth stage of the animal (Han et al., 2018). In the present study, the transition to the grower feed, which occurred in the 14th week of life, with a slight change in the proportion of ingredients, coupled with the close timing of our sample collection, might explain why the timing of the sample collection had only a minor impact.

Previous studies have established that the pig’s genetic background influences the fecal microbiota, although the extent of its influence was not reported (Pajarillo et al., 2014; Xiao et al., 2017; Wang et al., 2022). Unlike these studies that compared microbiota across different breeds, the present study examined genetic variations within a single breed, focusing on the offspring’s sire as the source of genetic difference. The large R2 value for the factor sire, suggests that the sire’s genetics, used for selective breeding, had a considerable influence on the fecal microbial composition of their offspring. Berghaus et al. (2023) revealed that the average NUE in SP 1 was higher than in SP 2, and found variations in the NUE between the offspring from different sires (Berghaus, 2022). Differences in the fecal microbiota composition related to the predisposition for NUE (NUEHigh and NUELow) were observed only in SP 1. At the genus level, Streptococcus was a significantly differentially abundant genus between NUEHigh and NUELow group (p < 0.05; NUEHigh: 16.45%; NUELow: 12.92%). The LinDA approach is valuable for identifying potential genera for further biological assessment (Zhou et al., 2022). Therefore, an increased relative abundance of Streptococcus might be considered as a potential biomarker of increased NUE at SP 1. Various Streptococcus species such as S. infantarius and S. salivarius are commonly used in animal nutrition as probiotics (Yirga, 2015). Probiotics can improve nutrient utilization and growth performance through an improvement of gut health (better nutrient absorption by the epithelial membranes) and nutrient digestion (Liao and Nyachoti, 2017). Given that the investigated sample material was feces, it remains unclear if the NUEHigh pigs had a relatively higher colonization of Streptococcus already in the small intestine than the NUELow pigs, potentially leading to beneficial health effects. A higher N utilization in the small intestine of the NUEHigh pigs could also turn N a limiting factor for the microbiota in the subsequent gut compartments. A cultivation trial showed that Streptococcus species can adapt to N-limitation, when excess of glucose is present (Carlsson and Griffith, 1974). On the other hand, species like S. bovis produce dipeptidyl peptidase and dipeptidase, suggesting their potential importance for protein digestion and AA absorption in the GIT of pigs (Wallace, 1996; Dai et al., 2011). However, no studies have yet explored the relationship between the fecal microbiota and the NUE in pigs with a defined family structure. As the pig selection only included those belonging to the 25 and 75% quantiles, a significant number of pigs (223 in total) and microbiota data were not considered. For some sires, the offspring was either entirely absent or unevenly represented in the NUEHigh and NUELow groups. This observation suggests that a genetic component might also influence the NUE predisposition at SP 1 regarding the fecal microbiota. Genomic analysis with the same data set showed a heritability of NUE (Schmid et al., 2024).



4.2 Exploration of the enterotype-like clusters in the fecal microbiota

Enterotyping, a method first described in human microbiome research (Arumugam et al., 2011) and later applied to several pig studies, simplifies the complexity of microbiota data by creating distinct clusters within the gut microbiota (Costea et al., 2018). In pigs, enterotypes have been associated with age (Lu et al., 2018; Le Sciellour et al., 2019), sex (Le Sciellour et al., 2019), diets (before and after weaning; Ke et al., 2019), and breeds (Ma et al., 2022). In the present study, two enterotypes were identified in 892 fecal samples from 446 pigs. Contrary to most pig studies, the clusters were identified across the entire dataset, regardless of sampling time point (Lu et al., 2018; Ke et al., 2019; Le Sciellour et al., 2019). The main reason was the very low R2 value for the factor SP as previously discussed. With the exception of the study by Le Sciellour et al. (2019) (n = 160 pigs), these studies also investigated large cohorts of pigs. Lu et al. (2018) studied 1,039 pigs within each time point, while Ke et al. (2019) examined 953 pigs. Interestingly, the identified enterotype-like clusters of the present study were more continuous than discrete, deviating from the traditional definition of enterotypes. This aligns with the findings of a human microbiota meta-study conducted by Koren et al. (2013), which proposed that bacterial abundances across most body sites follow a gradient, thus leading to enterotypes with blurred boundaries (i.e., indiscrete enterotypes). In very few cases, they found discrete community types (e.g., in the vagina). Most studies investigating the fecal pig microbiome at different time points identified two clusters at each time point (Ramayo-Caldas et al., 2016; Lu et al., 2018; Ke et al., 2019). Le Sciellour et al. (2019) identified two clusters in fecal samples (day 52, 99, 140, and 154) and a third one on day 119. Xu et al. (2021) explored the fecal microbiota of Jinhua pigs at 105 days and uncovered three clusters. Enterotypes can be identified by the varying levels of key genera driving the distinctions between clusters (Arumugam et al., 2011). In the present study, the major drivers for the two enterotype-like clusters were Lactobacillus and Clostridium sensu stricto. However, the identified driver genera can considerably vary among different studies (Mach et al., 2015; Lu et al., 2018; Ke et al., 2019; Xu et al., 2021). Ke et al. (2019) identified p-75-a5 and Fusobacterium as the main drivers at day 25 and Prevotella and Treponema for days 80, 120, and 240. The authors attributed the occurrence of the drivers to the feeding before and after weaning. Like our study, Xu et al. (2021) revealed Lactobacillus and Clostridium sensu stricto 1 as the main drivers for the first two enterotypes. However, they detected a third enterotype driven by Bacteroides. Mach et al. (2015) identified Prevotella and Ruminococcus as major drivers. This wide variation highlights the complexity of microbial ecosystems and the importance of considering the study design, including sample processing and data analysis, when interpreting results. Microbial community exhibits considerable variation influenced by factors such as the ecological relationship between the microbial colonizers, whether opportunistic or symbiotic (Faust et al., 2012). Co-occurrence network analysis has been done to delve into potential interactions among microbial taxa to provide a more comprehensive understanding of the microbial community structure (Barberán et al., 2012). Within the network of the cluster LACTO, the genus Lactobacillus was negatively correlated to Dialister, Prevotella 7 and Prevotella 9. In the cluster CSST network, the genus Clostridium sensu stricto correlated negatively with Limosilactobacillus and Prevotella 7. Our findings diverge from the study of Arumugam et al. (2011), as in our study, the identified enterotype-like clusters were not group-driven, because the major drivers showed no positive association with other members. The Shannon diversity index differed slightly between the two enterotype-like clusters (cluster LACTO: 4.49; cluster CSST: 4.54; p < 0.05). At this point, it can already be stated that the differences between the subgroups were also marginal (range between 4.45 and 4.57), but still statistically different between the two cluster LACTO subgroups and both stable subgroups (p < 0.05). Le Sciellour et al. (2019) reported a significant difference in the Shannon diversity index only at day 52. The enterotype dominated by Prevotella–Sarcina had a lower Shannon diversity index than the one dominated by Lactobacillus (6.60 vs. 6.76). In contrast, Lu et al. (2018) reported no significant differences between the two enterotypes identified at day 105 (4.50 and 4.47, respectively). Furthermore, Han et al. (2018) proposed that the diversity of the microbial community is age-related in pigs and demonstrated a trend toward less diverse fecal microbiota as the pigs aged. This might explain the lower Shannon diversity index in the current study compared to the results of Le Sciellour et al. (2019). However, the association between the Shannon diversity index and age has not been fully clarified. Gaire et al. (2022), postulated that the microbial community in growing pigs becomes more diverse and presumably more stable, with increasing age. Increased diversity is associated with improved robustness of the gut microbiota (Larsen and Claassen, 2018). It’s strongly associated with fat thickness and ADG (Lu et al., 2018). The current study could not detect a connection between ADG and diversity.


4.2.1 Subgrouping of the enterotype-like clusters

Examining sample stability from SP 1 to SP 2, only 141 out of 446 pigs consistently belonged to the LACTO cluster, while 138 remained in the CSST cluster. Nearly one-third of the pigs changed their affiliation to a specific enterotype-like cluster between SP 1 and SP 2. Other studies observed that a pig’s affiliation with an enterotype changes over time, either post-weaning (Mach et al., 2015), between weaning and finishing (Lu et al., 2018) or during the finishing stage (Le Sciellour et al., 2019). The factors influencing whether a pig stays within or transition between enterotype-like clusters over time are of particular interest. In the current study, the persistence within an enterotype-like cluster appeared to be sex-dependent. Interestingly, the cluster LACTO (stable) had more males than females, while the contrary was observed in the cluster CSST (stable). Le Sciellour et al. (2019), also observed a sex-dependent association with enterotype-like clusters but solely at day 99. Similar to the present study, less females were clustered in the Lactobacillus enterotype than in the Clostridium sensu stricto-Turicibacter enterotype. However, the males, that were castrated as in the present study, were evenly distributed in both enterotypes. Mach et al. (2015) identified lactation-associated genera as potential biomarkers, indicating whether pigs would shift or remain stable in their enterotype-like cluster after weaning. A lower abundance of Clostridia and a higher abundance of Lactobacillus in 14-day-old suckling pigs indicated the shift in the Prevotella cluster after weaning. The abundance of Lactobacillus fermentum was twice as high in the feces of pigs that remained consistently in the Prevotella cluster (Mach et al., 2015). Lu et al. (2018) suggested that the pig’s genetic background affected the partitioning into enterotype-like cluster (Lu et al., 2018). Whether a similar genetic influence affected the stability of cluster affiliation in the current study remains to be determined. Previously, it was shown the effect of genetics on gut microbiota (Camarinha-Silva et al., 2017). In the present study the significant impact of genetics on the composition of the microbial community in the feces of the offspring from different sires (evidenced by the high R2 value) indicated that this factor appears promising in the context of cluster affiliation.

The subgroups of the enterotype-like clusters were characterized by different microbiota community structures (genus and ASV level), predicted functional architecture (KEGGs) and produced metabolites (VFAs). These variations were observed, although all pigs were kept under standardized conditions, including administering high- grain-based diets in both phases, as is common in commercial pig farming (Zijlstra et al., 2010). Dietary composition is critical in shaping the gut microbiota (Tilocca et al., 2017). Carbohydrates and proteins that resist enzymatic digestion in the proximal intestine undergo bacterial fermentation, producing VFAs (Krautkramer et al., 2021). Branched-chain fatty acids are produced through proteolytic fermentation (Mortensen and Clausen, 1996). This implies that a higher fecal concentration of these VFAs might indicate a larger proportion of proteolytically active bacteria in the proximal gut (Krautkramer et al., 2021).

Across both SPs, the cluster CSST (stable) pigs had the highest concentration of all identified VFAs (highest Z-scores) in the feces. These were significantly different in several cases from those measured in the other subgroups, except acetate. The group of proteolytic active bacteria is diverse and includes saccharolytic bacteria up to obligate AA fermenters (Davila et al., 2013). Representatives in the large intestine microbiota community that exhibit these characteristics are, for example, Streptococcus and Lactobacillus (Davila et al., 2013). In the present study, both genera had high proportions in the subgroups of the enterotype-like clusters. However, the abundance of Streptococcus followed the same pattern as the Z-scores for the branched-chain fatty acids. This suggests that species of this genus are more likely to be proteolytically active members than species of Lactobacillus. The effect of Streptococcus on the host intestine is less studied than Lactobacillus (Lan et al., 2023). Clostridium sensu stricto, the genus with the second-highest taxon weight in the cluster analysis, is one of the main genus detected in the feces of pigs after weaning (Chen et al., 2017) and its relative abundance increases with age (Gaire et al., 2022). Currently, no study has shown proteolytic capabilities in this genus.

The present study explored L. amylovorus (ASV752) and S. alactolyticus (ASV5126) as the ASVs that contributed most to the dissimilarity of clusters LACTO and CSST. The evaluation of the proteolytic ability of LAB group members was of central interest in previous studies (Liu et al., 2010; Kieliszek et al., 2021; Christensen et al., 2023). However, it was revealed that the proteolytic ability can vary widely (Liu et al., 2010; Christensen et al., 2023). Although all members are equipped with a proteolytic system consisting of proteinases, transport proteins and peptidases, there are inter-species differences (Kieliszek et al., 2021). The proteolytic system genes are distributed unevenly among different strains (Liu et al., 2010). The knowledge about the distribution that is indispensable to predicting the proteolytic potential of different strains (Liu et al., 2010) is still lacking and needs future research. L. reuteri (ASV1426) and L. mucosae (ASV5627) had their highest and lowest relative abundances in cluster LACTO (stable) and cluster CSST (stable). Limosilactobacillus reuteri and Lactobacillus amylovorus are colonizers of pig intestine and synthesize bacteriocins, which can inhibit the growth of other intestinal microorganisms (Hammes and Hertel, 2006). The administration of Limosilactobacillus mucosae LM1 in pig diets as a probiotic (moderate-high doses) led to an increase of the apparent total tract digestibility of N and an improvement of the immune response by reducing serum pro-inflammatory cytokines (interleukin-1β and tumor necrosis factor-alpha) and increasing anti-inflammatory cytokines (interleukin-10; Zhang et al., 2022). In the current study, despite the higher fecal abundance of Limosilactobacillus mucosae in the cluster LACTO (stable), no increase in N utilization were revealed (Z-score for NUE close to the average). In contrast, Clostridium saccharoperbutylacetonicum N1-4 (HMT; ASV4775), Terrisporobacter petrolearius (ASV3941) and Clostridium saccharoperbutylacetonicum N1-4 (HMT; ASV5917) had the highest and lowest relative abundances in cluster CSST (stable) and in cluster LACTO (stable). C. saccharoperbutylacetonicum is a cellulolytic bacteria (Tran et al., 2018) that plays a key role in the breakdown of cellulose, which is indigestible by the host, and contributes to its health by producing VFAs and maintaining the gut microbiota (Froidurot and Julliand, 2022). In the present study, no correlations were detected between Lachnoclostridium, the corresponding genus of C. saccharoperbutylacetonicum and the VFAs. Turicibacter bilis (ASV2503) had the highest abundance in the cluster LACTO (unstable). Although T. bilis is known to produce acetate, butyrate and lactate (Maki and Looft, 2022), this study found no positive association between the genus Turicibacter and acetate or butyrate. Prevotella copri DSM (ASV3133) and Megasphaera elsdenii (ASV3221) had the highest relative abundances in cluster LACTO (stable). Chen et al. (2021) revealed that P. copri was associated with fat storage in pigs and its abundance was positively related to increased concentrations of serum metabolites associated with obesity, e.g., lipopolysaccharides or branched-chain AA. On the other hand, the host intestinal barrier was more permeable, and the chronic inflammatory response increased. M. elsdenii can transform lactate to butyrate, which is physiologically vital for the hindgut mucosa (Hashizume et al., 2003). M. elsdenii synthesize highly active dipeptidyl peptidase and dipeptidase, indicating that these bacteria might be important for protein digestion and AA absorption in the GIT (Wallace, 1996; Dai et al., 2011). The present study found only positive correlations for Megasphaera and the branched-chain fatty acids within cluster LACTO (stable). However, the lowest concentrations of iso-butyrate and iso-valerate were detected in this subgroup. A possible reason for the exclusive position of the cluster CSST (stable) regarding the VFA concentrations over both SP could be the distribution of the differentially abundant KEGGs (detected by LEfSe). Most of the predicted KEGGs belonging to the AA metabolism were assigned to this subgroup. Streptococcus, the most abundant genus in this subgroup, is known to synthesize AA de novo (Willenborg and Goethe, 2016) that can be further utilized.

In the present study several negative correlations were detected between the genera, e.g., Agathobacter, Faecalibacterium and Ruminococcus and the branched-chain fatty acids within all subgroups. During the protein fermentation process, potentially toxic by-products such as ammonia are formed (Mortensen and Clausen, 1996; Bikker et al., 2007). A higher protein fermentation rate increases the branched-chain fatty acid concentrations and led to the accumulation of potentially harmful by-products (Birkett et al., 1996) in the feces. This accumulation may, in turn, inhibit the growth of other genera such as Agathobacter, Faecalibacterium and Ruminococcus.

Positive correlations were observed between the genera Dialister, Megasphaera, Prevotella 7 and Shuttleworthia, and the remaining VFAs. The correlations between Dialister and propionate within each subgroup align with the findings of Sakamoto et al. (2020) who detected succinate utilization ability in a Dialister hominis ssp. (also part of the top 15 ASVs in this study), and found that it could decarboxylate succinate to propionate (Sakamoto et al., 2020). Positive correlations were found between Megasphaera and propionate (stable subgroups of both enterotype-like clusters) and valerate (in all subgroups of enterotype-like clusters except for cluster CSST (unstable)). Species of Megasphaera, e.g., Megasphaera elsdenii can utilize lactate and convert D-lactate to acetate, propionate, butyrate and valerate (Counotte et al., 1981; Hashizume et al., 2003; Jiang et al., 2016). The saccharolytic bacteria Prevotella 7 showed positive associations with propionate and valerate among each subgroup of the enterotype-like clusters. In both unstable subgroups, Shuttleworthia was positive associated with butyrate concentration. Shuttleworthia is a saccharolytic bacteria that produces acetate, butyrate and lactate as end products from glucose fermentation (Downes et al., 2002). In contrast to this study, Xu et al. (2021) revealed a strong positive correlation between Blautia and Faecalibacterium with fecal butyrate concentration.

Previous research has proven that enterotype-like clusters are generally associated with performance traits (Mach et al., 2015; Ramayo-Caldas et al., 2016; Lu et al., 2018; Yang et al., 2018; Le Sciellour et al., 2019) and tend to be related to feed efficiency (Yang et al., 2017). For example, 60-day-old pigs belonging to the Prevotella and Mitsuokella enterotype had a BW that was 850 g heavier and an ADG that was 17.9 g higher compared to pigs of the Ruminococcus and Treponema enterotype (Ramayo-Caldas et al., 2016). The pigs belonging to cluster CSST (stable) had a 0.8% increase in NUE compared to pigs in cluster LACTO (unstable). On the other hand, the same pigs had the worst performances in terms of ADG, DMI and DNR compared to the other enterotype-like clusters. G:F is a commonly used measure of feed efficiency (Lu et al., 2017). Pigs with comparable G:F can differ greatly in their ADG and DMI (Smith et al., 2010). Variations in DMI could be triggers for increased or decreased ADG. This is consistent with previous research by Yang et al. (2018), which found a positive correlation between average daily feed intake and ADG. The altered DMI despite consistent conditions such as ad libitum feeding and water, may be influenced by the gut microbiota of the pigs. They suggested that pigs with similar gut microbiota may exhibit similar appetites (Yang et al., 2018). Some gut bacteria might suppress feed intake by producing VFAs and lactic acid, and regulating the metabolism of AAs (Yang et al., 2018). The differences between the subgroups for the VFAs, KEGGs and performance characteristics were rather small. These small differences are most likely due to the fact that pigs from a population selected for growth are less diverse than pigs from other studies (Lu et al., 2018). The strict standardized experimental procedure minimized possible stressors that could also cause variations in performance (Wellock et al., 2004).

This study, conducted on crossbreed fattening pigs with a defined family structure, explored the correlation between the fecal microbiota, their metabolites, and NUE. Streptococcus emerged as a potential biomarker when comparing pigs with high and low NUE in SP 1. Cluster analysis revealed that cluster CSST (stable) showed the highest NUE, despite containing low-performing pigs in terms of ADG, DMI and DNR. This work offers a critical understanding of the microbiome’s impact on NUE, establishing a foundation for subsequent strategies to improve sustainability in pig production.
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Introduction: Utilizing roughage resources is an effective approach to alleviate the shortage of corn-soybean feed and reducing the costs in the swine industry. Hezuo pig is one group of plateau type local Tibetan pig with strong tolerance to crude feeding. Nevertheless, current research on the roughage tolerance in Hezuo pigs and the microbiological mechanisms behind it is still minimally.This study explored the impact of various ratios of whole-plant silage (WPS) maize on the pH, cellulase activity, short-chain fatty acids (SCFAs), and intestinal microbiota in Hezuo pigs.

Methods: Thirty-two Hezuo pigs were randomly divided into four groups (n = 8). The control group received a basal diet, while experimental groups I, II, and III were given diets with incremental additions of 5%, 10%, and 15% air-dried WPS maize, respectively, for 120 days.

Results: The findings revealed that compared with the control group, in Group II, the pH of cecum and colon were notably decreased (p < 0.05), while acid detergent fiberdigestibility, the concentration of propionic and isobutyric acid in the cecum, and the concentration of isobutyric acid in the colon were significantly increased (p < 0.05). Also, carboxymethyl cellulase activity in the cecum in group II of Hezuo pigs was significantly higher than that in the other three groups (p < 0.05). Furthermore, the cecum microbiota showed a higher diversity in the group II of Hezuo pigs than that in the control group, as shown by the Simpson and Shannon indices. Specifically, 15 and 24 bacterial species showed a significant difference in relative abundance at the family and genus levels, respectively. Correlation analyses revealed significant associations between bacterial genera and SCFAs concentrations in the cecum. The abundance of Bacteroides and NK4A214_group was positively correlated with amounts of valeric and isovaleric acid but negatively with propionic acid (p < 0.05). The abundance of UCG-010 was positively linked with acetic acid and negatively correlated with butyric acid (p < 0.05). Actinobacillus abundance was positively associated with butyric acid levels (p < 0.05).

Discussion: In conclusion, a 10% WPS maize diet improved crude fiber digestibility by lowering cecal and colonic chyme pH, enhancing intestinal cellulase activity, improving SCFA production, and increasing intestinal microbiota diversity.

Keywords
 Hezuo pigs; pH; whole plant silage corn; cellulase; short-chain fatty acids; intestinal microbiota


1 Introduction

With the improving living standards, consumers’ demand for meat, eggs, milk, and other nutritious foods has grown, leading to rapid developments in livestock and poultry farming. This also significantly increased the demand for animal feed, highlighting issues such as the shortage of feed resources and rising costs. China, a major player in hog farming and pork consumption, produced over 49 million tons of pork in 2021, accounting for 60% of the total meat consumption in the country. Thus, it is critical to efficiently develop and utilize roughage resources for reducing the costs and increasing the economical benefits of pig production.

Whole-plant silage (WPS) maize, which is nutritionally rich and high in crude fiber compared to ordinary corn forage, is a quality roughage. It has been increasingly used in grass-fed livestock production but is not yet widely adopted in pigs and other forage-feeding animals. Dietary fiber at appropriate levels can enhance intestinal microorganism fermentation in animals, leading to significant short-chain fatty acid (SCFAs) production and improving host metabolic processes (Gill et al., 2021). Studies have shown that green juicy feeds and high-quality fiber can regulate nutrient absorption and enhance immune function in pigs (De Lange et al., 2010; Knudsn et al., 2012). Wang et al. (2023) found that adding 10% WPS maize to pig diets improves feed intake and daily weight gain, and reduces pollutants and harmful gasses. Ren et al. (2021) observed that adding 80% WPS maize in Bamei pigs’ could significantly decreased the feeding costs.

Chinese local pig breeds, which have been historically grazed or fed low-nutrient-level diets with green roughage supplemented by concentrates, have developed better roughage tolerance over foreign breeds (Zhao et al., 2019). Chinese local breeds have a distinct gut flora composition and structure from imported lean-type pig breeds, which is beneficial for their stronger fiber utilization ability (Tan et al., 2020). In pigs, crude fiber digestion mainly occurs through anaerobic fermentation by microbial fiber enzymes in the large intestine (cecum and colon). Here, fiber-degrading bacteria secrete cellulase complexes, using the fiber as a fermentation substrate and producing SCFAs that are efficiently absorbed by the host (Cheng and Yan, 2008; Zhu, 2020).

The state has recently emphasized protecting and innovatively using local germplasm resources, promoting several excellent local pig breeds for industrial development. The Hezuo pig, a plateau-type Tibetan pig breed raised semi-grazing in Gansu Province’s Gannan Tibetan Autonomous Prefecture, exhibits excellent traits like good meat quality and adversity resistance. However, it has slow growth and unique nutritional requirements compared to lean pigs. It effectively digests high-fiber unconventional feeds, providing a significant advantage in utilizing China’s rural feed resources. Despite these traits, the traditional feeding method of the Hezuo pig faces challenges due to new national regulations on ecosystem protection, necessitating exploration into housed-feeding alternatives. Furthermore, there is a lack of data supporting the roughage tolerance in Hezuo pigs and the microbiological mechanisms behind it.

Our previous study found that adding different proportions of WPS maize can significantly improves growth performance, meat quality, and blood biochemical indices in Hezuo pigs (Yin et al., 2024). Based on this foundation, in this study, we further investigates the effects of WPS maize on fiber digestibility, cecum and colon pH values, fiber-digesting enzyme activity, SCFAs, and intestinal bacterial flora in Hezuo pigs. Our findings provide a reference for applying WPS maize in Hezuo pig feeding to revitalize pig farming in Tibetan area villages.



2 Materials and methods


2.1 Test animals and experimental design

Thirty-two healthy Hezuo pigs, aged 60 days, were selected after a 7-day pre-feeding period on a basal diet. These pigs had similar body weights, averaging 7.88 ± 0.81 kg. They were randomly divided into four groups (n = 8), maintaining an equal gender balance in each group. The control group received a basal diet, while experimental groups I, II, and III were given 5, 10, and 15% air-dried WPS maize diets, respectively, for 120 days.



2.2 Experimental ration composition and nutritional levels

The WPS maize was provided by a dairy plant in Yongdong Farm (118°72′ E, 35°33’ N, Gansu Province, China). Its nutrient content levels are listed in Table 1. Whole-plant silage maize was dried and crushed to a particle size of 1.65 mm and mixed according to the feed formula. The test rations were configured according to the Pig Feeding Standard (NY/T 65–2004) and the details are listed in Table 2.



TABLE 1 Conventional nutrient contents of whole silage corn (DM basis; %).
[image: Table1]



TABLE 2 Composition and nutrient levels of experimental diets (DM basis; %).
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2.3 Test animal feeding management

The experiment was conducted at Gansu Bailu Tourism Farm from June to October 2022. Pigs were fed thrice daily (08:00, 13:00, and 19:00). Feeding was regulated to ensure a slight surplus in the trough after satiation, with water available ad libitum. All groups were maintained under identical feeding and management conditions.



2.4 Sample collection and processing

Three days before the end of the experiment, fresh feces were collected from each group in the morning, midday, and evening. Daily collections from each pig were mixed and stored at −20°C. After the collection period, these samples were thawed, mixed, and sampled at 10% of the total weight. To every 100 g sample, 10 mL of 10% sulfuric acid was added. The dried feces were then crushed and stored at −20°C for fiber digestibility analysis.

At the end of the experiment, six pigs per group were randomly selected for slaughter. Their intestines were dissected to collect cecum and colon chyme in 15 mL centrifuge tubes for pH analysis. The remaining samples were stored in 5 mL sterilized EP tubes, flash-frozen in liquid nitrogen, and preserved at −80°C for analyzing fiber digestive enzyme activity, SCFAs concentration, and intestinal microbiota.



2.5 Measurement indicators and methods


2.5.1 Fiber digestibility

The apparent digestibility of neutral detergent fiber, acid detergent fiber, and crude fiber was determined and calculated according to Feed Analysis and Feed Quality Testing Techniques (Zhang, 2007).

[image: image]

T: The apparent digestibility of a nutrient; A: Nutrient content of the consumed diet; B: Content of the nutrient in manure.



2.5.2 Cecal and colonic chyme pH

The pH of the cecum and colonic chyme was measured using a PHSI-3F type (Leici Instrument, Shanghai, China) pH meter.



2.5.3 Fiber-digesting enzyme activity in the cecum and colon

The 0.5 g of cecum and colonic chyme was combined with pre-cooled 0.9% sodium chloride solution (V:W, 9:1), homogenized for 2 min in an ice-water bath, and centrifuged at 3500 rpm for 10 min at 4°C. The obtained supernatant was stored at −20°C for testing. The ELISA kits for carboxymethyl cellulase, fibrous di-glucosidase, microcrystalline cellulase, and cellulase activity assay were obtained from Jiangsu Meimian Industrial Co., Ltd., China.



2.5.4 SCFAs concentrations in cecal and colonic chowders

The SCFAs content in the cecum and colon was determined by gas chromatography (GC). Briefly, the contents were thawed and 0.5 g of the cecum was weighed in a centrifuge tube. It was added with ultrapure water (W:V, 1.0:2.5), and the tube was vortexed for 3–5 min, and then centrifuged at 5,000 rpm for 10 min. Then, 0.2 mL of metaphosphoric acid deproteinizing solution with 2-ethylbutyric acid (2-EB) was added to 1 mL of the obtained supernatant. The mixture was vortexed and then centrifuged for 30 min at 10,000 rpm and 4°C. Finally, the SCFAs content was determined using an Agilent 7,890 N gas chromatograph. The column length was 30 m, the inner diameter was 0.32 mm, the membrane thickness was 0.5 μm, and the injector and detector temperatures were 260°C and 280°C, respectively. The carrier gas was nitrogen at a flow rate of 2.5 mL/min.



2.5.5 Microflora of the cecum

Total bacterial DNA was extracted using the TianGen magnetic bead method DNA extraction kit (TianGen, China), following the manufacturer’s instructions. The purity and concentration of the extracted total DNA were assessed using 1% agarose gel electrophoresis. An appropriate volume of sample DNA was placed in a centrifuge tube and diluted to 1 ng/μL with sterile water. The diluted bacterial genomic DNA served as a template for amplifying the V4 hypervariable region of the 16S rRNA gene using primers (515F, 5´-GTGCCAGCMGCCGCGGTAA-3′ and 806R, 5´-GGACTACHVGGGTWTCTAAT-3′). Library construction was performed using the NEB Next® Ultra™ II FS DNA PCR-free Library Prep Kit (New England Biolabs, China). The library was then quantified by Qubit and Q-PCR. The qualified library was sequenced (PE 250) using the NovaSeq 6,000 platform. Following Reads splicing and filtering, OTUs (Operational Taxonomic Units) clustering, and species annotation, valid data were subjected to species annotation and abundance analysis.



2.5.6 Data analysis

One-way analysis of variance (one-way ANOVA) was conducted on the experimental data using SPSS 26.0. Multiple comparisons were made using the LSD method, and results are presented as mean ± standard deviation (Mean ± SEM).

Alpha diversity of the cecum microflora was analyzed using Qiime2 (Qiime2-2020.6). PCoA analysis was conducted with R software (Version 4.0.3). Significant species differences between groups were analyzed using LEfSe or R software. LEfSe analysis was conducted with LEfSe software with a default LDA score threshold of 4. R software’s T-test method was employed for analyzing significant species differences at each classification level. Spearman’s correlation analysis was used to examine the relationship between the cecal abundance of bacterial genera and SCFAs concentration in test pigs, using Origin 2022. Data with p < 0.05 denoted a significant difference, and those with p < 0.01 were considered highly significant differences.





3 Results


3.1 Effect of different additive ratios of WPS maize on fiber digestibility in Hezuo pigs

The effects of different additive ratios of WPS maize on the fiber digestibility of Hezuo pigs are presented in Figure 1. The differences in neutral detergent fiber digestibility among groups were not significant (p > 0.05). However, acid detergent fiber digestibility in group II and group III was significantly higher than in the control group and group I (p < 0.05).

[image: Figure 1]

FIGURE 1
 Fiber digestibility in different groups of Hezuo pigs with different additive proportions of whole plant silage maize diet. (A) NDF digestibility; (B) ADF digestibility). The same letter indicates a non-significant difference (p > 0.05), and different letters indicate a significant difference (p < 0.05); the same applies to other figures.




3.2 Effects of different additive ratios of WPS maize on the pH of cecum and colonic chowder in Hezuo pigs

Data in Figure 2 displays the impact of varying WPS maize ratios on the pH of cecum and colonic chowders in Hezuo pigs. The pH levels in the cecum and colonic chowders of the test groups were lower compared to the control group. Notably, the colonic pH in group II was significantly lower than in the control group (p < 0.05). However, pH differences among other groups were not significant (p > 0.05). The cecum pH in group II was also significantly lower than in the other three groups (p < 0.05). This suggests that adding WPS maize to the diet may enhance fermentation in the cecum and colon, with a 10% addition (group II) leading to the highest fermentation level, potentially improving nutrient absorption.

[image: Figure 2]

FIGURE 2
 Appendix (A) and colonic chyme pH (B) in different groups of Hezuo pigs with different additive proportions of whole plant silage maize diet.




3.3 Effects of different additive ratios of WPS maize on fiber digestive enzyme activities in the cecum and colon of Hezuo pigs

Data in Figure 3 presents the effects of various WPS maize ratios on fiber digestive enzyme activities in the cecum and colon of Hezuo pigs. In the cecum, carboxymethyl cellulase activity in group II pigs was significantly higher than in other groups (p < 0.05). Cellobiase activity was highest in group II, significantly exceeding groups I and III (p < 0.05). However, groups I and III had significantly lower cellobiase activity compared to the control group (p < 0.05). Microcrystalline cellulase activity was significantly higher in the control and group II than in group III (p < 0.05), with group II showing the highest activity, though not significantly different from the control group (p > 0.05). Xylanase activity ranked from highest to lowest as group II, control group, group I, and group III, but without significant differences (p > 0.05). This indicates that a 10% addition of WPS maize enhanced fiber digestive enzyme activities in the cecum.
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FIGURE 3
 Effect of cellulase activity in the cecum (A–D) and colon (E–H) in different groups of Hezuo pigs with different additive proportions of whole plant silage maize diet. CMCase, carboxymethyl cellulase; MCCase, microcrystalline cellulase.


In the colon, group I had the highest cellobiase activity, significantly differing from groups II and III, and the control group (p < 0.05). The activity in group III was significantly lower than in group II (p < 0.05). Activities of carboxymethyl cellulase, microcrystalline cellulase, and xylanase did not show significant differences among groups (p > 0.05). This suggests that a 5% addition (group I) of WPS maize may boost fibrous disaccharidase activity in the colon of Hezuo pigs.



3.4 Effect of different additive ratios of WPS corn on SCFA content in the cecum and colon of Hezuo pigs

The results of the effect of different addition ratios of WPS corn on the concentration of SCFAs in the cecum and colonic chowders of Hezuo pigs are listed in Table 3. We found the highest concentration of acetic acid and total SCFAs in the cecum of group II Hezuo pigs, which was significantly higher than in group III (p < 0.05); the difference between the control group, group I, and group III was not significant (p > 0.05). The highest concentration of propionic acid in cecal chyme occurred in group II, exceeding that of the control group and group III (p < 0.05); it was also significantly higher in group I than in group III (p < 0.05). The isobutyric acid concentration in the cecum was highest in group II and significantly higher in groups I and III compared to the control group (p < 0.05). Concentrations of butyric acid, isovaleric, and valeric acids in the cecum were not significantly different among all groups (p > 0.05).



TABLE 3 Effect of different additive ratios of whole plant silage maize on volatile fatty acids in Hezuo pigs (mmol/L).
[image: Table3]

In the colonic chyme, only the isovaleric acid concentration in group II was significantly higher than in the other groups (p < 0.05). The differences among the control group, group I, and group III were not significant (p > 0.05). Concentrations of the other five SCFAs and the total SCFA did not differ significantly among the groups (p > 0.05). The above results indicate that the cecum is the main site of digestion and utilization of fibrous material from WPS maize by Hezuo pigs. Adding 10% WPS maize results in the highest concentration of SCFAs in the cecum of Hezuo pigs.



3.5 Effect of adding WPS maize on cecal microbiota of Hezuo pigs

Based on these results, 16S rDNA sequencing was conducted on the cecum contents of Hezuo pigs in the control group and those supplemented with 10% WPS maize (group II). This was aimed to analyze the effect of the silage on the cecal microbiota.


3.5.1 Diversity and PCoA analysis of cecal microbiota in Hezuo pigs

The diversity analysis of the cecal microflora in group II Hezuo pigs revealed that the alpha diversity abundance indices, Chao1 and Observed-species, did not show significant differences from the control group (p > 0.05; Figures 4A,B). However, the diversity indices, Simpson and Shannon, were significantly higher in the silage-supplemented group (p < 0.05; Figures 4C,D). The β-diversity index did not differ significantly between the two groups (p > 0.05; Figure 4E). The principal coordinate analysis (PCoA) analysis, based on Unweighted Unifrac distance at the OUT level, indicated two principal components, PC1 and PC2, with contribution values of 34.46 and 23.40%, respectively. The plot showed a clear distinction between the cecal flora of the control and silage-supplemented groups, suggesting significant changes in the overall structure and diversity of microbial flora (Figure 4F).

[image: Figure 4]

FIGURE 4
 Box plots showing differences between groups in α-diversity Chao1 index (A). Observed-species index (B). Simpson’s index (C). Shannon’s index (D). β-diversity (E), and PCoA analysis based on Unweighted UniFrac distances (F) (* denotes p < 0.05).




3.5.2 Effect of adding WPS maize on cecum intestinal microbiota composition of Hezuo pigs

The top 10 species of Hezuo porcine cecum microflora at phylum and genus levels are presented in Figures 5A,B, respectively. The major bacterial phyla in the cecal microbiota of Hezuo pigs were Firmicutes, Bacteroidota, and Spirochaetota (Figure 5A), with their relative abundance comprising over 95% of the cecal microbiota in both the control and WPS corn addition groups. Streptococcus and Muribaculaceae were identified as the main dominant genera in the control group, with mean abundance values of 9.72 and 7.33% (Figure 5B). In the WPS corn addition group, p-251-o5 and Rikenellaceae_RC9_gut_group were the predominant genera, with mean abundances of 8.46 and 7.28%, respectively. Relative mean abundance values of p-251-o5, Clostridium_sensu_stricto_1, Rikenellaceae_RC9_gut_group, Alloprevotella, UCG-005, and Terrisporobacter in the WPS maize addition group increased by 38.19, 16.77, 24.56, 30.21, 42.66, and 44.27% respectively, compared to the control group.
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FIGURE 5
 Mean relative abundance of major bacteria at the phylum (A) and genus (B) levels in the cecal colony control and 10% silage maize addition groups.


Figure 6 shows a significant difference analysis of bacterial groups annotated to the family and genus levels. At the family level, compared to the control group, the WPS corn additive group, comprising Oscillospiraceae, Eptostreptococcaceae, Eubacterium_coprostanoligenes_group, Bacteroidaceae, RF39 etc. showed a significant increase in relative abundance (p < 0.05); Lachnospiraceae, Streptococcaceae, and Lactobacillaceae decreased significantly in relative abundance (p < 0.05). At the genus level, UCG-005, Terrisporobacter, Bacteroides, RF39, Parabacteroides etc. exhibited significant increases in relative abundance (p < 0.05); Streptococcus, Lactobacillus, Prevotellaceae_NK3B31_group, Eubacterium_xylanophilum_group, and Frisingicoccus showed a significant decrease in relative abundance (p < 0.05).

[image: Figure 6]

FIGURE 6
 Bar graph of t-test showing differences in cecum flora between control and experimental group of pigs.


According to the LEfSe analysis results (Figure 7), the main bacterial taxa enriched in the cecum of control Hezuo pigs were Lactobacillaceae, Lactobacillus, and Lachnospiraceae. In contrast, the cecum of WPS corn-supplemented Hezuo pigs showed enrichment in Oscillospirales, Oscillospiraceae, and Peptostreptococcaceae_Tissierellales (LDA Score > 4).

[image: Figure 7]

FIGURE 7
 LDA bar graph for LEfSe analysis of species differences in Hezuo pig cecum microbiota.





3.6 Correlation analysis between different bacterial genera and SCFAs

Spearman’s correlation analysis of SCFAs between bacterial genus levels in the cecum of Hezuo pigs in the WPS maize addition group and the control group revealed that the relative abundance of Bacteroides and NK4A214_group was significantly positively correlated with the contents of valeric and isovaleric acid (p < 0.05), and was significantly negatively correlated with propionic acid (Figure 8). The relative abundance of UCG-010 was significantly positively correlated with acetate (p < 0.05), and negatively correlated with butyrate (p < 0.05). The relative abundance of Actinobacillus was significantly positively correlated with butyrate (p < 0.05).
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FIGURE 8
 Correlation analysis between cecum intestinal microbiota and SCFAs in Hezuo pigs (* indicates p < 0.05) (ACE, acetate; PRO, propionate; ISOB, isobutyrate; BUTY, butyrate; ISOV, isovalerate; VAL, valerate).





4 Discussion

Dietary fiber, the feed component with indigestible plant cell wall components, cannot be digested by innate animal digestive enzymes (Peng, 1999). In pigs, the small intestine is the primary site for nutrient digestion, where most proteins, lipids, and carbohydrates are digested and absorbed. Substances that remain undigested in the small intestine, particularly fibrous materials, pass into the large intestine. Here, they are utilized by caecum and colon microorganisms (Burkey et al., 2009). Chinese local pig breeds, with their high fiber digestibility, exhibit a high tolerance to roughage (Tan et al., 2020). He et al. (2022) discovered that high-fiber diets significantly decreased the average daily feed intake in Xinhuai pigs. However, this did not negatively impact their average daily weight gain, feed-to-weight ratio, or energy utilization in the hindgut. Additionally, the diets did not adversely affect the apparent digestibility of crude proteins and neutral detergent fibers, and they moderately enhanced the apparent digestibility of crude fibers (He et al., 2022). Tan et al. (2022) observed that Tibetan pigs, under grazing conditions, demonstrate a superior ability to digest fiber, their fibrous substance digestibility exceeds that of confined-fed pigs by over 10%. Wang et al. (2023) noted that introducing 7% bran into the diet of Meishan pigs notably reduced the apparent digestibility of protein and energy, however, this did not significantly alter the digestibility of neutral detergent fiber or growth performance (Huan et al., 2020). These studies collectively indicate that local pig breeds inherently possess robust fiber digestion capabilities, and incorporating a certain amount of fiber does not detrimentally affect their growth and digestive processes. In this study, we analyzed fiber digestibility in Hezuo pigs fed WPS maize rations with varying additive ratios. We found that adding 10% WPS maize substantially increased the digestibility of acid detergent fiber by 4.92%, respectively, compared to the control group. Changes in the pH of the gastrointestinal tract directly affect the digestive and absorptive capacity of the animal intestine. An appropriate intestinal pH ensures the activity of digestive enzymes and provides a suitable environment for intestinal probiotic bacteria. This also improves the intestinal microecological balance (Luckstadt et al., 2004; Kim et al., 2005). Our results showed that the dietary addition of 10% WPS maize significantly reduced the pH of the cecum and colon of Hezuo pigs. This reduction may be because the pH of WPS maize is generally in the range of 3.9–4.2. The prolonged intake of this feed by Hezuo pigs stimulates gastric acid secretion, thus reducing the cecum pH.

Microorganisms in the digestive tract of animals produce cellulase enzymes that catalyze the breakdown of cellulose, hemicellulose, and some related polysaccharides (Li, 2019). Carboxymethyl cellulase and cellobiase aid in the digestion of cellulose, while xylanase aids in the digestion of hemicellulose (Jing et al., 2013). The level of cellulase activity is often related to the level of dietary fiber that provides the intestinal microorganisms with a fermentation substrate. Measuring the activities of microcrystalline cellulase, carboxymethyl cellulase, cellobiase, and xylanase often reflects the dietary fiber degradation ability of the animal. Varel et al. (1987) showed that increasing alfalfa fiber content (40%) in the diet of sows increased the degradation rate of xylan and cellulose, increased the number and activity of cellulolytic bacteria, and increased the number of cellulase and xylanase enzymes in pigs. This study showed that the addition of 10% WPS maize significantly increased the cecum fibrous disaccharidase activity, carboxymethyl cellulase activity, and microcrystalline cellulase activity in Hezuo pigs. It indicates that the WPS maize diet increased the relative bacterial population of certain fiber-degrading bacteria in the cecum. This increases enhanced cellulase activity and promotes the digestion and utilization of fiber in Hezuo pigs, but the mechanism still needs further research.

Most of the carbohydrates in the hindgut of monogastric animals and the rumen of ruminants are fermented by microorganisms to produce a large number of monocarboxylic acids (organic acids containing 2–4 carbon atoms and 1 carbonyl end) for the body to utilize, such as short-chain fatty acids, β-hydroxybutyric acid, acetoacetic acid, and lactic acid, etc. (Moschen et al., 2012). Among them, short-chain fatty acids, as important energy substances, can provide 15 to 20% of energy for monogastric animals and 75% of energy for ruminants (Bergman, 1990). In addition, short-chain fatty acids play an important role in maintaining the morphology and function of intestinal epithelial cells, intestinal microecological balance and intestinal immune response (Liu et al., 2018). Among them, acetic acid is converted into acetate, which improves the protective function of the intestinal epithelium (Chang et al., 2021). Propionic acid inhibits the occurrence of intestinal inflammation (Dupraz et al., 2021). Butyric acid is converted into butyrate, which stimulates mucin secretion in the intestinal tract and directly supplies energy to the intestinal mucosa (Gaudier et al., 2009). Hung et al. (2019) found that high levels of fiber in the diet promoted the production of SCFAs by intestinal bacteria. Carneiro et al. (2008) demonstrated that wheat fiber significantly lowered the pH of the piglet cecum and increased the cecal content of acetic and butyric acids. Pu et al. (2020) showed that feeding high-fiber diets to Suhuai pigs promoted the metabolism of SCFAs in the cecum, increasing the amount of acetic acid. Acetic acid primarily comes from cellulose and hemicellulose in plant cell walls, which are degraded by rumen’s fibrolytic bacteria (Iwamoto et al., 2001). In this study, the addition of 10% WPS maize significantly increased the cecum content of propionic acid, isobutyric acid, and total SCFAs in Hezuo pigs. It also increased the colon content of isovaleric acid, suggesting that the plant fiber of WPS maize is easily digested and utilized by the cecum of Hezuo pigs.

The intestinal flora composition is the Primary factor that influences the level of SCFAs (Dalile et al., 2019). Certain intestinal bacteria have been shown to ferment indigestible fibers into SCFAs, such as propionic acid and butyric acid. These processes mediate host energy homeostasis, immunomodulation, and mucosal barrier function (Kelly et al., 2015; Makki et al., 2018; Mendes et al., 2022). In this study, the overall structure and diversity of pig cecum flora in the WPS group changed significantly. These changes were notable compared to the control group, and the microflora alpha diversity indices, Simpson and Shannon, were significantly higher. This suggests that feeding WPS maize may promote gut health in Hezuo pigs. It does this by increasing the abundance and diversity of their gut flora and responding to changes in dietary fiber levels. Further analysis showed that at the phylum level, the major cecal bacteria of Hezuo pigs were Firmicutes, Bacteroidota, and Spirochaetota. Both Shoaie et al. (2013) and Greenhill (2015) showed that the intestinal flora of fattening pigs mainly consists of representatives of thick-walled Firmicutes and Bacteroidota. These findings are consistent with our results; the abundance of Bacteroidota increased and the abundance of Firmicutes decreased in the colons of Hezuo pigs fed WPS maize. Firmicutes and Bacteroidota are widely present in the intestines of herbivores. Firmicutes aid in the fermentation of polysaccharides in the intestines. Together with Bacteroidota, Firmicutes help hosts digest food that they cannot digest themselves. Firmicutes are major cellulose decomposers, whereas Bacteroidetes are the primary polysaccharide-degrading and utilizing bacteria. Together, they increase the utilization rate of carbohydrates, proteins, and other substances in the host. The stable balance of these two phyla plays a vital role in maintaining the micro-ecology and health of the host gut (Hooper et al., 2001; Hooper, 2004; Ley et al., 2008; Ruiz et al., 2013). At the genus level, the relative mean abundance of Alloprevotella and UCG-005 in the porcine cecum was elevated by 30.21 and 42.66%, respectively, in the WPS maize addition group compared to the control group. UCG-005 has fiber-degrading activity, and its abundance in the cecum increased significantly with higher levels of fiber in the diet. Alloprevotella is closely related to the digestion of dietary fiber and is abundant in the cecum of the Sujang pig and Jinhua pig (Ren et al., 2020; Zhang et al., 2020). It is the dominant genus, with relative abundance increasing with higher levels of dietary fiber. Consumption of high-insoluble fiber diets during the second trimester of gestation increases the relative abundance of Alloprevotella in the feces of sows (Liu, 2019). Alloprevotella levels were higher in the feces of grazing Tibetan pigs than in housed Tibetan pigs and Duroc×Landrace×Yorkshire pigs, indicating their higher fiber degradation capacity. Overall, Alloprevotella and UCG-005 may be closely related to crude fiber digestion in Hezuo pigs.

Our correlation analysis of differential genera with SCFAs revealed that the relative abundance of Bacteroides and NK4A214_group was significantly positively correlated with the amounts of valeric acid and isovaleric acid. They were significantly negatively correlated with propionic acid. Additionally, the relative abundance of Actinobacillus was significantly positively correlated with butyric acid. This indicates that feeding WPS maize can influence SCFAs production. This, in turn, affects fiber digestion.



5 Conclusion

Adding 10% WPS maize improves fiber digestibility, lowers cecal and colonic chow pH, and increases intestinal cellulase activity and SCFA production in Hezuo pigs. It also enhances intestinal microbiota abundance. These findings provide valuable guidance for the characterization of roughage tolerance in Hezuo pigs.
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Phenolic acids Ethyl caffeate C11H1204 2.08E+02 M-H]- 5.88E+07
Mudanoside A C14H1809 3.30E+02 M+H]+ 4.34E+07
3,4-Dimethoxycinnamic acid C11H1204 2.08E+02 M-H]- 4.34E+07
5'-Glucosyloxyjasmanic acid CI18H2809 3.88E+02 M-H]- 2.84E+07
Glucosyringic acid CI15H20010 3.60E+02 M-H]- 2.83E+07
Methyl coumalate C7H604 1.54E+02 M-H]- 2.75E+07
2,5-Dihydroxybenzoic acid; Gentisic Acid C7H604 1.54E+402 M-H]- 2.59E+07
2,3-bis((2e)-3-(3,4-dihydroxyphenyl)prop-2-enoyl]- C22H18012 4.74E+02 M-H]- 2.58E+07
2,3-dihydroxybutanedioic
acid
Salvianolic acid A C26H22010 4.94E+02 M-H]- 2.55E+07
Gallic acid C7H605 1.70E4-02 M-H]- 2.55E+07
Terpenoids 2,3-Dihydroxyurs-12-en-28-oic acid (corosolic acid) C30H4804 4.72E402 M-H]- 4.37E+07
Jasminoside C C16H2407 3.28E+02 M+H]+ 3.20E+07
Sugiol C20H2802 3.00E+02 M+H]+ 2.60E+07
3,19-Dihydroxyurs-12-en-28-oic acid (pomolic acid) C30H4804 4.72E402 M-H]- 2.18E407
7-Oxodehydroabietic acid C20H2603 3.14E402 M+H]+ 2.09E+07
30,12B,150,21B,24-pentahydroxyserratane C30H5008 5.38E+02 M-+H]+ 1.94E+07
2,3-Dihydroxylup-20(29)-en-28-oic acid (alphitolic C30H4804 4.72E+02 M-HJ- 1.90E+07
acid)
2,3-Dihydroxy-12-ursen-28-oic acid C30H4804 4.72E4-02 M-H]- 1.83E+07
5-formyl-2,7-dihydroxy-1-methyl-9,10- CI6H1403 2.54E+02 M+H]+ 177E+07
dihydrophenanthrene
Loliolide C11H1603 1.96E+402 M+H]+ 1.67E+07
Alkaloids Yibeinoside A C33H53NO7 5.75E402 M+H]+ 9.68E+07
Perlolyrine CI6H12N202 2.64E+02 M+H]+ 4.35E+07
Alanine betaine C5H1INO2 1.17E402 M+H]+ 2.93E+07
N-(1-Deoxy-1-fructosyl)aminononanoic acid CI15H29NO7 3.35E402 M+H]+ 2.89E+07
(1R,38)-1-methyl-1,2,3,4-tetrahydro-B-carboline-3- CI3H14N202 2.30E+02 M+H]+ 2.79E+07
carboxylic acid
20-Ethyl-4beta-(acetoxymethyl)-7,8-diacetoxy- C31H47NO10 5.93E+02 M+H]+ 2.04E+07
lalpha,6beta, 14alpha, 16beta-tetramethoxyaconitane
Stachydrine C7HI3NO2 1.43E402 M+H]+ 1.86E+07
Caffeoylcholine CI14H20NO4 2.66E+02 M]+ 1.82E+07
4-(2-Pyridylazo)-N,N-dimethylaniline CI3H14N4 2.26E+02 M+H]+ 1.59E+4-07
2-Amino-5-[(1-carboxy-2-phenylethyl)amino]-5- CI4H18N205 2.94E+02 M+H]+ 1.53E+07
oxopentanoic
acid
Lignans and 3-Hydroxycoumarin CI9H603 1.62E402 M-H]- 5.54E407
coumarins
Esculetin (6,7-Dihydroxycoumarin) C9H604 1.78E+02 M-H]- 5.28E+07
Coumarin C9H602 1.46E+402 M+H]+ 4.35E+407
Skimmin (7-hydroxycoumarin-7-O-glucoside) CI5H1608 3.24E402 M+H]+ 1.56E4-07
3,4-Dihydro-4-(4'-hydroxyphenyl)-5,7- CI5H1205 2.72E+02 M+H]+ 2.09E+07
dihydroxycoumarin
Eucommin A C27H34012 5.50E+02 M-H]- 2.08E+07
Tracheloside C27H34012 5.50E+02 M-H]- 2.01E+07
Isoscopoletin-B-D-glucoside CI6H1809 3.54E+02 M+H]+ 1.20E+07
5'-Methoxymatairesinoside C27H34012 5.50E+02 M-H]- 1.92E+07
Hydroxymethyl coumarin glucoside CI6H1808 3.38E+02 M+H]+ 150407
Others y-Linolenic acid CI8H3002 2.78E+02 M-H]- 1.32E408
N-(1-Deoxy-1-fructosyl) Leucine CI12H23NO7 2.93E402 M-H]- 1.15E408
LysoPC 18:0 C26H54NO7P 5.23E402 M+H]+ 3.46E+07
N(6),N(6)-Dimethyl-L-lysine C8H18N202 1.74E+02 M+H]+ 3.26E+07
(3-hydroxypropanoyl)-L-leucine C9H17NO4 2.03E402 M-H]- 3.18E407
Crotonoside; 2-Hydroxyadenosine CI0H13N505 2.83E+02 M+H]+ 2.76E+07
2-Isopropylmalic Acid C7H1205 1.76E+02 M-H]- 2.70E4-07
L-Citramalic acid C5SH805 1.48E+402 M-H]- 2.34E+407
3,3,4-O-Trimethylellagic acid C17H1208 3.44E+02 M+H]+ 5.52E4+06
Corilagin C27H22018 6.34E+02 M-H]- 3.07E+06
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P-values

Linear Quadratic
Laying rate, % 61.20 & 4.78% 78.13 £ 3.32> 79.63 £ 1.88> 76.90 £ 3.74° 0.019 0.004 0.014
ADFI, g/d/hen 102.47 £ 1.57 99.14 £ 0.92 99.62 & 1.01 100.34 £ 1.16 0217 0.222 0.286
Average egg weight, g 52.13£0.54 52.02 £ 0.46 52.84 £ 0.57 5115 £ 0.44 0.198 0398 0.648
Feed/egg ratio 3354035 2774014 2724013 2.67£0.15 0133 0018 0.024

LCON, control group, basal diet; LPE, the control diet + 0.1% PE; MPE, the control diet + 0.2% PE; HPE, the control diet 4 0.4% PE. Data are expressed as means & SEM (n = 9). Means within
a row with different superscripts are significantly different (P < 0.05).
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P-values

Linear Quadratic
Egg weight, g 49.76 £ 1.41 5251 £0.59 5221+ 1.38 49.95 £ 1.02 0.221 0944 0381
Albumen height 563030 604027 5334021 5.47 £ 0.04 0.190 0569 0.657
Yolk color 10.00 £ 0.31° 8.86 £ 0.14* 8.71£0.18 9.00 % 0.26" 0.002 0.089 0.034
Haugh unit 77.04 £1.94 80.69 £ 1.77 76.43 £ 1.04 78.86 + 1.08 0211 0.356 0.660
Shell strength, pa 4.14+0.14 4234024 42240.14 4.03+0.18 0.844 0.713 0.936
Shell thickness, mm 0.37 £0.01% 036 £ 0.01% 0.3940.01° 0.39 0.0 0.002 0.057 0.195
Shape index, % 73.98 £0.57 7513 £0.01 77.03 % 1.19 7581 £ 2.61 0.130 0.894 0732

LCON, control group, basal diet; LPE, the control diet + 0.1% PE; MPE, the control diet + 0.2% PE; HPE, the control diet 4 0.4% PE. Data are expressed as means & SEM (n = 9). Means within
a row with different superscripts are significantly different (P < 0.05).
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P-values

Linear Quadratic
ALP, U/L 448.00 + 11337 351.88 £ 90.94 44044 £74.12 398.00 % 116.27 0877 0.685 0.880
AST, U/L 22529 % 14.06 248.14 £ 1327 245.14 £ 1234 24288 £11.25 0.599 0.684 0817
CHOL, mmol/L 2274020 3.69£0.42 4.03 %075 4.70 £ 0.80 0.081 0917 0.068
Glu, mmol/L 15.80 031 1529+ 0.38 1473 £0.34 1543 £0.25 0.180 0247 0.194
HDL-C, mmol/L 0.91£0.12 0.88 £0.12 0.82£0.10 0754021 0.872 0.555 0.809
IgG, g/L 0.07 +0.01* 0.09 £ 0.01° 0.09 £ 0.01° 0.09 £ 0.01° 0.002 0.219 0.184
IgM, g/L 0.06 % 0.01 0.07 £ 0.01 0.06 % 0.01 0.05 £ 0.01 0272 0.129 0.250
LDL-C, mmol/L 030 £ 0.05 0.40 £ 0.09 0.67 025 055+0.14 0371 0935 0376
TG, mmol/L 4.01 £059° 731+ 0.64° 752+ 1.01° 9.33 + 1.70 0.022 0323 0.187
TR, g/L 54.33 £ 1,55 58.61 % 1.92% 61.03+3.01° 63.09 %+ 1.94° 0.050 0353 0.083
UA, mg/dL 523099 5.66%0.71 5414071 539 0.66 0.984 0325 0.034
UN, mmol/L 1.03£0.16 0.86 £ 0.14 0.83£0.20 084 0.16 0.823 0.570 0.758

! CON, control group, basal diet; LPE, the control diet +0.1% PE; MPE, the control diet +0.2% PE; HPE, the control diet + 0.4% PE. AL, alkaline phosphatase; AST, aspartate aminotransferase;
CHOL, cholesterol; Glu, glucose; HDL-C, high-density lipoprotein-cholesterol; I¢G, immunoglobulin G; IgM, immunoglobulin M; LDL-C, lipoprotein-cholesterol; TG, triglyceride; TP, total
protein; UA, uric acid; UN, urea nitrogen. Data are expressed as means = SEM (1 = 9). Means within a row with different superscripts are significantly different (P < 0.05).
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Items CON 4% CKT SEM p-value
pH 641 657 633 019 0368
NH,-N, mg/100mL 1817 1431 12.86" 0814 0002
TVFA, mmol/L. 9164 8290 8204 3390 0155
Acetate, mmol/L 60.98" 5333 5267 1859 0022
Propionate, mmol/L. 1773 1594 1348 0.989 0139
Butyrate, mmol/L. 1473 13.26 1283 0487 onz
Valetate, mmol/L. 140 117 134 0.084 0181
AP 3583 3663 3061 0296 0.607

CON = control group; CKT = caragana korshinskii tannin; NH,-N = ammonia nitrogen; BCP = bacteria protein; A/P =acetate: propionate ratio; VFA =volatile fatty acids; ** within a row,
iferent letters mean differed significantly (p<0.05); SEM = standard error of mean.
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Items CON 2% CKT 4% CKT

Ingredients

Comn 1285 2135 3135
Wheat bran 18.00 13.00 0.00
Soybean meal 6.00 300 600
Chinese wildrye 45.00 15.00 400
Alfalfa 15.00 25.00 16.00
Caragana korshinskii 0.00 2000 40.00
Limestone 050 0.00 0.00
CaHPO, 100 100 100
NaCl 065 065 065
Premix! 100 100 100

Nutrition level

Metabolizable energy, (MJ/kg)* 8.50 842 834
cp 1067 1071 1075
NDF 4036 4227 4405
Non-structure carbohydrate (NSC) | 36.00 3449 33.06
Starch 1985 277 2200
Ca 0.79 0.84 078
3 0.53 0.47 056

“The premix provided the following per kilogram of diet: Cu 25 mg, Fe 55 mg, Mn 25 mg, Zn
116mg, 15.1mg, Se 0.3mg, VA 180001V, VD 3,0001U, VE 5761U.
"ME was calculated by the equations from NEC (2001),
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Items Content

Dry matter (DM) 95.23
Organic matter (OM) 8431
Crude protein (CP) 875
Ether extract (EE) 082
Calcium (Ca) 136
Phosphorus (P) 0.04
Neutral detergent fiber (NDF) 6579

Condensed tannins (CT) 1078
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Behavior Treatment [Class Chi-square| P- 1Frequency

statistic value | (N/min)

GFP Period of flora [Con X2 (1 0563 | 087050
disorders N = 648) - 0,334

Ant 1.04 £0.32

Period of flora Nat X2 (1, 0.407 0.94 4 0.57
recovery N = 0648) = 0.688

Pro 1.25£0.37

SFP Period of flora [Con X% (4, 0.018 0.12£0.17
disorders N = 648) = 5.641

Ant 0.69 £0.43

Period of flora Nat X7 (i, 0.041 0.59 +0.28
recovery N = 648) =4.172

Pro 0.34 £0.25

!Behavioral frequencies were calculated from hens randomly selected for sampling (1 = 7)

and are only descriptive statistics.
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Ingredients Content, %

Corn 62.20
Soybean meal 21.90
Wheat bran 1.50
CaHPO, 1.60
Soybean oil 1.50
Lys 0.07
Fine powder 3.30
NaCl 0.20
NaHCO3 0.20
Midding flour 7.30
Trace elements! 0.20
Multivitamin? 0.03
Total 100.00
Nutrient subtilis

ME/(MC/kg) 2.735
CP 15.317
Ca 4.106
TP 0.482
AP 0.379
CF 4.096
Na 0.168
Lys 0.715
Met 0.336
Trp 0.164

IThe trace elements provided the following per kg of diet: Cu (as copper sulfate), 0.8 g,

Fe (as ferrous sulfate), 6 g, Min (as manganese sulfate), 9 g, Zn (as zinc sulfate), 6 g, I, 90 mg,
and Se (as sodium selenite), 21 mg.

2The multivitamin provided the following per kg of diets: vitamin A, 330,000 IU, vitamin B1,
20 mg, vitamin B2, 500 mg, D-pantothenate calcium, 1,200 mg, vitamin B6, 300 mg, vitamin
D3, 82,500 IU, vitamin E, 2,000 IU, vitamin K, 180 mg, biotin, 14 mg, folic acid, 55 mg, niacin,
2,300 mg, and choline, 45 g.

3The nutrient levels were calculated.
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Gene GenBank |Primer sequences (5'to3’) |Size (bp)

accession

Z0-1 XM_046925214.1 (CCTGCCAGCCATCATTCTGA 36
TTGGCTCATAGCGCTTGTCA

Claudin-1 NM_001013611.2| GGTGTACGACTCGCTGCTTA 24
CTTCATGCACTTCATGCCCG

Occludin [NM_205128.1 | TCTGGGAAGGGCTGAGGTC 71
ATGCCTTCCCAAAAAGCCCT

TPH2  [NM_001001301.2 TGACATCACGTGACATGGCT 79
TGTGTTGAGGAATCGCTGGT

IMAO-A INM_001030799.1 ATGAAGAGAAGAACTGGACTATGGA 298
CAGAAGGTGGTGGTGAATGGT

5-HTRIA NM_001170528.1 TCACGGACCCCATCGACTAT 43
GTCAGGATTTGAGCGGTCCT
TNF-o.  |MF000729.1 GGTGCGGCCATATAAGCG 68

TCAATTGACGTCGTTCTGAGC

TLR4 NM_001030693.2 ACCTCAATGCGATGCACTCT 12
AGTCCGTTCTGAAATGCCGT
B-actin - NM_205518.1 CGGACTGTTACCAACACCCA 15

TCCTGAGTCAAGCGCCAAAA
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Group Con Ant P-value Nat Pro P-value
Egg production (%) 74.34 4 3.78* 71.29 4 2.84° 0.037 67.52 4 5.82° 71.5543.19 0.048
AEW (g) 62.4240.86 62.3140.93 0.761 63.6342.13 63.26 4 1.20 0.665
AFDI (g) 122.47 + 6.47 123.38 £3.17 0.673 129.95 + 4.48 130.67 + 7.25 0.774
FCR 2.65 %+ 0.20 2.8540.23 0.086 3.08 4+ 0.26 2.9140.21 0.109
Average feather score 2.494+0.38 2.35+0.56 0.309 2.38+£0.45 2.214+0.62 0.190

abp - .05, and Means within a

ine followed by different superscript letters differ significantly.
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ZnO+CT

AQP3 101 100 110 108 004 0731
AQP 100 094 | 107 106 003 0257
CFTR 102 044b | 053b 032 006 <0001
NHE3 102 099 097 102 003 0951
SGLT1 101 086 | 087 087 003 0126
NKCCL 100 106 103 103 003 0958
tem o
AQP3 101 107 095 107 005 0804
AQPS 104 082 094 086 005 0366
CFTR 1012 058b  0.46b 0.42b 006 <0001
NHE3 101 095 | 092 105 004 0702
SGLT1 104 s 125 123 006 0585
NKCCL 1.00 087 | 096 102 003 0209
L
AQP3 1026 128ab 1402 1540 006 0007
AQPS 101 129 105 127 006 0171
CFTR 105 076 | 094 101 005 0145
NHE3 100a 049 | 0.46b 0.27¢ 006 <0001
SGLT1 103 108 102 102 004 0966
NKCCl 101 099 097 087 004 0692

AQP3 = Aquaporin3; AQPS = Aquaporing; CFTR = CFTR; NHE3 = Nas/Hs exchanger;
SGLT1 =Na + ~glucose cotransporter 1; NKCC1=Na + K +-2Cl- cotransport carrier I
SEM = standard error of the mean. **Means lacking common superscriptleter indicated
significant differences (p<0.05) within a row.
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ZnO+CT

0day 842 842 836 838 002 0731
14days 1176 1258 177 1218 0.14 0.129
28 days 2060 2245 2083 2148 0396
0-14days 23877 29730 24337 270,87 1028 0152
15-28days 63155 70452 647.14 664,64 2357 0747
0-28days 435.18 500,83 44524 467.80 1456 0413
0-14days 34198 40405 33879 347.74 142 0135
15-28days 85232 1046.31 897.26 970.71 30.80 0118
0-28days 597.16 72518 61803 659.23 1865 0.064
0-14days 0417
15-28days 135 15 142 147 004 0529
0-28days 147 003 0731
0-14days 40800 4.02b 15370 287b <0.001
15-28days 3103 1.73¢ 18.16b 173 312 <0.001
0-28days 3592 287¢ 16.76b <0.001
0-14days 0.12¢ 0326 0.13¢ <0.001
15-28days 1240 0.04c 0.66b 0.10¢ o1 <0.001
0-28days 1000 0.08¢ 049 0.11c 0.08 <0.001

body weight; ADG =average daily gain; ADFI =average daily feed intake; F:
indicated significant differences (p <0.05) within a row.

= feed intake: body gain; SEM = standard error of the mean. *Means lacking common superscript leter
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ZnO+CT

IgA, pg/ml 13.87 1284 19 1021 075 0329

IgM, pg/ml 1134be 15.80ab 1031¢ 16272 077 0.002

1gG, pg/ml 5978 4822 5899 47.10 348 0438
Jejunum sigA, ng/my

’ e nglmg 290 388 314 359 015 0.081

prot

Tluem sigA, ng/m;

Bk 299 287 307 265 o4 0770

prot

lgA =immunoglobulin A; IgM=immunoglobulin M; IgG =immunoglobulin G: slgA =secretory immunoglobulin A; SEM=standard error of the mean. “"Means lacking common superscript

letter indicated significant differences (p <0.05) within a row.
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ZnO+CT

Duodenum 43291 47815 469.53 455.67 1369 0.697
Jejunum 328.09 408.64 456.88 413.69 2125 0188
Tleum 284,542 367.25 298.06ab 247.34b 1468 0.020
Duodenum 259.79 26157 275.02 27935 899 0.850
Jejunum 203.10 217.65 237.66 206.39 7.99 0.437
Tleum 184.04 18231 19857 17526 605 0.610
Duodenum 172 183 174 167 006 0814
Jejunum 161 193 194 204 009 0.409
Tleum 158 205 156 143 009 0.09

SEM = standard error of the mean. **Means lacking common superscript letter indicated significant differences (p <0.05) within a row.
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Zno+CT p-
value

z0-1 1.00 1.00 L12 113 0.03 0.109
Occludin 1.00ab 1.05a Llla 0.87b 0.03 0.003
Jejunum

z0-1 101b 1.50a 1.66a 171a 0.07 <0.001
Occludin 1.03 0.85 101 1.02 0.04 0.394

Tem

z0-1 1.06 143 131 140 0.07 0293
Occludin 1.00b 1.27a 1352 1.13ab 0.04 0.003

20-1 =z0nula occludens-1; SEM =standard error of the mean. “*Means lacking common
superscript letter indicated significant differences (p <0.05) within a row.
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RT VIP FC

57270 16348 1,96 10° 107

heptanoic acid 214349 L6312 0.0084 108
4-hydroxyquinoline 217530 17839 23510 109
N-methy-L-glutamic acid 96117 16028 0.0042 107
N-carbobenzoxy--leucine 10,3013 18354 731310 108
1-octanol 156110 24413 157x10° 117
N-alpha-acetyl-L-lysine 17.6510 18719 0.0028 111
2,3-butanediol 208617 26669 5.26%10° 113
Apigenin 220149 19480 290x10° 110
tyramine 66129 16755 00241 0.94
cyclohexanecarboxylic acid 86991 4315 5.93x10°% 0.63
5-hydroxyindole-2-carboxylic acid 12,5662 2175 00170 082
2,6-diaminopimelic acid 15,1418 16772 0.0206. 090
N-acetyl-5-hydroxytryptamine 16,6542 19410 6.60x10° 091
2,3-dihydroxybenzoic acid 17.0901 19703 498310 092
uric acid 18,5556 19084 0.0020 089
urea 204142 21341 0.0071 090
200321 26197 278x10° 084

D-saccharic acid 211464 16698 0.0101 091
‘mandelic acid 247449 15584 9.11x10" 095
Asarylaldehyde 249037 15284 0.0240 091
37-Dihydroxyflavone 265155 19023 0.0061 089
tyrosine methyl ester 265221 18031 761310 092
4-0-Methylphloracetophenone 30,4996 30017 10010 078
2-ethyltoluene 35,6959 16474 191x10° 093

RT, Retention time; VIP, variable importance in the projection; FC, fold change, FC:> 1 means that this metabolit is higher in 4% CKT group than that in CON group and FC< 1 means that
this metabolite s lower in 4% CKT group.
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Items CON 2% CKT 4% CKT SEM p-value
Phyla level

norank_d_Bacteria 3462 37.50° 5348 0090 <0.001
Euryarchaeota 5212 4783 18.86" 0128 <0.001
others 13.26" 14.68° 2765 0070 <0.001

Genus level
norank_g_Bacteria 3462 37.50° 5348 0090 <0.001
Methanobrevibacter 5061 4576 16.60° 0134 <0.001
unclassified_d_Unclassified 13.26" 14.67° 2765 0075 0009
Methanosphaera 0.86 138 163 0.007 0177
unclassified_c_Thermoplasmata 0.26 032 0.49 0.001 0099
others 039" 037 015" 0.001 0.006

CON = control group; CKT = caragana korshinskii tannin; ** within a row, different letters mean differed significantly (p<0.05); SEM =standard error of mean.
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Items CON 2% CKT SEM p-value
Shannon 119 152 157 0.122 0433
Simpson 0.22° 031 039" 0.053 0018
ACE 39.90" 35.48" 35.29" 1451 0.005
Chao 4544 39310 3433 3214 0.005

CON = control group; CKT = caragana korshinskii tannin; ** within a row, different letters mean differed significantly (p<0.05); SEM =standard error of mean.





OPS/images/fmicb-15-1334045/fmicb-15-1334045-t005.jpg
Items

L CH,/day

L CH/kg of DMI
L CH,/kg of OMI
L CH,/kg of NDFI

L CH/kg of BW*’*

CON = control group; CKT = Caragana korshinskii tannin; BW***=body weight raised to the power 0.75; “* within a row different letters mean differed significantly (p<0.05); SEM =standard

error of mean.

CON
156"
1129
1253
2644
080

2% CKT
10.62°
956
1187
23.70

074

4% CKT
11.94°
1081
1214
2487

074

SEM
0320
0.664
1144
2314

3314

p-value
<0.001
0333
0952
0817

0870
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Items
Intake (kg/d)

DM

oM

cp

NDF

ADE
Nutrient apparent digestibility (%)

DM

oM

cp

NDF

ADF

CON

153
149
0.16
0.62

0.28

55.07
57.56
64.86"
49.70°

60.44

2% CKT

163
159
017
0.69
029

55.04
57.25
49.75°
48.85"

53.28

4% CKT

145
141
015
0.64

024

55.84
60.82
56.30"
6255

60.69

SEM

0.105
0.010
0.001
0.044

0.018

0.022
0.020
0.010
0.019

0.023

p-value

0.608
0.581
0623
0618

02037

0.959
0429
0.006
0.002

0276

CON = control groups CKT = Caragana Korshinskii tannin; DM =dry matter; OM =organic matter; CP =crude protein; NDF = neutral detergent fiber; ADF =acid detergent fibers

“* within a row, different letters mean differed significantly (p<0.05); SEM = standard error of mean.
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Factor (SFAEI) AME concentration

2mg/g 3mg/g
pH ~00126 0.0000 ~0.0100 ~0.0064
mcp ~00355 00188 ~0.0655 00399
Ammonia-N 00413 ~0.0250 00259 00048
Acetate 00673 0.1891 01753 0.1653
Propionate 0.0073 00956 0.0925 0.0898
AP 00349 00839 0.0724 ~00181
TVEA ~0.0448 00551 0.0446 00309
Protozoa ~0.1400 ~0.0074 -0.0917 ~0.0398

MEAEL 0.2664 ~0.0819 04070 02434
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Ruminal fermentation AME concentration

parameters 0mg/g 1mg/g 2mg/g 3mg/g 4mgl/g

Total VEA (mmol/L) 3669 37.22 3803 3882 3835 269 087
Acetate (mmol/L) 201 228 2311 2348 207 095 079
Propionate (mmol/L) 763 7.46 756 7.68 753 032 099
Butyrate (mmol/L) 552 597 583 604 625 031 057
Valerate (mmol/L) 062 064 062 061 062 003 098
Tsobutyrate (mmol/L) 033 031 033 042 031 003 0.06
Isovalerate (mmol/L) 058 057 059 059 0.57 003 099
Acetate: Propionate ratio (mmol/L) 289 291 306 307 307 0.06 010
pH 582 552 563 567 562 006 0.06
Protozoa (*10°) 533 550 500 467 467 029 022
Microprotein (mg/100mL) 27514 2409" 16.75" 21.30° 19.29 036 <001
Ammonia-N (mg/100mL) 57.60 47.77 5560 4844 5134 273 o

The presence of the same superscript leter indicates a nonsignifican difference (p>0.05). Significan diffrences (p <0.05) are indicated ifthe superscript ltters are diferent, SEM, standard
error of the means.
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L —— Annealing  Product  The source of primer

temp. (°C)  size (bp)

Pseudobutyrivibrio xylanivorans strain MA3014
F: TCAACTCCGGTATTGCATTGGA

Butyrivibrio fibrisolvens 55 174 chromosome 1, complete s - Nucleotide - NCBI
R: TCTAATCCTGTTTGCTCCCCAC

(nih.gov)

Butyrivibrio F: TCCTAGTGTAGCGGTGAAATG 6 188 Clostri ides difficile strain M7404 chromosome,
proteoclasticus R: TTAGCGACGGGCACTGAATGCCTAT complete genome - Nucleotide - NCBI (nih.gov)

F: GCTCGTGTCGTGAGATGTTG Biogenics Inc. (BGI, Inc. Beijing, China)
Ruminococcus albus 55 112

R: CCACCTTCCTCCGTTTTGT commissioned the design of the primer.

F: ACGGAAATTACAGAAGGAAG
Clostridium aminophilum 57 560 Cobellis et al. (2016)

R: GTTTCCAAAGCAATTCCAC
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Items Content (%) Nutrients levels Content (%)

Ingredients (%) AME, MJ/kg 18.17
Corn 18.80 Ether extract (EE) 641
Soybean meal 1222 Neutral-detergent fiber (NDF) 3534
Cotionseed meal 214 Acid-detergent fiber (ADF) 3627
Distillers dried grains with soluble (DDGS) 393 Ash 175
Premixes 214 Crude protein (CP) 15.56
Bicarb. 051
Fat powder 064
Puffed soybeans 192
Corn silage 29009
Flake corn 9.7
Alfalfa 1250
Cotton seed 695
Total 100

Abbreviations: AME, apparent metabolizable energy.
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Treatments?

01%10-  05%10-
HDA HDA

Serum
DAO (U/L) 1236" 15.99* 8.59" 11.85 14.18" 1.699 0.015
Jejunum
VH (pm) 71147 765.47 838.80 825.97 856.35 8258 0.427
CD (um) 95.93° 184.73" 115.96" 97.34 116.33" 15.04 <0.001
VCR 7.41° .24 723 8.50" 735 0.44 <0.001
Tleum
VH (pm) 600.36" 49291 614.05" 631.09 605.31% 37.74 <0.001
CD (pm) 98.75 12251 101.36 104.35 98.48 13.66 0418
VCR 6.09" 4.05" L 40 6.12" 631" 0.548 0.010

““Means with different superscripts within a row diffr significantly (p<0.05, 1=6).
'DAO, diamine oxidase; VH, villus height; CI, crypt depth; VCR, villus height crypt depth ratio.

‘CON, basal diet +saline challenge; LPS, basal diet + LPS challenge; CTC, basal diet containing 75 mg/kg chlortetracycline + LPS challenge; 0.1% 10-HDA, basal diet containing 1 g/kg 10-
HDA + LPS challenge; 0.5% 10-HDA, basal diet containing 5 g/kg 10-HDA + LPS challenge.
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Bray-Curtis Binary-Jaccard Weighted-UniFrac Unweighted-UniFrac

R P P R P
CON VS. LGR 0.132 0.738 0.167 0.062 0.131 0.558 0.166 0.056
CON VS. HGR 0.199 0.07 0.157 0.024 0237 0.093 0.154 0.029

LGR VS. HGR 0.163 0.208 0.165 0.066 0222 0.107 0.162 0.095
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Treatments®

CTC 0.1% 10- 0.5% 10-
HDA HDA
ADFI (g/d) 15.76' 15.27° 15.11° 15.12° 15.15° 0075 0017
ADG (g/d) 887 824" 827 841" 839" 0061 0.001
FIG 178" 185 1.83% 180" 181 0008 0014

- Means with different superscripts within a row differ significantly (p<0.05, 1=6).
'ADFI average daily feed intake; ADG, average daily gains F/G, feed-to-gain ratio.
‘CON, basal diet + saline challenge; LPS, basal diet + LPS challenge: CTC, basal diet containing 75 mg/kg chlortetracycline + LPS challenge: 0.1% 10-HDA, basal diet containing 1 g/kg 10-

HDA + LPS challenge; 0.5% 10-HDA, basal diet containing 5 g/kg 10-HDA + LPS challenge.
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Item (ug/g) CON GR HGR P-value
Acetate 118736410395 11201410322 11663710528 089
Propionate 404.54+18.81 387.03+15.04 433.68+21.46 0.25
Isobutyrate 29.93+1.29 27.67+2.75 25.85+2.73 050
Butyrate 3410742315 3274241843 331361829 0388
Isovalerate 17.67+1.48 18.03+3.14 14.68+1.73 053
Valerate 56.3413.96 52.87+3.39 57.69+5.66 074
Caproate 3.54£0.16 340+0.23 4.06+044 031
TVFAs 2040.47 £137.26 193658 +105.39 2033.71+137.90 081

TVEAS, total volatile fatty acids.
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Bray-Curtis Binary-Jaccard Weighted-UniFrac Unweighted-UniFrac

R P P R P
CON VS. LGR 0.180 0.087 0.228 0.029 0.194 0.169 0.166 0.153
CON VS. HGR 0.172 0.193 0.140 0502 0.130 0.556 0.142 0.443

LGR VS. HGR 0.181 0.053 0.166 0.146 0.209 0.087 0.151 0.410
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CON (Kel HGR

Acetate (mmol/L) 54874175 6162°£065 5794 £1.85 0.03
Propionate (mmol/L) 13.93'£048 17.16° £0.45 1746 £1.04 001
Isobutyrate (mmol/L) 156015 132010 1512017 050
Butyrate (mmol/L) 6184029 624051 7.13£051 030
Tsovalerate (mmol/L) 1712007 129£020 170£0.19 019
Valerate (mmol/L) 040002 048001 047005 031
TVFAs (mmol/L) 7865 +2.23 8811+ 116 8621 +3.09 0.04
Ammonia (mg/dL) 10992041 10342030 1015050 037
Microbial proteins (mg/mL) 1882008 1.96£0.10 198008 072
Rumen fluid pH 7,03 £007 6.86%+0.06 678 £001 0.04

TVEAS, total volatile fatty acids. Means with different lowercase superscript letters were significantly different at p<0.05.
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Metric (24 h)

Total VEA (mmol/L) 79.94 7524 7928 7254 79.28 85.27 248 005
Acetate (mmol/L) 4561 4004 4348 42.68 4507 4932 199 0.09
Propionate (mmol/L) 2637 3039 290824 2238 27.00" 28174 141 0.02
Butyrate (mmol/L) 617" 350° 4,55 5.70" 5350 5.86" 035 <001
Valerate (mmol/L) 078 062 074 077 086 092 0.07 0.16
Isobutyrate (mmol/L) 043 035 047 0.44 042 054 0.03 0.13
Isovalerate (mmol/L) 0.78 062 074 077 086 092 0.07 0.16
Acetate: Propionate

176" 132 148 o1t 1674 175% 012 0.04
ratio (mmol/L)
pH 6.30¢ 644 6,36 6.50" 653 6510 0.04 <001
Protozoa (*10°) 8.67" 800 9.33" 8334 533 6,33 0.69 <0.05
Microprotein

1.25¢ 146% 152 L1g° 143 133 0.03 <001
(mg/100mL)
Ammonia-N

2437 2364 27.044 2384 26724 2688 0.58 <001
(mg/100mL)

Al isthe control group; A2 represents the UFA mixture of oleic acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3), and 1% of each UFA was added to the substrate, totally 3%; A3
represents a mixture of A2 and AME; Ad represents the addition of AME only; AS represents the UFA mixture of oleic acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3), and 0.5%
of each UFA was added to substrate, totally 1.5%; A6 represents a mixture of AS and AME.

The presence of the same superscript leter indicates a nonsignificant difference (p>0.05). Significant differences (p <0.05) are indicated if the superscript letters re different.

SEM, standard error of the means.
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Item CON GR HGR P-value
TG (mmol/L) 0.17£0.01 0.18£0.01 0194001 055
CHO (mmol/L) 1954003 1914008 1934006 087
HDL-C (mmol/L) 1624008 155£005 1604006 072
LDL-C (mmol/L) 0.270.02 0.25£0.02 0.28+0.02 0.6
Glucose (mmol/L) 801£0.09 838039 8314044 072
TP (g/L) 63.61£0.64 63554135 63.75£0.87 098
ALB (g/1) 35604054 33804108 3375142 0.42
GLB (g/1) 2801£0.61 29754045 30254076 0.07
Urea (mmol/L) 1165£0.12 10794070 10274048 0.20
ALP (UIL) 39318443 38535£10.13 3882421044 081
AST (UIL) 51775275 51174285 52414169 094

TG, tiglycerides; CHO, cholesterol; HDL-C, high-density lipoprotein cholesterol; LDIL-C, low-density lipoprotein cholesterol; TP, total protein; AL, albumin; GLB, lobulin; AST, aspartate
aminotransferase; ALP, alkaline phosphatase.
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Item (%)

Antler 93150 +34.77
weight (g)

Crude 7864065
protein

Ether 895243582
extract

Drymatter | 7344112

NDE 75.08+0.97
ADE 59.54' 0,96
ADE, acid detergent fiber; NI

11150045838

80.11£0.88

87.6643.69

75414277
78.70+2.03

6712 £133

superscript letters significantly different at p<0.05.

127630+ 114.73

7734087

86324120

74814108
7680074

64.70°£1.17

003

013

077

075

025

001

: neutral detergent fiber. Means with different lowercase
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Ingredients (9/100g) rient levels

Corn 158 GE (MJ/kg)

Soybean meal 28 DM% 89.62
Wheat bran 65 [e23 24
Corn gluten feed 45 EE% 307
DDGS 23 NDE% 5202
Sunflower seed meal 46 ADF% 1671
Expanded urea 05

Soybean oil 05

Bone meal 06

NaCl 07

Premix' 1

Corn yellow silage 35

Total 100

DM, dry matter; CP, crude protein; ME, metabolic energy: EF, ether extract; NDF, neutral
detergent fiber; ADF, acid detergent fiber. ME was calculated and other values were
measured. Premix: 1 kg of premix contained the following: Mg0, 0.076 g ZnSO, H,0,
0.036g MnSO, H.0, 0.043g; FeSO, H.0, 0053 g NaSeO,, 0.031 g vitamin A, 2484 1U;
vitamin D, 3496.81U; vitamin E, 0.828 IU; vitamin K. 0.23 mg vitamin B, 0.092 mg; vitamin
B2,0.69 mg; vitamin B12, 000138 mg; flic acid, 0,023 mg; nicotinic acid, 1.62mg; calcium
pantothenate, 1.15 mg; CaHPO,, 5.17g; CaCO,, 4.57g.
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It CON R R

IgA (ug/mL) 49020 +13.74 543.45" £18.08 557.70° £4.99 001
1G (mg/mL) 3.92+0.06 424008 412019 026
IgM (ug/mL) 103.51+2.43 105.663.19 105.59+225 081
CAT (U/mL) 272 £005 2932009 318 £0.14 004
GSH-PX (U/mL) 168,17 £3.64 182.26"£2.19 18242° 2447 003
T-SOD (U/mL) 101.10+2.46 103.944.06 10418657 077
T-AOC (U/mL) 113£0.10 123£0.12 115£0.11 082

lg, immunoglobulin; CAT, catalase; GSH-PX, glutathione peroxidase; T-SOD, total superoxide dismutase; T-AOC, total antioxidant capacity. Means with different lowercase superscript letters
were significantly different at p<0.05.
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Bacterial taxa MR methods No. of 95% Cl p-value F statistic

(exposure) SNP

Blautia vw 13 0309 0.154 1362 10081842 0.044 256

MR Egger 13 0.306 0.406 1358 0613-3.008 0.467

Weighted median 13 0373 0211 1452 0.96-2.196 0.078

Weighted mode 13 0.498 0383 L1645 0776-3.484 0218

Maximum likelihood 13 0318 0.157 1375 10111869 0042

ML-MA-BIC 13 0314 0.159 1369 1.002-1.87 0.049
Butyricicoccus ww s ~039 0218 0677 0442-1.038 0.073 3996

MR Egger s 0331 0.325 1392 0736-2.635 0348

Weighted median 8 ~0.054 0233 0947 0.6-1.496 0816

Weighted mode 8 —0.045 0.266 0956 0.568-1.61 0.87

Maximum likelihood 8 ~0.43 0.184 0651 0454-0933 0019

ML-MA-BIC 8 ~0.306 0.202 0736 0495-1.095 013
Christensenllaceae R-7_ IVW. 10 ~0.162 023 085 0541-1335 0.481 2186
group MR Egger 10 0.026 0751 1026 0.236-4.47 0973

Weighted median 10 ~0.489 0222 0613 0397-0948 0.028

Weighted mode 10 ~0531 0.296 0588 0329-1.051 0.106

Maximum likelihood 10 ~0.179 0178 0.837 0.59-1.187 0317

ML-MA-BIC 10 ~0.41 0.186 0663 0461-0955 0027
Defluviitaleaceae_UCG- VW 9 0272 0.151 1312 0976-1765 0072 214
o MR Egger 9 ~0.433 0514 0649 0237-1775 0.427

Weighted median 9 0.404 019 1497 1031-2.174 0.034

Weighted mode 9 0435 0332 1544 0805-2.962 0227

Maximum likelihood 9 0292 0.136 134 1026-1.749 0032

SML-MA-BIC 9 0.278 0.146 1321 0992-1.76 0.057
Eubacterium_fissicatena_ VW 9 0247 0.089 128 1075-1524 0.006 239
group MR Egger 9 ~0.43 0.463 065 02621613 0.384

Weighted median 9 0212 0.125 1237 0968-1579 0.089

Weighted mode 9 0211 0176 1235 0875-1743 0.264

Maximun likelihood 9 0.257 0.093 1293 10771553 0.006

ML-MA-BIC 9 0249 0.09% 1283 1063155 001
Family_XII_AD30IL. VW 13 0.274 017 1316 09421837 0.107 28
group. MR Egger 13 —0.543 0.802 0.581 0.121-2.798 0.512

Weighted median 13 0.247 0.202 128 0.862-1.903 0.221

Weighted mode 13 027 0317 1309 0704-2437 0411

Maximum likelihood 13 0.291 0.141 1338 1016-1.764 0.038

SML-MA-BIC 13 0.166 0.159 118 08631613 0.299
Fusicatenibacter ww 18 0227 0.128 12354 0975-1613 0077 233

MR Egger 18 ~0.064 0.481 0938 0365-2.41 0.896

Weighted median 18 0348 0175 1416 1.004-1.997 0047

Weighted mode 18 0528 0321 1696 0903-3.183 0n9

Maximum likelihood 18 0233 0.129 1262 0979-1626 0072

ML-MA-BIC 18 0.237 0131 1.267 0981639 0071
Methanobrevibacter ww 6 0.27 0.109 131 10591621 0.013 2

MR Egger 6 0.607 0.407 1836 0827-4.075 021

Weighted median 6 0.235 0.148 1265 0946-1693 o3

Weighted mode 6 0.229 0.165 1.257 091-1.737 0.224

Maximum likelihood 6 0.274 0112 1315 10551639 0015

ML-MA-BIC 6 0271 0114 1311 10491638 0017
Oscillospira ww 8 ~0.223 0.189 08 05521158 0.237 2158

MR Egger 8 ~1893 0.603 0.151 0.046-0.491 0.02

Weighted median 8 ~0.359 0.208 0699 0.465-1.05 0.085

Weighted mode 8 ~0.465 0328 0628 0331194 0.199

Maximum likelihood 8 ~024 0.149 0787 0588-1.053 0.107

ML-MA-BIC 8 ~0.274 0.163 076 0552-1.047 0,094
Ruminococcaceae_UCG- VW n ~0.233 0.107 0792 0643-0977 0029 2696
002 MR Egger 2 ~0316 0.287 0729 0.416-1.28 0.284

Weighted median 2 ~0.167 0.152 0846 0628-1.139 0.271

Weighted mode » —0.142 0243 0867 0539-1397 0.565

Maximum likelihood 2 —0.231 0.105 0791 0646-0975 0.028

ML-MA-BIC 2 ~0.18 [ 0835 0672-1.039 0.106

MR, Mendelian randomization; PsA, psoriatic arthritis; SNP, single nucleotide polymorphisms SE, standard error; OR, odds ratio; CI, confidence interval VW, inverse variance weighted: ML,
maximum likelihood.
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Diet ingredient 5

Ingredients DM %

Corn B B
Wheat bran 12 12
Soybean meal 14 14
Rapeseed meal 4 4

Prickly Ash Seeds 0 3

Alfalfa hay 13 10
Wheat straw hood 103 103
Whole corn silage 14 14
Premix 1 1

Bicarb. 1 1

NaCl 1 1

Limestone 1 1

CaHCO3 07 07
Total 100 100

Nutrient levels

Metabolic energy (M/kg) 975 976
Crude protein (%) 1538 1535
Crude fat (%) 250 313
NDF (%) 2835 2822
ADF (%) 16.27 16.20
Ca (%) 097 093
P (%) 052 053

DM, dry matter; NDE, neutral detergent fiber; ADF, acid detergent fiber
The premix provided the following per kg of diets: Fe 75 mg, Cu 14 mg, Zn 80 mg, Se 025 mg,
1025mg, Co 0.3 mg, Mn 400mg, VA 30001U, VD 5001U, VE 2001U.

ME was a calculated value, while the others were measured values.
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Items Content/% Items  Content/!

Crude fat 2250 ADF 2635
Crude protein 15.60 Ca 026
NDE 40.23 13 047

DM (air-dry basis) 90.60
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HF-LD SEM* p-value

Items? LF-HD

ATPSB 1.00 118 134 0.142 0643
OGDH 100" 102" 202 0134 <0001
SDHA 1.00 065 074 0.076 0144
SDHB 100" 093 143 0.088 0035
SUCLG1 1.00 072 099 0.066 0144
SUCLG2 100 0510 122 0.081 <0001

'LF-HD, low fat-high dietary fiber; MF-MD, medium fat-medium dietary fiber; HE-LD, high fat-low dietary fiber.

‘Each mean represents values from § replicates (birds),
'ATPSB, recombinant ATPase, H transporting, mitochondrial F1 complex ; OGDH, oxoglutarate dehydrogenase; SDHA, succinate dehydrogenase A; SDHB, succinate dehydrogenase B;

SUCLG, succinate-CoA ligase GDP/ADP-forming subunit o; SUCLGZ, succinate-CoA ligase GDP/ADP-forming subunit f.

'SEM, standard error of mean.
“"Means within rows with different superscripts are significantly different (p<0.05, 1=8).
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Metric (24 h)

Butyrivibrio proteoclasticus 47t 1.49° 220 245" 217% 0.26 <001
Ruminococcus

376" 12870 147 181" 088 o7 021 <001
albus
Butyrivibrio fibrisolvens 344 053¢ 0.4 155" 087" 076° 024 <0.01
Clostridium aminophilum 020" 023" 028" 008" 013 015 0.02 <001

The presence of the same superscript letter indicates a nonsignificant difference (p > 0.05). Significant differences (p < 0.05) are indicated if the superscript letters are different.
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GenBank
Primer sequence (5 to 3 accessi 0.

F: AAGGCTCCATCACTTCGGTG
ATPSB. NM_001031391.3
R: TGTTGGGGTCCATGATTCGG

F: TTCAAGCACAGCCCAACGTA
0GDH NM_001031382.2
R: GCCCGTAAAATCCGACGTTT

F: ATTCCCGTTTTGCCTACGGT
SDHA NM_001277398.1
R: GGGAGTTTGCTCCAAGACGA

F: GGTCCAGGGGATCTGTCG
SDHB NM_001080875.3
R: GTTCATTGCACAGGAGCCAC

F: TGACCTTCCAGGACAACTGA
SUCLG1 NM_001012892.2
R: GGAACGCCTCCTCAACGTAA

F: ACTTCCTGGATCTGGGTGGA
SUCLG2 NM_001006141.2
R: CTCTCGGCAGGCTTTGGTAA

F: CCCTTCCAACTGTCCGTTCA
SGLTI NM_001293240
R: CCAGCACAAGCGATAAAGATGTA

F: CATCTTCTTCATTGTTCCTGAGAC
GLUTS XM_41759
R: CAAATCCATCATCTGTTCCACA

F: CACCATTGGGGAAGAGTGTGA
FABPI NM_204192.4
R: GTTCGGTCACGGATTTCAGC

F: TGGAAGCAATGGGCGTGAAT
FABP2 NM_001007923.1
R: TGTCGATGGTACGGAAGTTGC

F: AKTGATGGAAGCTATGAAGGAGGT
FATP4 XM_015279553.4
R: TCATCGGGTCTCATGCGGAA

F: CAACACAGTGCTGTCTGGTGGTAC

Practin XM_027015741.1

R: CTCCTGCTTGCTGATCCACATCTG

ATPSB, recombinant ATPase, H transporting, mitochondrial F1 complex f; OGDH,
oxoglutarate dehydrogenase; SDHA, succinate dehydrogenase A; SDHB, succinate
dehydrogenase B; SUCLG1, succinate-CoA ligase GDP/ADP-forming subunit a; SUCLG2,
succinate-CoA ligase GDP/ADP-forming subunit ; SGLT1, sodium dependent glucose
transporters 1; GLUTS, facilitted glucose transporter 5; FABPI, faty acid binding protein 1;
FABP2, fatty acid binding protein 2 FATP4, faty acid transport protein 4. F, forward primer;
R, reverse primer.
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Items

Ingredients, %

Wheat (NDF, 14.6%) 69.67 5400 17.00
Corn 0.00 1445 47.49
Soybean oil 199 255 420
Protein mix’ 245 2417 2665
Dicalcium phosphate 180 180 180
Limestone 130 130 130
Choline chloride 030 030 030
DL-Meth 0.08 0.09 0.09
LiLysine 084 077 0.60
Salt 035 035 035
Vitamin premix’ 0.02 0.02 0.02
‘Trace minerals premix* 020 020 020
Total 100 100 100
Chemical composition, %

Metabolizable energy, keal/kg 2,965 2964 2969
NE/AME® 7460 7486 7567
Crude protein 2107 2117 2100
Calcium 100 098 095
Available phosphorus 043 042 040
Lysine 119 122 129
Methionine 046 046 044
Threonine 057 061 on
Insoluble fiber 588 311 178
Soluble fiber 085 046 027
Lignin 080 o7 048
Pectins o7 0.6 042
Nsp 972 868 598
Insoluble NSP 869 802 615
Soluble NSP 1.90 148 047
Analyzed value, %

Gross energy, keal/kg 4109 4126 4181
Crude protein 2157 2157 2111
Crude fat 388 486 755
Total dietary fiber 673 357 206
Fat-to-fiber ratio 058 136 367
NDE 1429 13.64 1226
ADF 431 309 261

'LE-HD, low fat-high dietary fiber; MF-MD, medium fat-medium dietary fiber; HF-LD, high
fat-low dietary iber; NDF, neutral detergent fiber; ADF, acid detergent fiber; NSP, non-
starch polysaccharide; NE, net energy; AME, apparent metabolizable energy.

‘Protein mixture contains soybean meal, degossypolled cottonseed meal and cor gluten
meal to maintain a consistent protein content of diets.

‘Vitamin minerals premix provided the following per kg of diets: Vitamin A 9, 50010,
Vitamin D 362.5 g, Vitamin £ 301U, Vitamin K3 2.65 mg, Vitamin B1 2mg, Vitamin B2

s mg, Vitamin B6 6 mg, Vitamin B12 0,025 mg, biotin 0.0325 mg, foic acid 1.25mg,
pantothenic acid 12 mg, nicotinic acid S0mg,

“Trace minerals premix provided the following per kg of diets: Cu 8 mg, Zn 75 mg, Fe 80mg,
Mn 100mg, Se 0.15mg, 10.35mg.

'NE/AME is calculated by dietary crude protein and fat content using equations (NE/

ME =79.2-0.26*CP + 0.26%EE) established by W ct al. (2019),
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Treatments!

MR
Body weight, kg 57.1° 526 563 059 <001 0.02 <001
Average daily gain, kg/d 0727 0.633 0.667 0.020 020 015 0.09
Starter intake, kg/d 0362° 0.334° 0.461* 0013 <001 <0.01 <001

1, control group; MR, milk replacer groups MRE, milk replacer plus ethoxyquin group.
*byalues in the same row with different small letter superscripts mean significant difference (P < 0.05), while the same or no letter superscripts mean no significant difference (P > 0.05).
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Treatments!

C MR  MRE

Blood parameters

Glucose, mmol/L 6.82 7.03 6.87 0224 0.93
NEFA, mmol/L 0.127° | 0.126° | 0172° | 0.0085 0.03
BUN, mmol/L 678 528 550 0418 0.30
TP, g/L 7271 | 7194 | 8292 | 2.187 0.06
ALB, g/L 3521 | 3511 | 3362 | 0548 0.44
Antioxidant ability

T-AOC, mmol/L 023° | 024" | 033 | 0016 0.01
GSH-PX, U/mL 11526 | 12643 | 157.52 | 7.857 0.07
CAT, U/mL 8.40 875 1272 | 0878 0.07
MDA, pmol/mL 255 3.06 4.04 0.285 0.09
Immunity

IgA, mg/mL 281 352 339 0.155 0.14
IgG, mg/mL 1259 | 1340 | 1214 | 0393 0.44
IgM, mg/mL 4.07 473 428 0.284 0.65

1C, control group; MR, milk replacer group; MRE, milk replacer plus ethoxyquin group.
2NEFA, nonesterified fatty acid; BUN, blood urea nitrogen; TP= total protein; ALB,
albumin; T-AOC, total antioxidant capacity; GSH-PX, glutathione peroxidase; SOD,
superoxide dismutase; MDA, malonaldehyde; CAT, catalase; IgA, immunoglobulin A; IgG,
immunoglobulin G; IgM, immunoglobulin M.

*byalues in the same row with different small letter superscripts mean significant difference
(P < 0.05), while the same or no letter superscripts mean no significant difference (P > 0.05).
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Treatments! SEM  P-value

(& MR MRE

VFA, pM

Acetic acid (A) 1790 | 1706 | 160.9 340 0.08
Propionic acid (P) 83.9 85.2 93.0 4.25 0.63
Isobutyric acid 802 | 1118 | 1072 | 065 0.12
Butyric acid 60.1 | 518 46.6 354 0.30
Isovaleric acid 840 | 1358 | 1486 1.30 0.16
Valeratic acid 894> | 914> | 1118% | 043 0.05
Isoacids 254 | 314 339 185 0.19
Total VEA 349.1 | 3553 | 3354 | 948 0.70
VFA proportions, %

Acetic acid 512 | 503 452 140 0.16
Propionic acid 234 | 251 27.7 0.81 0.10
Isobutyric acid 264 | 330 3.16 021 0.59
Butyric acid 147 | 148 153 0.86 0.95
Isovaleric acid 293 | 397 4.13 0.38 051
Valerate 306 | 307 375 021 0.30
Isoacids 742 | 1017 | 979 047 0.07
AP ratio 218 | 212 1.69 0.11 0.13

1C, control group; MR, milk replacer group; MRE, milk replacer plus ethoxyquin group.
2VEA, volatile fatty acid.

*byalues in the same row with different small letter superscripts mean significant difference
(P < 0.05), while the same or no letter superscripts mean no significant difference (P > 0.05).
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Item Contents

Dry matter, % 94.3
Protein, % 224
Fat, % 12.5
Vitamin A, 10 U/kg 3.15
Vitamin D, 10* IU/kg 0.65
Vitamin E, 1U/kg 70

Calcium, % 0.75
Phosphorus, % 0.60

*The ingredient compositions are soy flour, whole milk powder, whey permeate, starch
dextrin, calcium carbonate, dicalcium phosphate, lysine, methionine, threonine, vitamin
premix, trace minerals premix, and additives.
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DM 89.9

Ccp 20.0 18.9
NDF 10.5 38.0
ADF 5.3 318
Ash 7.1 12.0
Ca 12 0.24
P 0.6 0.10

“DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADE, acid detergent fiber;
Ca, calcium; P, phosphorus.

PThe ingredient compositions of the starter are corn, soybean meal, wheat bran, distillers
dried grains with solubles, calcium carbonate, phosphate dicalcium, salt and premix.
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Intestinal lumen

Nucleus

Activation of NF-kB signaling pathway up-regulates FcRn expression and promotes transmembrane transport of IgG
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Gene rimer sequence (5’ to 3

practin F: GCTCTGTCGGCCTCTCAGG
R: CGTCGCACTTCATGATCGAG
TLR2 F: TCACTTGTCTAACTTATCATCCTCTTG

CAGCGAAGGTGTCATTATTGC
TLR4 F: GCCATCGCTGCTAACATCATC

R: CTCATACTAAAGATACACCATCGG
FcRn F: GGCGACGAGCACCACTACTG

R: AGCCGACCATGATTCCAACC
P65 F: GCATCCGTCGACAACTCTGA

R: CAGGTGTCAGCCCTTTAGGA
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Ingredients

Wheat straw 4274 Crude protein/% 650
Middlings bran 4274 Crude fat/% 200
Comn 641 ADF/% 3160
Wheat bran 342 NDE/% 56.20
Soybean meal 085 Acid-insoluble ash/% 7.10
Premix' 214 Calcium/% 079
Premix’ 171 Phosphorus/% 020
Total 100.00

The guaranteed values of premix' composition analysis are: dry base protein-+dry base.
fat > 45%, moisture < 35-45%, crude ash £ 9%, crude fiber < 10.5%. The guaranteed values of
premis- composition analysis are: Bacillus subilis > 5*107 CFUIg, Bacillus
icheniformis 2 5+107 CFUIg, Saccharomyces cerevisiae 2 1106 CFUJg, water < 10%, total
arsenic <5 mg/kg, lead < 10 mg/kg, ADE, Acidic detergent fibers; NDF, neutral detergent
fbers.
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Control

Items group

Group Il

Ingredients

Corn 69.00 66.10 63.20 6030
Soybean meal 2000 19.90 19.80 19.70
4% Premix” 400 400 4.00 4.00
Bran 7.00 500 3.00 100
whole corn silage 0.00 500 10.00 15.00

Nutrient levels®

ME/(MJ/kg) 1347 13.35 1323 13.10
cp 1589 1574 1560 15.46
CF 345 465 585 7.05
Ca 050 062 074 085
P 035 035 035 036

“Premix provided the following per kg diets: Fe (as ferrous sulfate) 2-7g, Cu (as cupric
oxide) 0.2-0.625g, Zn (as zin sulfate) 1.0-2.0g, Mn (as manganese sulfate) 0.5-1.5g, Se (as
sodium sulfate) 3.0-10.0mg, 13.0-25.0 mg, VA 100-160 KIU, VD 30-80 KIU, VE 290 mg,
VK 30.0-90.0mg, VB1 25 mg, VB1 25 me, VB6 25 mg, VB12 0.2 mg, pantothenic acid

180 mg, nicotinic acid 240mg, folic acid 10 mg. “Nutrient levels were calculated values.
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Items Content

CP (crude protein) 1136
EE (ether extract) 4.66
NDF (neutral detergent fiber) 4129
ADEF (acid detergent fiber) 2929
Ash (crude ash) 3549
Ca 247

3 032
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Treatments

Control LPM/LPS

Phylum (%)

Firmicutes 9102 9363 7966 256 0053
Proteobacteria 558 523 660 135 0920
Actinobacteria 297 083 12310 204 0041
Genus (%)

Romboutsia 57.68° 55.10° 18.98° 505 0.001
Turicibacter 571 1621 2043 372 0.262
Enterococcus 1534 7.63 41 222 0331
Escherichia-Shigella 466 478 473 123 0999
Corynebacterium 255 061 s 203 0048
Aerococcus 325 168 838 149 0.161
Eisenbergiclla 078 181 192 0.60 0715
Staphylococcus 079 169 206 042 0475
norank_f_norank_o_RF39 082 145 170 034 0567
norank_f_norank_o__Clostridia_UCG-014 117 093 074 021 0735

‘Data are the mean of 7 replicates (1 chick each replicate).
'LPS, Lipopolysaccharide; LPM, Lactobacillus plantarum in microencapsulation; LPM/LPS, LPM supplementation after LPS injection.
“*Values within a row with no common superscripts differ significantly (p<0.05)
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WD 10
DSs L0
WD -DSS 30
Sample type 20

The values are averaged over three blocks.
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50 005
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Sample type?

Proximal Distal colon
colon
SCFA 99.9 (88.0-114)" 827 (72.0-95.00" 98.6 (85.0-115)"
Acetate 60.8 (53.0-70.0)" 489 (42.0-57.0) | 57.4 (49.0-68.0)"

Propionate 220 (19.0-25.0" 17.4 (15.0-20.0)" 20.1(17.0-23.0)"

Butyrate 124 (10.0-15.00" 1119-14) 132(11.0-16.0)"
Valerate 2.60 (20-4.0)° 250 (20-3.0" 330(20-5.0)"
Iso-acids 170 (1.0-3.0) 210 (1.0-40) 330 (1.0-8.0)

‘Response values are reported with their corresponding 95% confidence intervals. Pairwise
comparison of EMMs was adjusted using BH method and rows with different superscripts
have different EMMs at p <0.05.

‘Samples from different treatment groups are pooled in each segment, e, proximal colon
(n=23), distal colon (1 =22), and in feces (n =21),
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WD+DSS

Proximal

SCFA 96.4 (75.0-124) 110 (85.0-141) 114 (83.0-156) 82.8(65.0-106)
Acetate 61.3 (47.0-80) 69.1 (53.0-90.0) 66.3 (47.0-93.0) 48.8 (37.0-64.0)
Propionate 209 (16.0-27.0) 22.8(18.0-29.0) 25.2(19.0-34.0) 19.4 (15.0-25.0)
Butyrate 10.1 (7.0-15.0) 12.5(9.0-18.0) 17.1 (11.0-27.0) 10.8 (8.0-15.0)
Valerate 20(10-40) 270 (10-5.0) 370 (20-80) 230 (1.0-40)
Iso-acids 170 (1.0-4.0) 2,40 (1.0-6.0) 150 (1.0-4.0) 1.40 (1.0-3.0)
Distal

SCFA 74.3 (58.0-96.0) 91.2(71.0-118) 95.4 (67.0-136) 72.5 (54.0-97.0)
Acetate 44.0 (34.0-58.0) 53.4 (41.0-70.0) 58.0 (39.0-86.0) 42.0 (30.0-58.0)
Propionate 15.4(12.0-20.0) 17.4 (14.0-22.0) 202 (14.0-28.0) 17.1 (13.0-23.0)
Butyrate 101 (70-15.0) 128 (9.0-19.0) 135 (8.0-22.0) 880 (60-13.0)
Valerate 2.10 (1.0-4.0) 3.40 (2.0-6.0) 3.20 (1.0-7.0) 1.80 (1.0-3.0)
Iso-acids 2.50 (1.0-6.0) 3.90 (2.0-9.0) 1.30 (0.98-5.0) 1.30 (0.97-4.0)
Feces

SCFA 88.3(68.0-115) 120 (93.0-154) 94.2 (63.0-140) 94.9 (69.0-131)
Acetate 55.1(41.0-73.0) 72.2(55.0-94.0) 49.8 (32.0-78.0) 54.6 (38.0-79.0)
Propionate 17.7(14.0-23.0) 226 (18.0-29.0) 205 (14.0-30.0) 200 (15.0-27.0)
Butyrate 9.30 (6.0-14.0) 14.2 (10.0-21.0) 17.1(10.0-28.0) 13.4(9-20)
Valerate 2.50 (1.0-5.0) 4.40 (2.0-8.0) 5.60 (3.0-12.0) 2.0(1.0-4.0)
Iso-acids 3.40 (1.0-9.0) 6.0 (3.0-14.0) 3.40 (1.0-15.0) 1.60 (0.96-5.0)

Response EMM values are reported with their corresponding 95% confidence intervals.
“Ireatments group: control (CT; 0= 17), westernized diet (CT+ground beef; n = 18), CT + dextran sodium sulphate (DSS; 1 =9), WD + dextran sodium sulphate (WD+ DSS; 1 = 13). Pairwise
comparison for differences in EMMS between groups was adjusted with BH and EMMs are superscripted with different letters at p.adjust <0.05.
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WD+DSS

Proximal

Biogenic amines 1625 (69.0-380) 356 (152-833) 280 (97.0-803) 535 (236-1,216)
Agmatine 167 (5.0-55.0) 18.8 (6.0-62.0) 313(7.0-140) 463 (14.0-154)
Putrescine 380 (23.0-63.0)" 530 (32.0-87.0)" 143 (77.0-266)" 216 (132-352)"
Cadaverine 105 (36.0-310) 271(93.0-792) 115 (30.0-440) 248 (87.0-706)
Distal

Biogenic amines 135 (58.0-313)" 187 (80.0-438)" 371 (120-1,142)* 564 (226-1,403)"
Agmatine 142 (40-47.0) 15.1 (5.0-50.0) 357 (6.0-199) 65.0(15.0-281)
Putrescine 34.1 (21.0-56.0)" 39.0(24.0-64.0)° 213 (106-427)" 232 (130-415)"
Cadaverine 81.1(28.0-236) 116 (40-340) 121 (29.0-500) 253 (80.0-799)
Feces

Biogenic amines 1772 (73.0-428) 144 (61-338) 215 (620-744) 389 (141-1,069)
Agmatine 126 (3.0-47.0) 12.2(40-40.0) 179 (20-151) 237 (40-141)
Putrescine 304 (18.0-520)" 253 (15.0-42.0)" 437 (19.0-99)" 168 (84.0-336)"
Cadaverine 107 (35.0-328) 916 (31.0-269) 132 (280-625) 202 (58.0-707)

“Treatments group: control (CT; 1 =17), westernized diet (CT + ground beef; n = 18), CT-+ dextran sodium sulphate (DSS; n =9), WD+ dextran sodium sulphate (WD + DSS; n =13). Pairwise
comparison for differences in EMMS between groups was adjusted with BH and EMMs are superscripted with different letters at p.adjust <0.05.
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Standard weaner

diet*

Crude protein 19.1 269
Crude fat 48 80
Crude fiber 25 21

Crudeash a7 52
% Protein from meat o 39.7
% Fat from meat o 489
% Ash from meat 0 28

‘Nutrient composition in the standard diet was based on the declared composition by the

feed company (DLG, Fredericia, Denmark).

‘Crude protein in ground beef was determined s N 6.25 and N was measured by Dumas
(Hansen, 1959). Concentration of crude fat in ground beef was quantified using the Stoldt
procedure (Stoldt, 1952). Total ash was analyzed accordingto the AOAC method (923.03;
AOAC, 1990).
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WD+DSS

Proximal

Chaol 533 (426-665)" 500 (399-625)" 460 (360-588)" = 367 (296-462)"
Shannon | 5.30 (5.0-5.66)" 520 (492-557)" 5.0 (4.63-5.30)" | 4.80 (4.05-5.09)"
Faith PD | 354 (300-4200 | 35.5(30.0-420) | 29.4 (240-35.00" | 274 (230-3208
Distal

Chaol 535 (428-668)" 555 (443-695)" 397 (311-508)" 397 (315-501)"
Shannon | 530 (494-5.59)" 530 (496-563)° 480 (4.46-5.12)" 490(459-5.21)*
FaithPD 364 (3L0-430)" 386 (320-460)" | 269 (220-320)" | 285 (240-34.0)
Feces

Chaol  488(387-615)  534(426-668) 391 (301-506) = 434 (347-542)
Shannon | 5.20(4.90-5.57) 530(495-562) 50(464-535) | 50(471-533)

FaithPD 343 (29-41)"  379(32-45) = 27.7(23-34)" | 30.6(26-36)"

“Treatment groups: control (CT; 1 =17), WD (CT + ground beef; 1 = 18), CT + dextran
ulfate sodium (DSS; 1 =14), WD + dextran sulfate sodium (WD+ DSS; = 17). Pairwise
comparison for differences in EMMS between groups was adjusted with BH and EMMs are
superscripted with different letters at p <0.05.
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Treatments
Control LPS
Shannon 169 163
Simpson 039 039
ACE 38353 30826
Chaot 37282 27428

230
023
359.07
347.85"

‘Data are the mean of 7 replicates (1 chick each replicate).
'LPS, Lipopolysaccharide; LPM, Lactobacillus plantarum in microencapsulation; LPM/LPS,

LPM supplementation after LPS injection.

SEM

015
004
2063

2063

p-value

0124

0.090

0238

0.049
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Control Saline

Duodenum

Weight, g 237 233" 2t 224° 219% 235 003 0.006
Index, % 151 152 140 145 143 147 002 025
Length, cm 1533 14.94° 1425 14.80" 14.44% 15.01% o 0.024
Jejunum

Weight, g 232 230 212 225 222 234 003 024
Index, % 147 150 141 145 145 147 002 0.76
Length, em 2747 268" 263 2702 271 2738 025 0.003
Tleum

Weight, g 176 172 157" 165 162 175 002 0.002
Index, % L2 L2 104 107 105 110 001 013
Length, cm 7.8 27.12% 26.02" 2630" 2605 2820 0.22 0.021

‘Data are the mean of 7 replicates with 3 birds each. LIS, Lipopolysaccharide; LP, Lactobacillus plantarum; WM, wall material of LPM; LPM, Lactobacillus plantarun in microencapsulation;
BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; F/G, feed/gain, g/g. ““Values within a row with no common superscripts differ significantly (p<0.05).
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Control Saline

Body weight, g

7d 8175 8208 8725 8583 8183 8.8 L4 073
14d 157.75% 153.75% 150.75% 154.42% 15333 159.33" 087 0.041
d7to 14

ADG, g 1086 1024 907 980 979 1079 019 0,049
ADFL g 23.79* 22.86" 2162 2276" 2214" 274 018 0.008
FCR 221 22 246 236 227 212 0.05 0.39

‘Data are the mean of 7 replicates with 6 birds each,
'LPS, Lipopolysaccharide; LP, Lactobacillus plantarum; LPM, Lactobacillus plantarun in microencapsulation; WM, wall material of LPM; ADG, average daily gain; ADFL average daily feed
intake; FCR, feed conversion rato, feed/gain, /g,

““Values within a row with no common superscripts differ significantly (p<0.05).
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Gene! Forward primer (

i CCTCCAGCCAGAAAGTGAGG
14 GTGCCCACGCTGTGCTTAC
16 AGGGCCGTTCGCTATTTGAA
s AGCGATTGAACTCCGATGCC
110 ACAAAGCCATGGGGGAGTTC
122 ACGTCAACATCAGGGAGAACA
NF- GAGCGTTGACTTGGCTGTC
N7 AAAGCCGCACATCAAACACA
E-cadherin ACTGGTGACATTATTACCGTAGCA
vil-1 CTACCTCTGCGGGGATGAGC
Lgrs CCTTTATCAGCCCAGAAGTGA
Cha* TGAATAAAGGGGACACTAAGG
Lysozyme ATACAGCCTGGGAAACTGGGT
Mucin-2 TGTGGTCTGTGTGGCAACTT
Bmi-1 TTTCAAGATGGCCGCTTGGC
PCNA GCAGATGTTCCTCTCGTTGTG
Wat-3 TCCACAGCAAGGACAACGTA
Cyclin DI ACCCGACGAGTTACTGCAAA
Olfm-4 ACAACGACAGACGTGACTCC
Mye CCAGCAGCGACTCGGAAGAA
Axin2 AGCCAAAGAAACTCCCGGTT
Lps GAGGGATGGGGCTGTGAAAAT
Dil1 CGCCGCTATTGAGACACGAG
Notch-1 GAGAAACGGCGACGGAACTT
Hes-1 CACCGGAAGTCCTCCAAACC
AvBD-2 CAAGGACTGCCTGCCACATA
AvBD-9 ACACCGTCAGGCATCTTCAC
AHR CGGAAACCTGTGCAGAAAATAGTAA
Claudin-1* AAGTGCATGGAGGATGACCA
Claudin-2 TGAACCATTCGCAGTCCCTG
Occludin? TCATCGCCTCCATCGTCTAC
201 TATGAAGATCGTGCGCCTCC
202 TCAGCATTTCCAACCCTGCTA
203 CCCCCAAGGACGGGTACA
Practint GAGAAATTGTGCGTGACATCA

Z0-1, zonula occludens-1; ZO-
5; ChA, chromogranin A.

equences refer to Feng et al. (2021).
‘Sequences refer to Zhao et al. (2022).

nula occludens-2; Z0-3, zonula occluden

TTGTAGCCCTTGATGCCCAG
AGGAAACCTCTCCCTGGATGTC
CAGAGGATTGTGCCCGAACT
GCCATCTTTCAGAGTAGCTATGACT
TAGCGGACCGAACGTTAAGC
GGTACCTCTCCTTGGCCTCT
AAGCAACAACCAGCTATGCAC
GCCATCAGGAAGGTTGTTTTTC
TAGCCACTATGACATCCACTCTGT
CTGTTGGCGTAGCTGGTCTT
TGGAACAAATGCTACGGATG
AGCTCAGCCAGGGATG
TACGGTTTGTAGCCTGGGTG
GGCCTGAGCCTTGGTACATT
TGCACGTCTTGCAGAAGGAGT
CGATGCTGCAATGCACTGAT
ACGAGGGGTCTTTCACCCAT
TAGCGCACAGAGCCACAAAA
GGAAAGGTGGTATCCGGCAA
GGCTGGGTATTCCACCTTGG
CAGTCAAACTCGTCGCTTG
GTTGCCTCCCCAAATCCACT
TCGTTGTTGTGGGCTGACTT
CACACCTCCGTCCCATTGAG
GAGGTTCCTCAGGTGCTTCAC
ACCCTGGAGAAACCTGGAGT
GGCAGGTCCCAATGTCAACT
CATTCAAACGGTCCCTGTGC
GCCACTCTGTTGCCATACCA
GGGAGGAGAGGTTACAGAGAT
TCTTACTGCGCGTCTTCTGG
GAGGTCTGCCATCGTAGCTC
TCTCAAGATGCTGAAGGACTGAA
TACACACTCGACACGAAGAT
CCTGAACCTCTCATTGCCA

GenBank number

XM_015297469.3
AJ621249
NM_2046282
NM_205018.2
NM_001004414.4
NM_001199614.1
NM_204267
NM_205149.1
NM_001001615
NM_001396564.1

XM_425441.4

NM_2052812
XM_046942297.1
NM_001007988.3
NM_204170.3
XM_046904315.1
NM_001396513.1
NM_001040463.2
NM_001030952.2
NM_204491.1
XM_046918262.1
NM_001397475.1
NM_001397796.1
NM_001005848
NM_001201399.2
NM_001001611.3
NM_2041183
NM_001013611.2
NM_001277622.1
NM_205128.1
XM_01527898.1
XM_046934796.1
XM_040692499.2

108165

Product length (bp)

109

82

72

136

190

99

226
141

338

7

357

255

192

173

170

221

196

145

75

118

174

127

214

88

90

115

PCNA, proliferating el nuclear antigen; Lge-5,leucine-rich-repeat-containing G-protein-coupled receptor
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WD + DSS

Proximal

Chaol 533 (426-665)° 500 (399-625) 460 (360-588) 367 (296-462)
Shannon 5.30 (5.0-5.66)" 520 (4.92-5.57) 5.0 (4.63-5.30)" 4.80 (4.05-5.09)*
Faith PD 35.4 (30.0-42.0)° 355 (30.0-42.0) 29.4 (24.0-35.0)% 27.4 (23.0-32.0°
Distal

Chaol 535 (428-668)" 555 (443-695)" 397 (311-508)" 397 (315-501)*
Shannon 530 (4.94-5.59)° 530 (4.96-5.63) 4.80 (4.46-5.12)° 4.90 (4.59-5.21)"
Faith PD 36.4 (31.0-43.0)° 38.6 (32.0-46.0)° 269 (22.0-32.0)° 28.5 (24.0-34.0)°
Feces

Chaol 488 (387-615) 534 (426-668) 391 (301-506) 434 (347-542)
Shannon 520 (4.90-5.57) 5.30 (4.95-5.62) 5.0 (4.64-5.35) 5.0(4.71-5.33)
Faith PD 34.3 (29-41)® 37.9 (32-45)° 27.7 (23-34) 30.6 (26-36)"

Treatment groups: control (CT; n= 17), WD (CT + ground beef; n = 18), CT + dextran sulfate sodium (D$S; n = 14), WD + dextran sulfate sodium (WD + D$S; 1 = 17). Pairwise comparison
for differences in EMMS between groups was adjusted with BH and EMMs are superscripted with different letters at p < 0.05.
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Degree of Sum of squares Pseudo-F

freedom
WD 1.0 5.0 0.05 4.90
Dss 1.0 220 023 21.1 <0.01
‘WD . DSS 3.0 31.0 0.33 108 <0.01
Sample type 20 10 0.12 055 <001

The values are averaged over three blocks.
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All peaks Identified metabolites Metabols

Library Metabolites in KEGG
Pos. 9,785 592 463 206

Neg 9,694 413 378 14
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Item Control SPD 3-NPA SPD +3-NPA P-value

Duodenum

SOD, Ulmg 25.02£2.10° 2734273" 20384287 2204252 00678
GPX, U/mg 59.454.86" 90.74£6.90" 541346.68" 76294125 00010
CAT, U/mg 8234073 813068 11842022 10232073 0.0002
MDA, pmol/mg 9334047 7.09£0.20" 12794024 11392055 <0.0001
Jejunum

SOD, Ulmg 11532052 JEREFSEIC 1293100 13542030° 00128
GPX, U/mg 39.22£2.15° 74724538 45.6049.47 60.92£4.03" 00134
CAT, U/mg 567059 532£074" 769+0.54" 8534053 0.0005
MDA pmol/mg 17635177 7.03168' 205243000 110821.20° <0.0001
Teum

SOD, Ulmg 2060+ 1.50° 253940.79" 2374182 2424220 00226
GPX, Ulmg 572348.06" 152.74+2025" 120.33+26.46" 78.66+9.33" 0.0007
CAT, U/mg 6.08+0.12° 7.57£020° 7474062 64740.63" 0.0004
MDA, pmol/mg 9.30£1.07" 54240.19° 1299048 89940.65" <0.0001

SOD, Superoxide dismutases GPX, Glutathione peroxidase; CAT, Catalases MDA, Malondialdehyde. The data are presented as the mean 5D *“Means in the same column with different
superscripts are significantly different by Student’ test (P<(0.05).
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Item ol SPD PA SPD +3-NPA

Duodenum

Trypsin 6.18£059" 5776052 586£0.07" 6.152074' 0.6389
Amylase 14765117 17715138 15.01£068" 1229£1.16° 0.0002
Lipase 2694£0.53" 2002£2.12" 2657£173 25842453 0.2675
Jejunum

Trypsin 627£042" 5896023 637058 5238021 0.1241
Amylase 15.80£0.67" 16.020.89" 20315123 1434£047° <0.0001
Lipase 2854%1.25" 21814217 2650£0.54" 26042227 0.0010
Teum

Trypsin 5642027 621028 503£0.21° 4592025 <0.0001
Amylase 14.53£1.17% 15.68+131° 13.03£133° 14.16£0.70% 0.0476
Lipase 1935084 20742124 18.8542.79° 18094114 0.2071

The data are presented as the mean-£SD. “*Means in the same column with different superscripts are significantly different by Student test (P<0.0
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Item
Duodenum
VH, pm
€D, pm
VH:CD
Jejunum
VH, pm
€D, pm
VHCD
Tleum
VH, pm
CD,pm

VH: CD

VH, Villus height; CD, Crypt depth. The data are presented as the mean + SD. “*Means i the same column with different superscriy

Control

668.05%150.85°
14675+ 14,18

4634136

865.67139.64"
112171566

7.93+1.98°

752.14£46.87°
1062 14,84

7.16+£0.81°

SPD

10792248011
123.23£9.26"

8814153

1624.78£99.73°
67.16£7.60°

24444303

1009.93+53.57"
112554922

9.00+£0.61"

3-NPA

843.56+46.05"
14108+ 24.06°

6122103

954,95+ 165.75"
88.90£7.70

10724152

798.50+71.70°
927741051

8764177

SPD + 3-NPA p-value
114269£71.75" <0.0001
124142769 00571

10602232 <0.0001
8797817585 <0.0001
879241275 0.0002
10.35£3.54" <0.0001
1143.16£34.66' <0.0001
87502643 0.0066
1310073 <0.0001

s are significantly different by Students test (p<0.05).
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Group name

Al Decreased

Increased

Control vs. SPD
Control vs. 3-NPA

SPD +3-NPA vs. 3-NPA

difference
45 19
96 62
2 5
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Treatments!

C MR  MRE

Chao 7158 | 6940 | 5773 27.2 0.08
Ace 724.4° | 634.8% | 576.6" 242 0.02
Shannon index 4.44 425 427 0.07 0.53
Simpson 0029 | 0042 | 0037 | 0004 0.40
Coverage (%) 0995 | 0995 | 0.996* | 0.000 0.02

1C, control group; MR, milk replacer group; MRE, milk replacer plus ethoxyquin group.
abMeans within a row with different superscripts differ (P < 0.05).
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pH

Acetic acid (mg/g)
Propionic acid
(mg/g)
Butyricacid
(mg/g)
wamylase
(Ulgprotein)
f-glucosidase
(Ulgprotein)
Lipase
(U/g-protein)
Xylanase
(Ulgprotein)
Cellulase
(Ulgprotein)
Pectinase
(Ulgprotein)

7.05

221

057

024

2595

80.99

2606

7971

1656

3755

6.88

289

074

035

1155

148.90

45.13

16110

36.16

67.05

013

030

006

004

8.99

144
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0217

0.051

0.023

0.037

0.006

0.000

0.000
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Target gel Product size (bp) Accession numb

Primer sequence (5’

GCACAGTCAAGGCAGAGAAC
GAPDH 110 ENSBTAG00000014731
R: CATACTCAGCACCAGCATCAC

F: CTCGCTGCCATTACCTGAA
Occludin 77 ENSBTAG00000011135
R: CGCTGTCTCCTTGGTCATC

F: GCATCCTGCTGGGACTAAT
Claudin-1 53 ENSBTAT00000017476
R: TACACTTCATGCCAACGGT

F: TATGGATGAACTGCGTGGTG
Claudin-4 123 ENSBTAG00000026278
R: GCCAGGATGATACAGATGACG

F: ATGTTTATCGTCGCATCGT
201 198 ENSBTAG00000015398.
R: CGTTCCACCTCTTTATGGTT

F: CTGCTGTTCCCAGTGCTTAC
MUC-1 103 ENSBTAG00000017104
R: GGGCTGCTTTGTGTAGTGG

F: TACCGAAGCAGATGGAGATG
MUC-2 103 XM_024987595.1
R: GCAGAGGAGTGTTGGGAAA

F: TCTTCTGCCTGCTGCACTT
INF-a 131 NM_173966.3
GCTACCGGCTTGTTACT

F: AGATTTGTCCTTGAACCCTTT
TLR-4 135 ENSBTAG00000006240
R: TAAACCAGCCAGACCTTGA

F: GTGCAAACTCCAGGACAGA
i 103 ENSBTAG00000001321
R: ACACCACTTCTCGGTTCATT

F: TGACTTCTGCTTTCCCTACC
16 137 ENSBTAGO0000014921
CTTGCTGCTTTCACACTC

F: CGTGACCTCCATCCACTCT
IL-10 187 ENSBTAG00000006685
R: GGCAGGGAGCAGTCATTTA

‘GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ZO-1, zonula occluden-l MUC-1, mucoprotein-; MUC-2, mucoprotein-2; TNF-g; tumor necrosis factor-a; TLR4, toll-like receptor 4;
IL-1, interleukin-1§; IL-6, interleukin-6; IL-10, interleukin-10. F; forward primer; R, reverse primer.






OPS/images/fmicb-14-1293160/fmicb-14-1293160-g007.jpg
f#’ —_—

@ L _

s & Postve retaive.
o P —
P4

° o0 . o0 . ‘.(R}&wumwwmmaw

3Methoxysalicyic Acd

S Aminovaleric Acid

Mt

Creatnine

D-Trehalose

Lachnospiraceae_UCG_001 Lactose

Lactoso
Pacridostidium

~ Malose.

s*“’f‘fi”f“?"i’ e

Y Y X T X XY e

3 Methoxysaliylc Acd

Bacteroides

Treponema_2

Faecalialea

Ruminococcaceas_UCG_002

D-Trehalose.
Lachnospiraceae_UCG_001 Lactose
Pasniclostigium Lactulose.

- Coprobacilus Matiose:

L o 5 F
A S f ¢
@ r #~
& Ly &
< “‘di KESF S ;f«" & 8,«’;,@ s
[] I [l oo
[ Treponema_2

Faccaltalea

Ruminococcaceae_UCG_002
Laciose

Lachnospiraceae_UCG_001

Lactose
Paeniclostridium

- Matose

Coprobacilus





OPS/images/fmicb-14-1138903/fmicb-14-1138903-t004.jpg
Iltems  Ctr SNE : ER

Villus
height 143584 106726 131640 134255 45258 <0001

(um)
Crypt
depth 19494 | 18885 | 17906 18224 9100 0434
(um)
Villus/
Crypt 758 567 739 747 0401 <0001

ratio

““Mean values within a row with no common superscript diffr significantly (P<0.05). SEM,
standard error of mean. Each value represents the mean + SEM of 15 replicates (1=15). The
abbreviation of Ctr, SNE, BS and ER have the same meaningas Table 3.
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Items Ctr SNE : ER SEM  p-Value
Jejunum
11p
(ng/mg 150 249 139 158 0427 0055
protein)
1L-6 (ng/
mg 730 952 583 585 1613 0093
protein)
IEN-y
(ng/mg 1049 1282 105 1191 099 0071
protein)
TNFa
(ng/mg 229 526 396" | 349% 0603 <0001
protein)
Serum
IL1p
(ng/mL)

4967 6442 5093 3583 11630 0131

1L-6 (ng/
mL)

5159 6432 6066 5596 909 053

IFN-y
(ng/mL)

1260° 19201 | 11448° 10993 22298 0002

TNF-a
(ng/mL)

17.110 37.05" 2220 18.63° 5115 0.002

“*<Mean values with unlike letters between different groups were significantly different
(p<005). SEM=standard error of mean. Each value represents the mean & SEM of 12

replicates (= 12). The abbreviation of Ctr, SNE, BS and ER have the same meaning as
Table 3.
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Ingredients, % Starter Grower Finisher

(1-21d) (22—-42d) (43-63d)

Corn 625 675 75
Soybean meal 31 235 145
[e2¥ 2 4 5

Soybean oil 05 1 15
NaCl 03 03 03
CaHPO, 12 1 08
Limestone 15 13 12
Zeolite - 04 07
Premix* 1 1 1

Total 100 100 100

Nutrient levels*(%)

ME (MJ/kg) 1222 1259 1297
cp 2109 19.16 1607
Lys 109 099 087
Met 049 038 035
Met+Cys 087 073 065
Calcium 09 085 0.69
Total phosphorus 058 052 045

“The Premix provides per kg of diet: Fe 80mg, Cu 8 mg, Zn 60mg, Mn 80mg, 10.35mg, Se
0.15mg, VA 9,6001U, VD3 1,5001U, VE20mg, VK3 1 mg, VB1 2.2mg, VB2 4.2 mg, VB6
1.2mg, VBI2 0,012 mg, nicotinamide 42 mg, D-calcium pantothenate 12mg, foic acid
10mg, D-biotin 0.18 mg, choline, 800mg, *ME is  calculated value; other nutrient levels are
measured values. ‘CPM is corn gluten meal.
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Primers (5' Products GenBank

Gene

F: TGGCCACGTCATGGTATGG
Claudin-1 6 NM_001013611
R: AACGGGTGTGAAAGGGTCATAG

F: GAGCCCAGACTACCAAAGCAA
Occluding 68 NM_205128
R: GCTTGATGTGGAAGAGCTTGTTG

F: GCCTGCCCAGGAAATCAAG
Muc-2 59 NM_001318434
R: CGACAAGTTTGCTGGCACAT

F: GAGAAATTGTGCGTGACATCA

P -actin 152 NM_205518
R: CCTGAACCTCTCATTGCCA

Muc-

Mucin-2.
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1-21d

BW(g) 551.97 526.47 535.92 547.04 12,664 0214
ADGg/d) | 2414 | 295 | 2338 2392 0607 0235
ADFI(g/d) 4199 4234 42.06 4222 1146 099

FG 174" 1.85 1.80* L. 0.037 0.057
:::;rlahly 167" 7.50" 5.00* 250" 0.013 0.001
22~63d

BW (g) 267699 221568 250800° = 2600.14° = 32366 <0.001

ADG(gid) | 5060° 4022 | 4695 | 4888% | 0725  <0.001

ADFI(g/d) | 14053 12418"  13629%  135.49° 4843 0019

FG 278 3.09" 290% 277 009 0012
Mortalit

" 338 897 6144 421" 0019 0039
(%)
1~63d

ADG(gid) 4178 3446 39.10° 4056 0515 <0.001
ADFI(g/d) = 10209 = 89.92° | 9888 10027 2822 0002

EG 244 261 253 247 0064 0082
Mortality
. 500 158F 1083 667 | 0017 | <0001

ADG, average daily gain; ADFI, average daily feed intake; F:G, feed:gain ratio. **“Mean
values within the same row with unlike superscript letters were significantly different
(p<005). SEM =standard error of mean. Each value represents the mean £ SEM of 6
replicates (n=6). Ctr group, basal diet in control group; SNE group, basal diet + SNE (20-
fold dose coccidiosis vaccine) + 1 ml of Clostridiuom perfringens (2 10" cfu/ml coinfection);
BS group, basal diet +1x 10 colony-forming units (cfu)/kg BS diet + SNE; ER group, basal
diet +10 mg/kg enramycin (ER) + SNE.
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