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Editorial on the Research Topic
 Alternatives to Antimicrobial Growth Promoters and Their Impact in Gut Microbiota, Health and Disease: Volume II



Following the success of the Research Topic “Alternatives to Antimicrobial Growth Promoters and Their Impact in Gut Microbiota, Health, and Disease: Volume II,” we received an invitation from Frontiers to work on Volume II. This second volume includes 31 scientific articles, in the text of individual chapters in this Frontiers Research Topic. The editors are grateful to all 197 authors that contributed and participated in the achievement of Volume II.

Homo sapiens reached the supremacy of animal species on our planet and has modified every single ecosystem known so far in a brief period. Without question, agriculture had paramount importance in this process, which eventually led to genetic modifications of domestic animals. Nevertheless, domestic animals' most critical genetic strategies have occurred during the last 60 years. Perhaps one of the most stunning examples is the modern broiler chicken. Today, a 42-g newborn chick increases its body weight by 25% (63 g) in 1 day; and 5,400% by 35 days when it reaches an average body weight of 2,273 grams. These astounding advances result from intense genetic selection, nutrition, health, and management programs.

Nevertheless, to accomplish the production goals, it is essential to maintain the integrity of the gastrointestinal tract (GIT) as the main organ responsible for the digestion and absorption of nutrients. Since feed conversion (the “money saver”) represents ~ 70% of the cost of production in poultry and livestock operations, subclinical forms of coccidiosis or necrotic enteritis in poultry are economically more devastating than short acute infections. As the growth period of broiler chickens shortens and feed efficiency continues to improve, health and nutrition programs are more demanding. Mainly because the changes that occur during the development of the intestine are microscopic, thus, generally ignored. Anything that affects gut health will be reflected in the health and productivity of the individual.

With the previous reflections in mind, it is easy to wonder if animal performance may soon meet a genetic and physiological upper limit. In recent years, the term “gut health” has become a standard in scientific literature and the animal production industries. Although the term gut health is vague, scientist agrees that “gut health” includes the ability of the GIT to conduct normal physiological processes and maintain homeostasis, allowing it to survive infections and non-infectious stressors. Without question, the gut is an extraordinary organ. Along with being in charge of water and feed absorption and digestion, the GIT is home to a rich and complex microbial community known as gut microbiota (1). The gut microbiota outnumbers somatic cells by a factor of 10, comprising ~300,000 genes compared to 23,000 in chickens (2, 3).

Moreover, because it contains more neurons than the rest of the peripheral nervous system, the enteric nervous system is known as animals' “second brain” (4). Furthermore, ~80% of the immune cells in the body are found in the gut-associated lymphoid tissue (GALT). The bursa of Fabricius, an essential lymphoid organ for B lymphocytes development and proliferation, is part of the GALT in birds (5). Interestingly, ~80% of plasma cells producing secretory immunoglobulin A (IgA), the most abundant immunoglobulin, are located in the GALT (6).

Enteroendocrine cells (EECs) are found throughout the GIT epithelium and produce several hormones that are involved in a variety of physiological functions such as secretion, absorption, digestion, and gut motility, as well as the pathogenesis of gut mucosa atrophy and cancers both inside and outside the GIT (7). Gastrin, secretin, cholecystokinin, insulin, and glucagon were the first GIT hormones described (8). As of today, over 50 gut hormones and bioactive peptides have been found, confirming that the gut is the body's largest endocrine organ, exhibiting a wide range of endocrinological, neuroendocrine, autocrine, and paracrine functions (9). The enterochromaffin cells, a subpopulation of numerous EECs, are responsible for 90% of the production of the neurotransmitter serotonin (5-hydroxytryptamine), which has a wide range of biological and multifaceted functions, including modulating mood, cognition, reward, learning, memory, reproduction, and numerous physiological processes, such as vomiting, vasodilation, gut motility, wound healing, and vasoconstriction (10). Surprisingly, the gut microbiota regulates the release of serotonin and other mood chemicals produced by EECs, such as dopamine, oxytocin, and endorphins (11–13). Numerous neurological illnesses such as schizophrenia, depression, Alzheimer's disease, Parkinson's disease, and autism have been connected to the type of microbiota that exists in the gastrointestinal tract (GIT), which has been proven through published studies (14, 15). When it comes to intuition, the classic adage “gut feelings” holds a lot of truth.

It is estimated that 90% of all diseases are caused by chronic inflammation in the intestine (16). The gut microbiota significantly impacts the host's biology, metabolism, nutrition, immunity, and neuroendocrine system (17, 18). These effects are mediated by short-chain fatty acids, gastrointestinal hormones, enteroendocrine, and immune cells (19). GIT motility is controlled by the enteric nervous system and hormonal networks, which is impaired in functional GIT diseases (20). The neuroendocrine network that connects the central nervous system, enteric nervous system, intestinal microbiota, and the GALT has a significant impact on the fragile intestinal epithelial barrier (21, 22). The balance of tolerance and immunity to non-self-antigens is regulated by this barrier, which comprises a single layer of enterocytes with tight intercellular junctions (23). Thus, the integrity of the gut is critical in maintaining a healthy balance between health and disease. Chronic stress, and chronic intestinal inflammation, divert significant biological resources away from development and reproduction to maintain the system in survival mode. Perhaps, a more comprehensive definition of “gut health” must include the harmonic interaction of what is known as the microbiota-brain-gut axis [(17, 24); Chalvon-Demersay et al.].

All biological and physiological processes balance the different microbiomes that live on mucosal surfaces (25). Loss of balance of the GIT microbiota (dysbiosis) in the GIT leads to loss of intestinal integrity (26). Microbes in the small intestine are affected by the ingredients of the diet and the viscosity of gut contents (27).

To meet their health and productivity goals, animal producers that have eliminated antibiotics from their production systems may utilize a combination of alternative products, enhanced management methods, rigorous biosecurity, and successful immunization programs. The absence of Mycoplasma spp. and Salmonella spp. from the genetic lines and the quality of the dietary items are all critical. Stress and inflammation are conditions that induce oxidative stress and lipid peroxidation of vital cellular components such as the cell and mitochondrial membranes. Damage to those organelles compromises cell homeostasis, health, and productivity.

Chronic stress and persistent inflammation are detrimental to modern animal production operations. Any cause of chronic stress, regardless of its origin (biological, physical, chemical, toxic, or psychological), will induce oxidative stress and, if persisted, chronic intestinal and systemic inflammation (28–30).

Researchers might use enteric inflammation models to examine alternative antibiotic growth promoters (AGP) and dietary supplements for livestock including poultry. Hence, our laboratory has developed several intestinal inflammatory models that include nutritional (27), management (31), chemicals (32, 33), and environmental (34). In all these models, a non-terminal approach such as serum fluorescein isothiocyanate-dextran concentration can assess intestinal permeability and is in good agreement with the measurement of bacterial translocation in the liver (35). Other trustworthy serum biomarkers, such as antioxidant biomarkers, have been included in our investigations, such as isoprostane 8-iso-PGF2α and prostaglandin GF2α (36); Griess, superoxide dismutase activity, thiobarbituric acid reactive substances, and total antioxidant capacity; enterocyte biomarkers: peptide YY, enterocellular signal-regulated kinase, citrulline, and mucin 2; and Immune biomarkers: Interferon-gamma and total or specific secretory IgA (37, 38). Other biomarkers' gene expression, such as α1-acid glycoprotein; fatty acid-binding protein; interleukins (IL-8, IL-1β,); mucin 2; transforming growth factor; and tumor necrosis factor have also been shown promising results [(39); Mullenix et al.].

Our laboratory has evaluated natural alternatives to AGP for the last 20 years. While there is no “magic bullet” for preventing chronic stress-related illnesses, the Poultry Health Laboratory of the University of Arkansas has assessed alternatives to AGP. Published laboratory and field trial studies suggest that probiotics (40), direct-fed microbials (41), prebiotics (42), organic acids (43), plant extracts (44), essential oils (45, 46), and trace minerals (47), can assist in the improvement of intestinal microbial balance, metabolism, and gut integrity.

Several phytogenics have been evaluated as feed additives in animal production for nutritional purposes. However, phytogenics play an essential role in preventing several diseases in poultry due to their antioxidant, anti-inflammatory, antibacterial, antiviral, antifungal, immunomodulatory, and barrier integrity-enhancing properties. Our studies with curcumin, the principal curcuminoid of turmeric (Curcuma longa), a member of the ginger family (Zingiberaceae), have shown that this unique polyphenol can reduce the severity of necrotic enteritis (43); salmonellosis (44, 48); and aflatoxicosis (49) in broiler chickens; as well as coccidiosis in Leghorn chickens (36).

Over a century ago, the father of innate immunity and novel prize winner Eli Metchnikoff proposed the revolutionary idea to consume viable bacteria to promote health by modulating the intestinal microbiota (50, 51). Bacterial antibiotic resistance (“superbugs”) is a severe problem in medicine and agriculture worldwide. This concept has never been more relevant, as increasing numbers of antibiotic-resistant strains of bacteria are posing a hazard to animal and human health, with resistance mechanisms having been identified and documented for all known antimicrobials currently accessible for clinical use in the past few decades (Björkman. et al.). Due to the rise and spread of many antibiotic-resistant zoonotic bacterial infections, there is an increased public and scientific interest in the administration of therapeutic and subtherapeutic antimicrobials to animals at present. As a result of social pressures, restrictions limiting antibiotic usage in poultry and livestock operations have been established. A high-efficient food animal production system necessitates evaluating potential antibiotic alternatives to improve disease resistance. Nutritional approaches to counteracting the debilitating effects of stress, illness, and chronic inflammation may prove to be effective alternatives to antibiotics in some cases, according to recent studies (Sylte et al.; Takano et al.; Mullenix et al.; Chalvon-Demersay et al.).

Improvement of disease resistance in animals raised without antibiotics has been demonstrated to be helpful not only to the health, welfare, and productivity of the animals but also to be a key strategy in improving the microbiological safety of animal products. Recent international legislations and increasing consumer demands to withdraw growth-promoting antibiotics and limit the therapeutic use of available antimicrobials has resulted in the research and development of alternative feed additives that are presented in this Research Topic, such as:

1. Probiotics improved overall performance, intestinal epithelial mucosal integrity, immune-related cytokines, and intestinal microbiota regulation (Li Y. et al.; Amoah et al.; Wang B. et al.; Zhang Y. et al.; Sobrino et al.); decreased virulent E. coli colonization (Arreguin-Nava et al.); diminish parasite survival and coccidiosis (Wickramasuriya et al.); lower Salmonella Enteritidis colonization (Adhikari, Hernandez-Patlan et al.).

2. Prebiotics positively impacts the integrity and performance of the gastrointestinal tract (Praxedes-Campagnoni et al.); may be able to partially preserve the intestinal health of broilers from persistent exposure to aflatoxin B1 (Hernández-Ramírez et al.); improve breast muscle yield (Zhao et al.); improve rumen microbial fermentation immune function, and performance (Chen et al.) in lambs. The inclusion of Spirulina has been shown to reduce systemic inflammation- and bacterial translocation-induced in poultry (Mullenix et al.).

3. Enzymes improve weaned piglet growth performance by enhancing dietary nitrogen digestibility and inhibiting protein fermentation in the hindgut (Li H. et al.); lower intestinal lesion scores due to necrotic enteritis and increase performance in chickens (Nusairat and Wang).

4. Short and medium-chain fatty acids have also shown benefits against necrotic enteritis by improving microbial homeostasis in chickens (Gomez-Osorio et al.).

5. Phytochemicals have antibacterial activity against Gram-negative enteropathogens (Anderson et al.); reduce the inflammation and dysbacteriosis induced by Salmonella Typhimurium in mice (Wang B. et al.); and improve performance, intestinal health, and resistance to coccidiosis in commercial poultry (Park et al.).

6. Vitamins. During high-concentrate feeding, dietary thiamine improves rumen epithelial barrier function via modulating Nrf2–NFB signaling pathways in goats (Ma et al.).

7. Functional amino acids improve overall gut health in pigs and chickens (Chalvon-Demersay et al.). Antiviral activity of 5-Aminolevulinic acid has shown to have antiviral activity in Feline Coronavirus infections (Takano et al.), which can be of relevance, considering the increasing number of cases of animals naturally infected with SARS-CoV-2, especially companion animals, offering treatment to these animals in the current COVID-19 pandemic (de Morais et al.).

8. Vaccines and immunoglobulins. The Mucosal Subunit Vaccine enhances colostrum IgA and serum IgG in sows and controls enterotoxigenic Escherichia coli in newborn and weanling piglets (Jabif et al.). A practical and natural resource against severe Eimeria tenella infection, egg yolk polyclonal IgYs can gradually reduce or eliminate anticoccidials from the diet (Juárez-Estrada et al.).

9. Bile acids. Campylobacter jejuni colonization ability in the intestine of laying hens may be hampered by microbiota and bile acid metabolism (Asakura et al.).

10. Changes in dietary energy levels have been shown to improve performance in donkeys by manipulating microbiome and metabolome (Zhang C. et al.).

11. Evaluation of microbiome in the litter of commercial turkeys has shown promising results in the health and diseases of turkeys (Adhikari, Tellez-Isaias et al.).

12. Novel selection of Bacillus strains direct-fed microbials based on quantitative enzyme determination and data analysis to assess the impacts of combinations to avoid antagonistic interactions that could limit treatment efficacy (Hernandez-Patlan et al.).

Food safety concerns and the rapid and unique use of novel research methodologies derived from systems biology ('omics) and biomarkers to accurately assess “gut health” will influence the field in the future years.
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Restrictions of in-feed antibiotics use in poultry has pushed research toward finding appropriate alternatives such as Direct-Fed Microbials (DFM). In this study, previously tested Bacillus isolates (B. subtilis and B. amyloliquefaciens) were used to evaluate their therapeutic and prophylactic effects against Salmonella enterica serovar Enteritidis (S. Enteritidis) in broiler chickens. For this purpose, initial antibacterial activity of Bacillus-DFM (104 spores/g or 106 spores/g) against S. Enteritidis colonization in crop, proventriculus and intestine was investigated using an in vitro digestive model. Furthermore, to evaluate therapeutic and prophylactic effects of Bacillus-DFM (104 spores/g) against S. Enteritidis colonization, altogether 60 (n = 30/group) and 30 (n = 15/group) 1-day-old broiler chickens were randomly allocated to either DFM or control group (without Bacillus-DFM), respectively. Chickens were orally gavaged with 104 cfu of S. Enteritidis per chicken at 1-day old, and cecal tonsils (CT) and crop were collected 3 and 10 days later during the therapeutic study, whereas they were orally gavaged with 107 cfu of S. Enteritidis per chicken at 6-day-old, and CT and crop were collected 24 h later from two independent trials during the prophylactic study. Serum superoxide dismutase (SOD), FITC-d and intestinal IgA levels were reported for both chicken studies, in addition cecal microbiota analysis was performed during the therapeutic study. DFM significantly reduced S. Enteritidis concentration in the intestine compartment, and in both proventriculus and intestine compartments as compared to the control when used at 104 spores/g and 106 spores/g, respectively (p < 0.05). DFM significantly reduced FITC-d and IgA as well as SOD and IgA levels (p < 0.05) compared to the control in therapeutic and prophylactic studies, respectively. Interestingly, in the therapeutic study, there were significant differences in bacterial community structure and predicted metabolic pathways between DFM and control. Likewise, phylum Actinobacteria and the genera Bifidobacterium, Roseburia, Proteus, and cc_115 were decreased, while the genus Streptococcus was enriched significantly in the DFM group as compared to the control (MetagenomeSeq, p < 0.05). Thus, the overall results suggest that the Bacillus-DFM can reduce S. Enteritidis colonization and improve the intestinal health in chickens through mechanism(s) that might involve the modulation of gut microbiota and their metabolic pathways.

Keywords: Bacillus, broiler chickens, Salmonella Enteritidis, antimicrobial, anti-inflammatory (activity)


INTRODUCTION

Antibiotics have been widely used in animal production for decades not only for therapeutic purposes, but also as antimicrobial growth promoters (AGPs) to enhance growth rate and feed conversion efficiency (1, 2). Although the use of AGPs has a significant positive economic impact in commercial animal production systems, there is a greater concern regarding possibilities of their use in developing antimicrobial resistance (AMR) in bacterial populations. Because of this reason, the use of in-feed antibiotics has been completely banned in Europe since January 1st, 2006 (EC Regulation No. 1831/2003) and has also been restricted in several non-European countries, including Taiwan and South Korea (3). Since January 2017, medically important antibiotics to human health are no longer allowed in animal production for growth promotion or feed efficiency in the United States and require licensed veterinarian prescription to use them for prevention, control, and treatment of animal diseases (FDA's Guidance #213).

The poultry industry is the fastest growing animal industry and is expected to grow continuously as demand for meat and eggs is accelerating due to growing populations, increasing incomes and urbanization (4). However, due to ban or restrictions on AGPs, there are growing challenges for the poultry industry to cope with enteric pathogens such as Salmonella. This has created huge demand for finding alternatives to AGPs, and thus several possible alternatives such as enzymes (in), organic acids, probiotics, prebiotics, etheric oils, and immunostimulants have already been widely studied (2, 5).

Among those alternatives, probiotics or Direct-Fed Microbials (DFM), which were defined as “a live microbial feed supplement that beneficially affects the host animal by improving its intestinal microbial balance” (6), have generated significant interest during the last two decades to all sectors of animal production. The majority of microbes used as DFM are bacteria that belong to around 40 different species in 7 bacterial genera including Lactobacillus, Bifidobacterium, Propionbacterium, Enterococcus, Pediococcus, Bacillus, and Bacteroides. In addition to these bacteria, yeast (Saccharomyces cerevisiae) and molds (Aspergillus niger and Aspergillus oryzae) were also reported as DFM (7). Moreover, certain strains of Clostridium such as Clostridium butyricum MIYAIRI 588 were also used as potential probiotics (8). Unlike other bacteria whose vegetative cells are used as DFM, spores from Bacillus sps. can be used as DFM because they are more stable and heat tolerant (9–11), and thus well-suited for its application in pelleted feeds (12). Previous studies reported the ability of Bacillus spores to germinate and enumerate within the gastrointestinal tract of the poultry (13–15). In poultry, several studies have reported beneficial effects of Bacillus isolates when used as DFM on production parameters and pathogen inhibition (16–18), which might be achieved through increasing nutrient digestibility, improving intestinal morphology, balancing intestinal microbiota, and modulating immunity (19–21). Moreover, our previous studies based on the selected candidates of Bacillus sps. reported the reduction in the recovery of Salmonella Typhimurium in both chicks and poults after experimental infection in preliminary laboratory trials (22) as well as in poults during the brooding phase of commercial turkey production (12). However, the modes of action for improved performance by Bacillus species were not well-defined, and performance parameters were varied within species or strains, demanding appropriate screening and characterization of Bacillus isolates prior to commercialization (23).

Norum™ (Eco-Bio/Euxxis Bioscience LLC, Fayetteville, AR) is a Bacillus spore direct DFM culture consisting of two isolates of Bacillus amyloliquefaciens and one isolate of Bacillu subtilis which were isolated in our laboratory and screened based on in vitro enzyme production profiles and Clostridium perfringens reduction (24). In addition, these isolates were shown to reduce digesta viscoscity, bacterial translocation, improve performance, bone quality parameters, and balance intestinal microbiota in chickens raised with rye-based diets or corn distiller-dried grains with solubles (21, 25). However, the effect of dietary supplementation of Norum™ has not been evaluated in vivo in an established Salmonella challenge model until now. Thus, the objectives of this study were to evaluate the antimicrobial effects of Norum™ DFM against S. Enteritidis in an in vitro digestion model that simulates the pH and enzymatic conditions present in the crop, proventriculus, and intestine of broiler chickens, as well as the therapeutic and prophylactic effects against S. Enteritidis colonization in crop and cecal tonsil (CT), aside from its effects on intestinal health parameters, and cecal microbiota composition in broiler chickens.



MATERIALS AND METHODS


Preparation of Treatments and Diets

Norum™ (Eco-Bio/Euxxis Bioscience LLC, Fayetteville, AR) is a Bacillus spore DFM culture consisting of three isolates: two Bacillus amyloliquefaciens and one Bacillu subtilis. The product contains a concentration of stable Bacillus spores (~3 × 1011 spores/g). DFM was added into the feed to obtain the experimental diet with a final concentration of 104 or 106 spores/g feed. Samples of feed containing the DFM were subjected to 100°C for 10 min to eliminate vegetative cells and validate the number of spores per gram of feed after inclusion and mixing steps. Following heat treatment, 10-fold dilutions of the feed samples were plated on TSA, letting spores in the feed sample germinate to vegetative cells after incubation at 37°C for 24 h, hence representing the number of spores present per gram of feed. The experimental diet used in this study was formulated to approximate the nutritional requirements of broiler chickens as recommended by the National Research Council (26), and adjusted to breeder's recommendations (27). No antibiotics were added to the diet (Supplementary Table 1). All animal handling procedures complied with the Institutional Animal Care and Use Committee (IACUC) at the University of Arkansas, Fayetteville (protocol #18030).



Bacterial Strain and Culture Conditions

The organism used in all experiments was a poultry isolate of Salmonella enterica serovar Enteritidis (S. Enteritidis), bacteriophage type 13A, obtained from the USDA National Veterinary Services Laboratory (Ames, IA, United State). This strain was resistant to 25 μg/mL of novobiocin (NO, catalog no.N-1628, Sigma) and was selected for resistance to 20 μg/mL of nalidixic acid (NA, catalog no.N-4382, Sigma) in our laboratory. For the present studies, 100 μL of S. Enteritidis from a frozen aliquot was added to 10 mL of tryptic soy broth (Catalog no. 22092, Sigma), incubated at 37°C for 8 h, and passed three times every 8 h to ensure that all bacteria were in log phase as previously described (28). Post-incubation, bacterial cells were washed three times with sterile 0.9% saline by centrifugation at 1,864 × g for 10 min, reconstituted in saline, quantified by densitometry with a spectrophotometer (Spectronic 20D+, Spectronic Instruments Thermo Scientific, Rochester, NY, United States), and finally diluted to an approximate concentration of 1 × 108, 4 × 104, and 4 × 107 cfu/mL. Concentrations of S. Enteritidis were further verified by serial dilution and plating on brilliant green agar (BGA, Catalog no. 70134, Sigma) with NO and NA for enumeration of actual cfu used to in the experiments.



Experiment 1. In vitro Digestion Model

In this experiment, the antimicrobial activity of two different concentrations of DFM (104 or 106 spores/g) against S. Enteritidis was determined using an in vitro digestion model described previously (24, 29) that simulates the pH and enzymatic conditions present in the crop, proventriculus, and intestine of broilers. Experiments were run in quintuplicate. Briefly, 5 g of feed with or without DFM was placed inside 50 mL polypropylene centrifuge tubes, followed by the addition of 1 ml of 1 × 108 cfu/mL S. Enteritidis suspension in each tube. Subsequently, the media and corresponding enzymes to simulate each compartment of the in vitro digestion model were added to the tubes, respecting the stirring conditions and incubation times established. Finally, in each compartment, 1 mL of sample was collected to enumerate S. Enteritidis.



Experiment 2. Effect of Therapeutic Administration of DFM on S. Enteritidis

This experiment was performed to evaluate the therapeutic effect of 104 spores/g DFM in broiler chickens infected with S. Enteritidis. Sixty 1 day-old male Cobb-Vantress broiler chickens (Fayetteville, AR, USA) were challenged with 1 × 104 S. Enteritidis cfu per bird and randomly allocated to one of two groups (n = 30 chickens/group): (1) control group challenged only with S. Enteritidis and (2) DFM group challenged with S. Enteritidis and also with 104 spores/g Norum™. On days 3 and 10 post-S. Enteritidis challenge, 15 chickens were euthanized by CO2 inhalation, and the crop and CT from 12 birds per group were aseptically collected to evaluate S. Enteritidis recovery. Blood samples were collected from the femoral vein and centrifuged (1,000 × g for 15 min) to separate the serum for the determination of fluorescein isothiocyanate-dextran (FITC-d) concentration and superoxide dismutase (SOD) activity at day 10. The concentration of FITC-d administered was calculated based on group body weight at day 9 post-S. Enteritidis challenge. Furthermore, intestinal samples for total intestinal IgA levels were also collected.



Experiment 3. Effect of Prophylactic Administration of DFM on S. Enteritidis

In this experiment, two independent trials were conducted to evaluate the prophylactic administration of 104 spores/g DFM in reducing the incidence of S. Enteritidis in broiler chickens. In each trial, 30 day-of-hatch male Cobb-Vantress broiler chickens (Fayetteville, AR, USA) were randomly allocated to one of two groups (n = 15 chickens): (1) control group challenged only with S. Enteritidis and (2) DFM group challenged with S. enteritidis and also with 104 spores/g Norum™. Chicks were placed in heated brooder batteries with a controlled age-appropriate environment and provided with their respective diet and water ad libitum. At day 6, all chickens were orally gavaged with 1 × 107 cfu of S. Enteritidis per bird. Chicks were euthanized by CO2 inhalation 24 h post-S. Enteritidis challenge, and the crop and CT from 12 birds per group were aseptically collected to evaluate S. Enteritidis recovery. Blood samples were collected from the femoral vein and centrifuged (1,000 × g for 15 min) to separate the serum for the determination of FITC-d and SOD. The concentration of FITC-d administered was calculated based on group body weight at 6 d old. Furthermore, intestinal samples for total intestinal IgA levels were also collected.



Salmonella Recovery

The crop and CT collected in experiments 2 and 3 were homogenized and diluted with saline (1:4 w/v), and 10-fold dilutions were plated on BGA with NO and NA, incubated at 37°C for 24 h to enumerate total S. Enteritidis colony forming units. Following plating to enumerate total S. Enteritidis, the crop and CT samples were enriched in double strength tetrathionate enrichment broth and further incubated at 37°C for 24 h. Enrichment samples were streaked onto Xylose Lysine Tergitol-4 (XLT-4, Catalog No. 223410, BD DifcoTM) selective media for confirmation of Salmonella presence.



Serum Determination of FITC-d Leakage

FITC-d (MW 3-5 KDa; Sigma-Aldrich Co., St. Louis, MO) was used as a marker of paracellular transport and mucosal barrier dysfunction (30, 31). In both in vivo experiments, 1 h before the chicks were euthanized by CO2 inhalation, 12 broiler chickens from each group were given an oral gavage dose of FITC-d (8.32 mg/kg of body weight) and the rest were used as controls. The concentrations of FITC-d from diluted sera (1:5 PBS) were measured fluorometrically at an excitation wavelength of 485 nm and an emission wavelength of 528 nm (Synergy HT, Multi-mode microplate reader, BioTek Instruments, Inc., VT, USA). FITC-d concentrations were reported as ng of FITC-d/mL of serum (31).



Enzyme-Linked Immunosorbent Assay for Total IgA Levels

Total IgA levels in both in vivo experiments were determined in 12 gut rinse samples each as previously described (32). A commercial indirect ELISA set was used to quantify IgA according to the manufacturer's instructions (Catalog No. E30-103, Bethyl Laboratories Inc., Montgomery, TX 77356). Ninety six-well plates (Catalog No. 439454, Nunc MaxiSorp, Thermo Fisher Scientific, Rochester, NY) were used, and samples diluted to 1:100 were measured at 450 nm using an ELISA plate reader (Synergy HT, multi-mode microplate reader, BioTek Instruments, Inc., Winooski, VT, USA). Total intestinal IgA levels obtained were multiplied by the dilution factor (100) to determine the amount of chicken IgA in the undiluted samples.



SOD Determination

SOD activity was measured in 12 serum samples per group using a commercial assay kit (item No. 706002, Cayman chemical company, Ann Arbor, Michigan, United States) following the manufacturer's instructions. The three types of SOD (Cu/Zn, Mn, and FeSOD) were determined in samples diluted to 1:5. Samples were measured at 450 nm using an ELISA plate reader (Synergy HT, multi-mode microplate reader, BioTek Instruments, Inc., Winooski, VT, USA).



Data and Statistical Analysis

Log cfu/g of S. Enteritidis, total intestinal IgA, SOD activity and serum FITC-d concentrations were subjected to analysis of variance (ANOVA) as a completely randomized design using the General Linear Models procedure of SAS (33). Significant differences among the means were determined by Duncan's multiple-range test at p < 0.05. Enrichment data were expressed as positive/total chickens (%), and the percent recovery of S. Enteritidis was compared using the Chi-Squared test of independence (34), testing all possible combinations to determine the significance (p < 0.05).



Cecal Microbiota Analysis

DNA Extraction and PCR

Six cecal samples from each group (control and DFM groups) from the therapeutic study at day 10 post-S. enteritidis challenge were used for the cecal microbiota study. DNA extraction, PCR, and library preparation were similar as described earlier (5, 35). In brief, about 200 mg of ileal content from each sample was used for genomic DNA extraction using QIAamp® fast DNA stool mini kit (Qiagen, Catalog # 51604) following manufacturer's instructions with addition incorporation of bead beating step. For bead beating, a pellet from each sample was resuspended in 1 ml inhibit Ex buffer provided with kit and transferred to 2 ml microcentrifuge tubes with screw cap (Thermofisher Scientific, Catalog # 3468) containing 0.25 ml of sterile 0.1 mm glass leads (BioSpec, Mfr # 11079101). Bead beating was performed using Bead mill 24 (Fisher Scientific) for 6 cycles where each cycle contained a run time of 0.30 s and stopping time of 0.11 s between each cycle. The V1-V3 region of 16S rRNA gene from each 10 ng genomic DNA samples was amplified by using unique barcoded universal primers as described previously (36). PCR was performed using Q5® High-Fidelity DNA Polymerase (NEB; New England Biolabs) in a final volume of 50 μl following manufacturer's instructions. The PCR condition included initial denaturation at 98 °C for 30 s followed by 30 cycles of exponential amplifications using denaturation at 98°C for 10 s, annealing at 58°C for 30 s, extension at 72°C for 30 s, and final extension at 72°C for 2 min. Amplicons were purified from 0.7% agarose gel, concentration was measured using a Qubit dsDNA broad range assay kit (Life Technologies, United States), and equal concentrations (20 ng/μl) of amplicons were pooled together. The purified pooled amplicons were sequenced using MiSeq Illumina 300 cycle paired end options at the University of California, Riverside (Riverside, CA, United States).

16S rRNA Gene Sequence Analysis

Raw sequence reads were analyzed using Quantitative Insights into Microbial Ecology, QIIME version 1.9.1 (37) at Jetstream cloud computing platform (38, 39) using the pipelines as described previously (5, 35). Paired end reads were joined together using join_paired_ends.py command of QIIME with fastq-join option (40). After joining, barcode positions were formatted using a customized Perl script, and barcodes were removed using extract_barcodes.py command of QIIME. Split_libraries_fastq.py command of QIIME was used for demultiplexing and quality filtering of joined reads. Reads having a Phred quality score <20 were discarded. The chimeric sequences were identified using USEARCH version 6.1.544 (41), and chimeric sequences along with shorter sequences (<100 bp) were excluded for downstream analysis. The OTU picking was performed using pick_open_reference_otus.py command of QIIME with uclust method (41). Taxonomy was assigned based on green genes taxonomy and reference database version 13_8 (42) with RDP classifier (43). For further statistical analysis and visual exploration, an OTU table with taxa in plain format and a metadata file were uploaded to the MicrobiomeAnalyst tool (44). Data were filtered using the following options: minimum count 4 and low count filter based on 20% prevalence in samples. Alpha diversity analysis was calculated based on Shannon Index. Data were normalized using cumulative sum scaling before any statistical comparisons (45). Significant differences in alpha diversity among different groups were calculated based on ANOVA/T-test where a significant difference level was set at p < 0.05. Beta diversity was calculated based on Weighted UniFrac distance metric (46) and statistical comparisons among groups were performed with Analysis of Similarities method (ANOSIM). To determine differentially abundant phyla and genera among different groups, a MetagenomeSeq (45) that uses zero-inflated Gaussian fit model was used, where the level of significance was set at p < 0.05. PICRUSt ver. 1.1.3 (47) was further utilized to predict the functional pathways from 16S rRNA gene sequencing data using a closed OTU table created with the Greengenes database 13.8. The statistical analysis and visualization in the third level KEGG pathways predicted by PICRUSt between two groups were performed using the Statistical Analysis of Metagenomic Profiles (STAMP ver. 2.1.3) (48).




RESULTS


In vitro Digestive Model

The antibacterial effect of DFM at two different concentrations (104 spores/g and 106 spores/g) against S. Enteritidis colonization in crop, proventriculus, and intestine using an in vitro digestive model is shown in Table 1. When DFM was used at 104 spores/g of feed S. Enteritidis colonization in the intestinal compartment was significantly reduced (p < 0.05), while at a higher concentration (106 spores/g) S. Enteritidis colonization in both proventriculus and intestinal compartments was significantly reduced (p<0.05) as compared to the control group (Table 1). However, the antibacterial effect of DFM was more pronounced at higher dose and especially in the intestinal compartment, where it reduced the S. Enteritidis colonization by more than 7 log10 and brought it to an undetectable level.



Table 1. Evaluation of the antibacterial activity of different DFM ratios on S. Enteritidis† in an in vitro digestive model using the plating method‡.
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Prophylactic Effects of DFM

Effect on S. Enteritidis CT and Crop Colonization

The prophylactic effect of DFM (104 cfu/g) on S. Enteritidis CT and crop colonization in broiler chickens is shown in Table 2. Although there were no significant differences, there were tendencies in reducing S. Enteritidis count, and its incidence in both trials and tissues of chickens in the DFM group as compared to the control group (Table 2). In trial 1, S. Enteritidis incidence was reduced by 17% in both CT and crop in DFM group as compared to the control. Similarly, in trial 2, S. Enteritidis recovery was decreased by 17 and 23%, respectively, in CT and crop in the DFM group in comparison with the control group. In addition, S. Enteritidis count was reduced by less than half log10 and more than 1 log10 in CT and crop, respectively, in both trials when comparing the DFM group with control group (Table 2).



Table 2. Effect of prophylactic administration of DFM (104 cfu/g) on S. Enteritidis cecal tonsil (CT) and crop colonization in broiler chickens.
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Superoxide Dismutase (SOD) Activity, Serum FITC-d Concentration, and Total Intestinal IgA Levels

The SOD activity, serum FITC-d concentration and total intestinal IgA levels in broiler chickens with or without receiving DFM into the diet are shown in Table 3. DFM significantly reduced SOD activity and total intestinal IgA levels as compared to the control group (p < 0.05). However, no significant difference was observed with FITC-d between two groups as shown in Table 3.



Table 3. Evaluation of Superoxide dismutase (SOD) activity, serum fluorescein isothiocyanate-dextran (FITC-d) concentration, and total intestinal IgA in broilers chickens that were fed with or without DFM in the diet.
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Therapeutic Effects of DFM

Effect on S. Enteritidis CT and Crop Colonization

The therapeutic effect of DFM (104 cfu/g) on S. Enteritidis CT and crop colonization in broiler chickens is shown in Table 4. Although there were no significant differences, there were tendencies in reducing S. Enteritidis count and its incidence in both ages and tissues of chickens in DFM group as compared to the control group (Table 4). At 3-day old, the S. Enteritidis count and its incidence in CT were reduced by ~2 log10 and 25%, respectively, by DFM group as compared to the control group. In addition, at 10-d old, DFM reduced the S. Enteritidis count in CT and crop by more than 1 log10 as compared to the control group, while the incidence of S. Enteritidis was decreased by 17 and 16%, respectively (Table 4).



Table 4. Effect of therapeutic administration of DFM (104 cfu/g) on S. Enteritidis cecal tonsil (CT) and crop colonization in broiler chickens.
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SOD Activity, Serum FITC-d Concentration, and Total Intestinal IgA Levels

The SOD activity, serum FITC-d concentration and total intestinal IgA levels in broiler chickens with or without receiving DFM into the diet at day 10 post-S. Enteritidis challenge are shown in Table 5. DFM significantly reduced FITC-d and intestinal IgA levels as compared to the control (p < 0.05). In the case of SOD activity, there was a numerical reduction in the DFM group compared to the control group; however, no significant difference was observed.



Table 5. Evaluation of Superoxide dismutase (SOD) activity, serum fluorescein isothiocyanate-dextran (FITC-d) concentration, and total intestinal IgA in broilers chickens with or without receiving DFM into the diet at day 10 post-S. Enteritidis challenge.
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Cecal Microbiota

Summarization of the OTU table resulted a total of 441,934 reads that range from 27,654 to 43,856 reads per sample. The total number of OTUs after data filtering was 1,108.

Taxonomic Assignments

Phylum level Firmicutes were found as a predominant phylum in both groups (Control group, 88.71%; DFM group, 86.68%) followed by Proteobacteria and Actinobacteria as shown in Figure 1. Actinobacteria were significantly reduced in the DFM group as compared to the control group (p < 0.05).


[image: image]

FIGURE 1. Relative abundance of major phyla recovered in ceca of broiler chickens at day 10 from two different treatment groups (control and DFM). NA refers to those reads that could not be assigned to any phyla.



Genus level The relative abundance of different genera present in the control and DFM groups is shown in Figure 2. Ruminococcus was found as a predominant genus in both groups (Control group, 14.48%; DFM group, 19.14%), followed by Lactobacillus (Control group, 8.91%; DFM group, 3.40%), and Streptococcus (Control group, 0.15%; DFM group, 3.68%) in control and DFM, respectively.
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FIGURE 2. Relative abundance of major genera recovered in ceca of broiler chickens at day 10 from two different treatment groups (control and DFM). NA refers to those reads that could not be assigned to any genera. Genera having counts <100 are merged together in “Others”.



The genera Bifidobacterium (Control group, 0.094%; DFM group, not detected), Roseburia (Control group, 0.19%; DFM group, 0.035%), Proteus (Control group, 0.07%; DFM group, not detected), and cc_115 (Control group, 0.04%; DFM group, not detected) were significantly decreased, while the genus Streptococcus was significantly enriched in the DFM group as compared to the control group (MetagenomeSeq, p < 0.05). In addition, some of the notable genera such as Enterococcus, Dorea, Coprobacillus, Coprococcus, Eubacterium, and Blautia were numerically reduced in the DFM group as compared to the control group.

Microbial Diversities analysis

Alpha diversity Alpha diversity of control and DFM groups as measured by Shannon index is shown in Figure 3. The average Shannon index in the control group was 4.61 ± 0.09 (Mean ± SE) and 4.27 ± 0.22 in the case of the DFM group. However, there was no significant difference observed between both groups.


[image: image]

FIGURE 3. Alpha diversity of two different groups (control and DFM) as measured by Shannon Index. No significant difference was observed between them (T-test, p > 0.05). The diamond shape represents the mean value in each group.



Beta diversity Beta diversity between control and DFM groups as measured by weighted UniFrac metric is illustrated in PCoA plot (Figure 4). Analysis of similarities (ANOSIM) showed significant difference in microbial community structure between the two groups (R = 0.35, p < 0.01).


[image: image]

FIGURE 4. PCoA plot showing difference in microbial community structure between control and DFM groups (ANOSIM; R = 0.35 and p < 0.01).



Functional potentialities of cecal bacterial community The predicted functions of cecal microbiota in the control and DFM groups by PICRUSt and their analysis by STAMP are shown in Figures 5, 6. The PCA plot shows that the third level KEGG pathways of the DFM group are relatively distinct in comparison to the control group (Figure 5). More specifically, many bacterial genes that are involved in various metabolic pathways such as bile acid synthesis (primary and secondary), carbohydrate metabolism (pentose phosphate pathway and other glycan degradation), and nucleotide metabolism (purine) were predicted to be enriched in the control group. On the other hand, bacterial genes that could involve in amino acid metabolism (Glycine, Serine, and Threonine) and alkaloid biosynthesis (isoquinoline, tropane, piperidine, and pyridine alkaloids) were predicted to be enriched in the DFM group (Figure 6).
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FIGURE 5. PCA plot comparing third level KEGG pathways between control and DFM groups. The third level KEGG pathways were predicted using PICRUSt followed by the generation of PCA plot using STAMP.
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FIGURE 6. Extended error bar plot generated by STAMP showing differential abundant third level KEGG pathways between control and DFM group. Only significant features with p < 0.05 (Welch's t-test) were included in the plot.






DISCUSSION

Previous research reported nontyphoidal Salmonella sps., Clostridium perfringens, Campylobacter sps., and Escherichia coli as some of the most important foodborne bacterial pathogens in the United States (49). The overall health-related costs associated with foodborne illness from those pathogens was estimated to be around $51.0 and $77.7 billion based on the basic and enhanced model, respectively, as described earlier (50). Nontyphoidal Salmonella sp. was reported as a major causative agent for hospitalization and deaths of patients in the United States (49). S. Enterica serotype Enteritidis (S. Enteritidis) which emerged as an important human illness during 1980s is currently one of the most common nontyphoidal Salmonella serotypes worldwide, especially in developed countries (51). Poultry and their products (eggs and meat) are considered as one of the most important sources of S. Enteritidis infection in humans; however, S. Enteritidis was also isolated from non-poultry sources such as market hog carcass, steer and heifer carcass, cow and bull carcass, and ground beef (52–54).

Several studies have been conducted with the objective to reduce S. Enteritidis load in poultry and their products using various approaches such as antibodies, bacteriophages, probiotics, prebiotics, vaccines, and integrated farm management (55–59). In the present study, we evaluated the effects of Norum™ (DFM) to reduce S. Enteritidis colonization using both in vitro and in vivo trials in broiler chickens. Our previous study using an in vitro digestion model showed a reduction of C. perfringens by the isolates used in Norum™ in different non-corn based diets demonstrating their antibacterial property against this Gram-positive bacteria (24). The antimicrobial activity of various species of Bacillus, including B. subtilis and B. amyloliquefaciens, were studied elsewhere and found to be effective mainly against Gram-positive bacteria (60–63). In the current study, we also observed the reduction of S. Enteritidis by DFM in the intestinal compartment simulated in the model and in both proventriculus and intestinal compartments, when using 104 spores/g and 106 spores/g DFM, respectively. The Salmonella Enteritidis colonization was reduced by more than 7 log10 cfu/mL and brought to an undetectable level in the intestinal compartment when DFM was used at 106 spores/g of feed, suggesting its more noticeable antibacterial effects at a higher dose. These findings further suggest that DFM exhibits a wide range of antibacterial activities which can be effective for both Gram-positive and negative bacteria. Although the detailed mechanism is not well-understood, these antibacterial properties of DFM might be achieved not only through competitive exclusion and production of antimicrobial peptides (AMPs), but also might be indirectly through one or several beneficial effects exhibited by them including secretion of exogenous enzymes, alternation of immunity, gut microbiota, and morphology (23, 24, 64, 65). The AMPs secreted by Bacillus sps. are diverse in nature with different chemical structure (60) and include bacteriocins, glycopeptides, lipopeptides, and cyclic peptides (61).

The antibacterial activity of Bacillus isolates in Norum™ against Clostridium perfringens (24), S. Enteritidis, Escherichia coli, and Clostridium difficile (64) was evaluated earlier using an in vitro model and reported as promising DFM candidates. In addition, dietary supplementation with DFM (106 spores/g) mitigated the negative impacts of necrotic enteritis in broiler chickens using a laboratory challenge model (35). Therefore, considering that the model of necrotic enteritis is more severe than a Salmonella infection model and in vitro results, in this study, we evaluated the therapeutic and prophylactic effects of those isolates in Norum™ (104 spores/g) against S. Enteritidis CT and crop colonization in broiler chickens. Although there were no significant differences, there were tendencies in reducing S. Enteritidis count and its incidence in both ages (3 and 10 days) and tissues (CT and crop) of chickens by DFM as compared to the control during the therapeutic study. Similar tendencies were also reported in both trials during the prophylactic study. This may be due to the lower dose of Bacillus spores (104 spores/g of feed) used during the in vivo trials, because the antibacterial effect was more pronounced with higher dose compared to the lower dose as demonstrated by the in vitro digestion model (Table 1). A similar antimicrobial dose-dependent response of Bacillus-DFM against necrotic enteritis was observed earlier, where the higher dose (106 cfu/g of feed) mitigated negative impacts of NE more than the lower dose (104 cfu/g of feed) (66).

Several enteric pathogens including Salmonella sps. disrupt the intestinal tight junctions leading to the increase in gut permeability; commonly known as “leaky gut” (67, 68). Serum FITC-d increases with inflammation and is considered as a good indicator to measure enteric inflammation induced gut permeability in broiler chickens (69). The significant reduction (p < 0.05) of serum FITC-d level by DFM as compared to the control group in the therapeutic study might be due to the alleviation of negative impacts of S. Enteritidis by increasing the regulation of tight junction proteins (23, 70). Antioxidant enzymes such as SOD play a vital role to degrade superoxide anions and hydrogen peroxide produced during an inflammatory process. There was a significant (p < 0.05) and numerical increase of SOD activity in the control group of the prophylactic and therapeutic study, respectively, when compared to the group treated with DFM. The increased SOD activity in the control group could be related to the response to increased oxidative stress due to severe intestinal damage caused by S. Enteritidis, since SOD plays a key role in the reduction of oxidative stress (71). Similarly, the significant increase in IgA level (p < 0.05) in both in vivo trials might be associated with disruption of intestinal epithelium, since secretion of intestinal IgA serves as the first line of defense to protect the intestinal epithelium from enteric toxins and pathogenic microorganism, as well as to antagonize the inflammatory processes and enhance the non-specific defense mechanisms (32, 72). In contrast, the decrease of SOD activity and IgA level by DFM could be related to its anti-inflammatory and immune modulating properties to mitigate the negative impacts of S. Enteritidis, reducing the gut morphological and immunological alterations through expression of the cytoprotective proteins and modulation of various cytokines (19, 23, 73–76).

Along with the advancement in sequencing technologies, the cost of sequencing has significantly reduced recently, making microbiota studies more affordable. It is now a well-accepted fact that the gut microbiota plays a key role in health and diseases of both humans and animals, which has been reviewed elsewhere (77–80). Although detailed mechanisms are unknown, the supplementation of various alternatives to antibiotics including Bacillus-DFM can improve overall intestinal health and growth in chickens (24, 35), probably due to the modulation of the gut microbiota, which is one of the important mechanisms of action exhibited by alternatives to antibiotics in order to exert beneficial effects on the host (2, 23, 81–83). Moreover, the inclusion of Bacillus-DFM has been shown to alter the cecal (20) and ileal (21) microbiota in broiler chickens.

The cecum of the chicken harbors the greatest bacterial diversity and is an important organ for water regulation and production of short chain fatty acids (SCFA) through carbohydrate fermentation (23, 84). The ceca of young chickens are mainly dominated by the phylum Firmicutes, Proteobacteria, and Actinobacteria, whereas the relative abundance of Bacteriodetes increases with age and was detected only after 15 days in broiler chickens (85). We also reported Firmicutes as the dominant phyla in both groups followed by Proteobacteria and Actinobacteria. Actinobacteria were significantly lowered by the DFM, which could be due to the antibacterial activity of DFM against S. Enteritidis since Actinobacteria were increased in chickens infected with S. Enteritidis (5, 86). The genus Proteus and the genus cc_115 of the family Erysipelotrichaceae were significantly higher in the control group as compared to the DFM. The increased abundance of Proteus and cc_115 was associated with necrotic enteritis in broiler chickens (87). Similarly, the genus Proteus and the bacterial family Erysipelotrichaceae were found to be associated with intestinal dysbiosis in humans as reported in the DisbiomeR database (88). Thus, the increase of Proteus and cc_115 in the control might be associated with gut dysbiosis and inflammation caused by S. Enteritidis (89), whereas their decrease in the DFM group might be due to the antibacterial property of DFM. Furthermore, the increase of Bifidobacterium and Roseburia in the control group might be due to the inflammatory response, since these genera were found to have anti-inflammatory properties (90, 91). A significant increase in Bifidobacterium after S. Enteritidis inoculation was also reported earlier in chickens (92). Although some of the species of Streptococcus cause infection in poultry (93, 94) they are commensal organisms present in the GI tract of chickens and have been used as potential probiotics (95, 96) because of their ability to reduce pathogen colonization through competitive exclusion and reduction of the pH through lactic acid production (97). Thus, increase in Streptococcus by DFM in the present study may be playing a vital role in reducing the colonization and incidence of S. Enteritidis; however, a higher resolution to the strain level is needed to understand the actual effects as two strains of the same species can carry out completely opposite roles (98).

DFM not only affected the bacterial composition in the ceca of broiler chickens but also the community structure as indicated by the beta diversity analysis. However, in the case of alpha diversity, although there was numerically higher diversity in the control group, no significant difference was observed between the two groups. This may be related to one of the theories that the DFM promotes growth of the host by reducing the number and diversity of the commensal microbiota, which will allow increased nutrient utilization by intestinal epithelial cells and lower detrimental effects of microbial metabolites (99). These regulations by DFM might be achieved through changes in bacterial genes involved in various metabolic pathways (Figures 5, 6). One of the important metabolic pathways predicted to be enriched in the control group was bile acid synthesis. Bile acids are considered as important regulators of the gut microbiota and reduced levels of bile acids in the gut are associated with bacterial overgrowth and intestinal inflammation (100, 101). Enrichment of the bile acid synthesis pathway in the control group might be a response to the lower level of bile acids and inflammation caused by S. Enteritidis and other dysbiosis associated bacteria colonization in the gut. Similarly, another glycan degradation pathway was enriched in the control group, and this might be related to the response of mucinogeneis as a result of S. Enteritidis inflammation and the overgrowth of Bifidobacterium in the control group, which can degrade the host-derived glycans (102). Amino acids serve as precursors for microbial-derived SCFA such as acetate, propionate, and butyrate, which has been reviewed elsewhere (103). Meanwhile, the increase in metabolic pathways associated with the metabolism of amino acids (glycine, serine, and threonine) in the DFM group could be related to the amino acid fermenting ability of the Bacillus-DFM (104) to produce SCFA. SCFA serves as nutrients for colonocytes and other gut epithelial cells and plays a key role in shaping the gut microbiota of the host (105). Future investigation of the effects of DFM in the Salmonella challenged model by metagenomics and metabolomics analysis will reveal more functional potentialities of DFM.

In summary, the overall results of the present study suggest that the Bacillus-DFM (Norum™) can be used for the prevention and treatment of S. Enteritidis infection since it has the potential to reduce S. Enteritidis colonization and mitigate its negative effects in broiler chickens. These effects of Norum™ could be achieved through mechanism(s) that might involve the modulation of gut microbiota and their metabolic pathways. The effects of Norum™ against S. Enteritidis at a higher dose (106 spores/g) may disclose more promising results and are currently under evaluation.
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In ovo Administration of Defined Lactic Acid Bacteria Previously Isolated From Adult Hens Induced Variations in the Cecae Microbiota Structure and Enterobacteriaceae Colonization on a Virulent Escherichia coli Horizontal Infection Model in Broiler Chickens
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The effects of in ovo administration of a defined lactic acid microbiota (LAM), previously isolated from adult hens, in the cecae microbiota structure and Enterobacteriaceae colonization after exposure to virulent Escherichia coli during the hatching phase of broiler chickens were evaluated. Embryos inoculated with LAM showed a significant (P < 0.05) reduction of Enterobacteriaceae colonization at day-of-hatch (DOH) and day (d) 7. Furthermore, there was a significant increase in total lactic acid bacteria on DOH, body weight (BW) DOH, BW d7, and d0–d7 BW gain and reduced mortality d0–d7 was observed in the LAM group compared with that in phosphate-buffered saline (PBS) control. The bacterial composition at the family level revealed that the Enterobacteriaceae was numerically reduced, whereas the Ruminococcaceae was significantly increased in the LAM group when compared with that in the PBS control. Moreover, the bacterial genera Proteus and Butyricicoccus and unidentified bacterial genera of family Lachnospiraceae and Erysipelotrichaceae were significantly enriched in the LAM group. In contrast, the Clostridium of the family Peptostreptococcaceae and unidentified genus of family Enterobacteriaceae were significantly abundant in the PBS control group. In summary, in ovo administration of a defined LAM isolated from adult hens did not affect hatchability, improved body weight gain and reduced mortality at d7, induced variations in the cecae microbiota structure and reduced Enterobacteriaceae colonization on a virulent E. coli horizontal infection model in broiler chickens.
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INTRODUCTION

Early establishment of the gastrointestinal microbiota has been shown to have significant benefits in the development of gut-associated lymphoid tissues and intestinal integrity (1, 2). Therefore, several investigators have decided to evaluate the administration of in ovo probiotics in chickens. Several studies have indicated that this method does not alter hatchability, improves intestinal health, and favors microbial diversity (3–5). Furthermore, in ovo delivery of probiotics may have a significant impact in commercial poultry because hatching cabinets represent one of the first potential sources of pathogenic enterobacteria (6, 7). Avian pathogenic Escherichia coli (APEC) may also penetrate the shell (8) or can be vertically transferred (9), causing significant mortality during the first week (10). Recently, our laboratory has developed a novel in ovo challenge model for APEC strains (11). The objective of the present study was to evaluate the in ovo administration of defined lactic acid microbiota (LAM), previously isolated from adult hens, on hatchability, performance during the first 7 days after hatch, microbiota composition, and Enterobacteriaceae colonization while utilizing a virulent E. coli horizontal infection model in broiler chickens.



MATERIALS AND METHODS


Isolation and Selection of Lactic Acid Microbiota Isolated From Adult Hens

Ten lactic acid bacteria (LAB) were isolated from 10 34-week-old Hy-Line Brown backyard flock hens fed with a maize grain diet. Cecal and ileum (Meckel diverticulum to cecal tonsils) content from these birds was collected, and then, both sections were flushed with phosphate-buffered saline (PBS). Epithelium and intestinal contents were briefly homogenized, serially diluted, and plated on de Man–Rogosa–Sharpe (MRS) agar plates (Catalog no. 288110, Becton Dickinson and Co., Sparks, MD 21152 USA) to obtain one pure colony from each sample. The isolates were identified by 16S ribosomal RNA (rRNA) sequence analyses (Microbial ID Inc., Newark, DE 19713, USA). The report showed that four of the strains were Lactobacillus johnsonii, three isolates were Weissella confusa, two Lactobacillus salivarius, and one as Pediococcus parvulus. Aliquots of the combined culture containing 10 selected LAB isolates were grown on MRS agar as a combined batch culture (LAM) and used in the present study.



Escherichia coli Culture and Challenge

Dr. A. M. Donoghue, from the Poultry Production and Product Safety Research Unit, United States Department of Agriculture—Agricultural Research Service, kindly donated the APEC strain that was used in these experiments (12). This E. coli isolate, obtained from adult chickens with colibacillosis, was confirmed to be susceptible to tetracycline and oxytetracycline (Animal Disease Diagnostic Laboratory, Ohio Department of Agriculture, Reynoldsburg, USA). This strain was serially diluted to the desired colony-forming unit (CFU) concentration for in ovo challenge (day [d] 19 of embryogenesis) as described previously (11).



Enumeration of Bacteria

In trials 1 and 2, the gastrointestinal tract (GIT) (duodenum to the cecum) was aseptically removed postmortem and collected into sterile bags. These samples were then diluted and plated on either MRS agar (Difco Lactobacilli MRS Agar, cat. no. 90004-084, VWR, Suwanee, USA) to evaluate the total number of LAB or MacConkey agar (VWR cat. no. 89429-342 Suwanee, USA) to evaluate the number of gram-negative bacteria as described by Tellez et al. (13). To confirm negative results or account for the possibility that bacterial groups were present in lower numbers, the detection limit on bacterial recovery by direct plating was confirmed by enrichment of the samples on selective media, respectively.



Experimental Design

In the present study, two independent trials were conducted following the previously published in ovo challenge model for virulent E. coli (11). In each trial, 360 18-day-old Ross 308 embryos were candled, randomly allocated, and placed into two separate hatchers (GQF 1550 Digital Cabinet Egg Incubator) based on treatment group (n = 180/treatment group). In both trials, the same hatchers, set in the same room, were used for each experimental treatment. On d19 of embryogenesis, embryos were inoculated, into the amnion, with either 0.2 ml with sterile PBS control or 107 CFU/ml of LAM as described previously (3). Additionally, on d19 of embryogenesis, seeder embryos (n = 18 seeders/hatcher or 10%/hatcher) were inoculated with E. coli/tetracycline treatment (4.5 × 104 CFU/ml E. coli + 272 μg/ml) via in ovo injection into the amnion and segregated into mesh hatching bags (reusable mesh nylon netting, IDS, Amazon). Doses for coadministration of tetracycline and this particular virulent E. coli strain have been described previously (11). On d21, dry chicks were removed from hatchers, and hatchability was recorded. For each trial, GIT samples were collected postmortem on day-of-hatch (DOH) and d7 to evaluate gastrointestinal composition on selective media for enumeration of total presumptive gram-negative or total aerobic LAB as previously published (14). From each trial, 90 chicks from each group were neck-tagged, individually weighed, and randomly allocated into three-floor pens (n = 30 chicks/pen) and provided ad libitum access to water and a balanced, unmedicated corn and soybean diet (Table 1). Weight allocation on DOH was performed to normalize body weight (BW) and prevent initial treatment effect on BW as previously described (11). Mortality was recorded for the duration of each trial (7-day trial period) as well as BW gain (BWG). Cecal contents were collected from six chickens per group to evaluate microbiome analysis (trial 2 only). Chickens were provided ad libitum access to water and a balanced, unmedicated corn and soybean diet, meeting the nutritional requirements for broilers recommended by Aviagen. This study was carried out following the recommendations of the Institutional Animal Care and Use Committee at the University of Arkansas, Fayetteville. The Institutional Animal Care and Use Committee approved protocol #17073 at the University of Arkansas, Fayetteville, for this study.


Table 1. Ingredient composition and nutrient content of a corn–soybean starter diet used in all experimental groups on an as-is basis.
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Microbiota Analysis
 
Sample Processing, DNA Extraction, PCR, Library Preparation, and Sequencing

At d7, ceca content samples (n = 6/group) were prepared and transferred into collection tubes containing a lysis and stabilization buffer. DNA extraction, amplification, and library preparation were performed as described by Almonacid et al. (15). Briefly, samples were lysed through bead-beating, and DNA was extracted by guanidine thiocyanate silica column-based purification method using a liquid-handling robot in a class 1,000 cleanroom (16). The following universal primers were used for PCR amplification of the V4 variable region of the 16S rRNA gene: (515F: 5′GTGCCAGCMGCCGCGGTAA and 806R: 5′GGACTACHVGGGTWTCTAAT); primers also contained Illumina tags, and barcodes were used for amplification of the V4 variable region of the 16S rRNA gene (17). PCR products were then pooled, column-purified, and size-selected through microfluidic DNA fractionation (18). Consolidated libraries were quantified by quantitative real-time PCR using the Kapa Bio-Rad iCycler qPCR kit on a BioRad MyiQ before loading for sequencing. Sequencing was performed in a pair-end modality on the Illumina NextSeq 500 platform rendering 2 × 150-bp pair-end sequences.



16S Ribosomal RNA Gene Sequences Analysis

After sequencing, the samples were demultiplexed, utilizing Illumina's BCL2FASTQ algorithm. Forward and reverse reads obtained in each of the four lanes per sample were filtered using the following criteria: both forward and reverse reads in a pair must have an average Q-score > 30. Primers and any leading random nucleotides (used to increase the diversity of the library being sequenced) were trimmed, forward reads were capped at 125 bp, and reverse reads were capped at 124 bp. After quality filtering as described earlier, the Deblur (19) workflow was applied for the forward reads to generate a feature table and representative sequences using the “qiime deblur denoise-16S” method implemented in QIIME2 version 2019.1 (20). The features that were present only in a single sample were removed from the feature table. Naive Bayes classifier (21) was trained using Green genes 13_8 99% operational taxonomic units (OTUs) (22), where the sequences were trimmed to include only 125 bases from the region of the 16S rRNA gene bound by the 515F/806R primer pair. This pretrained classifier was used to assign taxonomy to the representative sequences using the q2-feature-classifier plugin. Microbial diversity analyses were performed using the q2-diversity plugin of QIIME2 using the even sampling depth of 14,610. The alpha diversity as computed by observed OTU metric and Shannon's index (23) and beta diversity as calculated by unweighted UniFrac (24) distance metrics are reported. All figures were created using ggplot2 packages (25) on R version 3.5.3.




Statistical Analysis

All data were subjected to one-way analysis of variance as a completely randomized design using the general linear model procedure of SAS (26). Data are expressed as mean ± standard error (SE). Significant differences (P < 0.05) among the means were further separated using Duncan's multiple range test for bacteria recovery, BW, and BWG. Hatchability and mortality were compared using the chi-square test of independence to determine the significance (P < 0.05) for these studies (27). The linear discriminant analysis effect size (LEfSe) method was used to identify significantly different bacterial taxa between two treatments at different levels of the taxonomy (phylum, family, and genus) using the criteria: P < 0.05, and LDA score (log10) > 2.0. For statistical analysis of alpha and beta diversity, Wilcoxon and permutational multivariate analysis of variance (PERMANOVA) (28) tests were used, respectively. In both tests, the level of significance was set at P < 0.05.




RESULTS

The effect of in ovo administration of a LAM on presumptive gram-negative and LAB recovered from the GIT in a virulent E. coli seeder is summarized in Table 2. In both trials, LAM significantly reduced (P < 0.05) the recovery of gram-negative bacteria from the GIT at hatch and at d7 when compared with the in ovo PBS control group. However, in ovo administration of LAM significantly increased the recovery of presumptive LAB on DOH when compared with control embryos in both trials (Table 2). No significant differences in the recovery of presumptive LAB were observed at d7 between control or treated groups (data not shown).


Table 2. Effect of in ovo administration of a lactic acid microbiota (LAM) on gram-negative and presumptive lactic acid bacteria recovered from the gastrointestinal tract (duodenum to the cecum) in an in ovo challenge model for horizontal transmission of a virulent Escherichia coli.

[image: Table 2]

Table 3 shows the results of the effect of in ovo administration of a LAM on hatchability, BW at DOH and d7, BWG, and d7 mortality. In both trials, no significant differences in hatchability were observed. Nevertheless, in ovo administration of the LAM significantly increased the average BW at hatch and at day 7, as well as BWG from d0 to d7 when compared with the control PBS group. Furthermore, a significant reduction in mortality was also observed in both trials in embryos that received the LAM when compared with the control PBS group (Table 3).


Table 3. Effect of in ovo administration of a lactic acid microbiota (LAM) on hatchability, body weights, and mortality at day 7, an in ovo challenge model for horizontal transmission of a virulent Escherichia coli.
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Summary of the Feature Table

The summarization of the feature table resulted in 703,667 sequence reads in 11 samples (5 PBS control and 6 LAM) that range from 14,610 to 99,834 reads per sample. The median and mean ± SE reads per sample were 66,975 and 63,969.73 ± 7,716.50, respectively. Moreover, there were altogether 102 unique features (amplicon sequence variants) from all samples.



Bacterial Composition at the Phylum Level

Firmicutes and Proteobacteria are the only two phyla detected, as shown in Figure 1. Firmicutes was reported as a dominant phylum in both groups (PBS control: 77.40 ± 3.03%, LAM: 83.56 ± 7.40%), followed by the Proteobacteria (PBS control: 22.59 ± 3.03%, LAM: 16.43 ± 7.40%). Although not significant, the Firmicutes were higher in LAM, whereas the Proteobacteria was higher in the PBS control group (Figure 1).


[image: Figure 1]
FIGURE 1. Bacterial phyla composition of phosphate-buffered saline control and LAM treatment groups in trial 2.




Bacterial Composition at the Family Level

The relative abundance of bacterial families recovered from two treatment groups is shown in Figure 2. The relative abundance of Lachnospiraceae was found to be the highest in both groups (PBS control: 47.34 ± 5.42%, LAM: 43.46 ± 6.27%), followed by the Enterobacteriaceae in the PBS control group (22.59 ± 3.03%) and the Ruminococcaceae family in the LAM group (26.55 ± 6.89%). The relative abundance of the Enterobacteriaceae in the LAM and the relative abundance of Ruminococcaceae in the PBS control group were 16.43 ± 7.40% and 14.24 ± 5.53%, respectively. The other critical bacterial families were Erysipelotrichaceae (PBS control: 5.95 ± 3.11%, LAM: 3.73 ± 3.22%), an unidentified family of order Clostridiales (PBS control: 5.42 ± 3.46%, LAM: 6.46 ± 2.19%), Lactobacillaceae (PBS control: 3.20 ± 1.23, LAM: 2.05 ± 1.23), and Clostridiaceae (PBS control: 0.45 ± 0.35%, LAM: 1.05 ± 0.85%). Also, Peptostreptococcaceae, Enterococcaceae, and Paenibacillaceae were reported with an average relative abundance across all samples <1%. Interestingly, LEfSe analysis identified the bacterial family Ruminococcaceae to be significantly higher in the LAM group as compared with that in the PBS control group, as shown in Figure 3 (LEfSe, P < 0.05, LDA score > 2.0).
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FIGURE 2. Bacterial family composition of phosphate-buffered saline control and LAM treatment groups in trial 2.



[image: Figure 3]
FIGURE 3. Differentially abundant bacterial families identified by LEfSe (P < 0.05 and LDA score >2.0). Ruminococcaceae was significantly enriched in the LAM treatment group as compared with that in the phosphate-buffered saline control in trial 2.




Bacterial Composition at the Genus Level

The relative abundance of major bacterial genera identified in two treatment groups is shown in Figure 4. The majority of sequence reads (>50%) were not properly assigned at the genus level, as shown by the “Not Assigned” group (Figure 4) but were assigned at the higher level of the taxonomy. The relative abundance of minor bacterial genera (an average across all samples <0.2%) were grouped into “Others.” Clostridium genus belonging to the families Clostridiaceae (PBS control: 0.44 ± 0.35%, LAM: 1.02 ± 0.86%), Erysipelotrichaceae (PBS control: 5.89 ± 3.11%, LAM: 3.33 ± 3.19%), Lachnospiraceae (PBS control: 2.80 ± 0.44%, LAM: 3.84 ± 0.55%), and Peptostreptococcaceae (PBS control: 0.48 ± 0.25%, LAM not detected) were identified (Figure 4). Likewise, the genus Ruminococcus of the family Lachnospiraceae (PBS control: 2.73 ± 1.07%, LAM: 2.77 ± 1.21%) and Ruminococcaceae (PBS control: 1.48 ± 0.67%, LAM: 5.74 ± 2.42%) were found. Also, the genus Oscillospira that belongs to the family Ruminococcaceae has reported the highest percentage in the LAM group (11.25 ± 2.45%), whereas the second highest in the PBS control group (5.33 ± 1.53%). Another important observation was that the genera Butyricicoccus and Proteus were not detected in the PBS control group, whereas they were found in the LAM group 2.59 ± 1.37% and 2.51 ± 1.06%, respectively. The genera Paenibacillus and Anaerotruncus were reported <1% in each treatment group.


[image: Figure 4]
FIGURE 4. Composition of the bacterial genera that were found in phosphate-buffered saline control and LAM treatment groups. “Not Assigned” represents the sequence reads that were not assigned at any genus, however, were assigned at the higher level. Others represent the minor bacterial taxa whose average relative abundance across samples was <0.2% in trial 2.


The bacterial genera Proteus, Butyricicoccus, and unidentified bacterial genera of family Lachnospiraceae and Erysipelotrichaceae were significantly enriched in the LAM group. In contrast, the Clostridium of the family Peptostreptococcaceae and unidentified genus of family Enterobacteriaceae were significantly abundant in the PBS control group (LEfSe, P < 0.05 and LDA score > 2.0) (Figure 5).


[image: Figure 5]
FIGURE 5. Differentially abundant bacterial genera identified by LEfSe (P < 0.05 and LDA score >2.0) between two treatment groups: phosphate-buffered saline control and LAM in trial 2.




Alpha Diversity

The alpha diversities, as measured by Shannon's diversity index and the observed OTU metric, are shown in Figures 6, 7, respectively. The alpha diversity calculated by both metrics was significantly higher in the LAM group as compared with that in the PBS control (Wilcoxon test, P < 0.05). This indicates that the species richness increases when treated with LAM as compared with PBS.


[image: Figure 6]
FIGURE 6. Alpha diversity between phosphate-buffered saline control and LAM as calculated by Shannon's diversity index (A) and observed OTUs (B) in trial 2. In ovo administration of LAM significantly increased the Shannon diversity (A) as well as species richness (B) when compared with those in the phosphate-buffered saline control *(Wilcoxon test, P < 0.05).



[image: Figure 7]
FIGURE 7. PCoA plot showing the bacterial community structure between phosphate-buffered saline control and LAM treatment groups as measured by the Bray–Curtis (A) and unweighted UniFrac (B) distance metric. There was a significant difference in the community structure between two treatment groups when measured with both metrics using permutational multivariate analysis of variance (Bray–Curtis, P = 0.003 and unweighted UniFrac distance metric; P < 0.001) in trial 2.




Beta Diversity

The PCoA plots illustrating beta diversities as computed by Bray–Curtis and unweighted UniFrac distance metrics are shown in Figures 7A,B, respectively. In agreement with the alpha diversity, there was a significant difference in bacterial community structure between PBS control and LAM as measured by both Bray–Curtis (PERMANOVA, P = 0.003) and unweighted UniFrac (PERMANOVA, P < 0.001) distance metrics.




DISCUSSION

Several investigators have shown the significance of in ovo administration in the composition and diversity of the intestinal microbiota of neonate broiler chickens (4, 5, 29). Additionally, Bacteroides, Clostridium cluster XIVa, and Clostridium cluster IV have been described to have a profound role in intestinal homeostasis and reduction of inflammation (30, 31). In the present study, the bacterial composition at the family level revealed that Enterobacteriaceae was numerically higher in the PBS control group, whereas the Ruminococcaceae was significantly higher in the LAM treated group. Ruminococcaceae is a family in the class Clostridia, which includes Clostridium and other similar genera (Figures 2–5). Ruminococci spp. are among the most abundant cellulose-degrading bacteria in the rumen and may also make a significant contribution to plant cell wall breakdown in the large intestine in other mammals. They belong to the clostridial cluster IV, contributing to up to 20% of bacteria present in humans and are important short-chain fatty acid (SCFA) producers (32). SCFAs induce profound physiological responses in gut integrity and reduce inflammation (33, 34). Interestingly, Ruminococcus spp., Faecalibacterium spp., and Lachnospiraceae spp. are essential butyric acid contributors (35). Gastrointestinal inflammation has been associated with a significant reduction of Clostridium clusters XIVa and IV, such as Lachnospiraceae, Ruminococcus, and Roseburia (36), hence, the importance of differentiating beneficial clostridial strains from pathogenic strains such as Clostridium perfringens and Clostridium difficile (37). In the present study, SCFA-producing bacteria of the family Ruminococcaceae and the genus Butyricicoccus were not detected in the PBS control, whereas they were found in the LAM. Moreover, the unidentified genera that belong to Lachnospiraceae were significantly higher in embryos inoculated with LAM, whereas the Enterobacteriaceae family was significantly higher in embryos inoculated with PBS. Lachnospiraceae (phylum Firmicutes, class Clostridia) is abundant in the digestive tracts of many mammals and is crucial bacteria because of their role in the production of SCFA (38). In mice, probiotics have been shown to induce significant changes in SCFA. This, in turn, has a profound impact on intestinal physiology as well as pathogen control for enteropathogens such as enterohemorrhagic E. coli O157: H7 (39). In chickens, in ovo application of probiotics suggests that they can improve performance and immune functions and provide resistance against enteropathogens without affecting the hatchability of chickens (3, 14, 40, 41). Likewise, in the present study, hatchability was not affected by the in ovo treatment in both trials (Table 2). Moreover, embryos inoculated with LAM showed a significant reduction in the total number of gram-negative bacteria at DOH and d7. This reduction was also accompanied by a significant increase in total LAB at DOH in the LAM-treated group when compared with that in the PBS control (Table 2). These results were associated with significant differences in both beta diversity and alpha diversity, suggesting that the LAM treatment may drive large-scale changes in the microbial community structure and composition (Figures 6, 7) as has been published previously (4, 5, 29). In summary, in ovo administration of a defined LAM isolated from adult hens did not affect hatchability, improved BWG and reduced mortality at d7, induced variations in the cecae microbiota structure, and reduced Enterobacteriaceae colonization on a virulent E. coli horizontal infection model in broiler chickens.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for the coronavirus disease 2019 (COVID-19), is the causative infectious agent of the current pandemic. As researchers and health professionals are still learning the capabilities of this virus, public health concerns arise regarding the zoonotic potential of SARS-CoV-2. With millions of people detected with SARS-CoV-2 worldwide, reports of companion animals possibly infected with the virus started to emerge. Therefore, our aim is to review reported cases of animals naturally infected with SARS-CoV-2, particularly companion pets, shedding light on the role of these animals in the epidemiology of COVID-19.
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INTRODUCTION

SARS-CoV-2, or severe acute respiratory syndrome coronavirus 2 (1), is an emergent, zoonotic pathogen first identified in China in late 2019 (2, 3). This enveloped, positive-sense single-stranded RNA virus is a novel Betacoronavirus (4) with phylogenetic proximity to SARS-CoV-1 (2, 3). In humans, SARS-CoV-2 can cause asymptomatic infections to severe atypical pneumonia that can lead to death. Given its rapid spread in different countries, the disease, named COVID-19 (i.e., Coronavirus Disease 2019), was declared a Public Health Emergency of International Concern by the World Health Organization (WHO) in January 2020 (5). In only 2 months, the virus spread to all continents, except Antarctica, and in March 2020, COVID-19 was characterized by WHO as a pandemic (5). On August 3, 2020, SARS-CoV-2 has been present in 213 countries or regions and detected in at least 17 million people, while 690,000 individuals have succumbed to the disease (6, 7).

According to the United States Agency for International Development (USAID), nearly 75% of all new emerging or re-emerging infectious diseases of the last century originated in animals, such as HIV, Ebola, avian influenza, and swine influenza (8). Accordingly, the initial epicenter of SARS-CoV-2 was linked to possible contact with wild animals sold at wholesale seafood and exotic animal markets of Huanan, Wuhan, Hubei province, China (5). Analysis of complete genome sequences of the new coronavirus isolated from patients during the initial stage of the outbreak in Wuhan showed only about 79% identity with SARS-CoV-1 (severe acute respiratory syndrome coronavirus 1), identified in China in 2002 (9, 10), and 50% identity with MERS-CoV (Middle East respiratory syndrome coronavirus), identified in Saudi Arabia in 2012 (4, 11). Interestingly, it revealed 96% identity with a bat coronavirus (BatCoV) found in Rhinolophus affinis (horseshoe bat), named RaTG13, sampled in Yunnan province, China, in 2013 (12), and 91.02% identity with a coronavirus obtained from pangolins (Manis javanica) (13, 14). This close phylogenetic relatedness of SARS-CoV-2 to non-human coronaviruses, in the absence of a known ancestral virus sample, strongly suggests a viral host jump from wildlife to humans, most likely from bats (12, 13, 15). More detailed genomic analyses indicate that SARS-CoV-2 is a product of natural selection rather than laboratory manipulation and that an animal source was likely involved in the initial cases of human infections associated with the Huanan market (15). Because contact between humans and bats is a rare event, it is also possible that a susceptible intermediate host species may have participated in the epidemiology of SARS-CoV-2, similar to what was observed with SARS-CoV-1 and MERS-CoV (16, 17).

Coronaviruses (CoVs) tend to be species specific when it comes to hosts, which is determined by the interaction of the virus with specific host cell receptors (18). The spike protein, a protruding glycoprotein of the membrane of CoV virions, mediates host cell adhesion and membrane fusion (18). The amino acid sequence of the spike protein is what defines its ability to interact with different host cell receptors. For three of the human coronaviruses, HCoV-NL63, SARS-CoV-1, and SARS-CoV-2, the angiotensin-converting enzyme 2 (ACE-2) has been identified as the cell receptor with which the spike protein interacts (19–22). For the adhesion to occur properly, researchers have identified 69 amino acid residues at the receptor binding domain (RBD) of the spike protein that are key for its interaction with ACE-2 (22). Although both SARS-CoV-2 and SARS-CoV-1 use the same receptor, their RBD is different at five out of six important amino acid residues. Surprisingly, only one of these residues was identical between SARS-CoV-2 and the BatCoV RaTG13, while all six are identical between SARS-CoV-2 and the pangolin CoV (23). Thus, although the BatCoV RaTG13 is the closest relative to SARS-CoV-2 at the whole-genome level, the RBD residues critical for receptor interaction are actually identical to pangolin CoVs (23). This finding is supportive evidence of a natural selection process during a viral host jump from animals to humans.

As detailed above, the amino acid sequence of ACE-2 is a determining factor of the host species range affected by SARS-CoV-2. During the search for an animal model of COVID-19, bioinformatic predictions and previous studies with SARS-CoV-1 indicated that non-human primates, ferrets, hamsters, and domestic cats were possible animal candidates to be explored (24–28). Accordingly, experimental SARS-CoV-2 infection and clinical sign development have been successfully accomplished in non-human primates, ferrets, and golden Syrian hamsters (Mesocricetus auratus) (27, 29–33). Experimental infection was also successful in cats, but the animals developed no clinical signs (31, 34). In dogs, the intranasal inoculation of SARS-CoV-2 in 3-month-old beagles resulted in only two out of four experimentally infected animals developing neutralizing antibodies and no detectable viral RNA in organ tissues of one euthanized animal 4 days postinfection. Viral RNA was sporadically detected in the feces of these dogs a few days postinfection (31). This same study shows that experimental infection of SARS-CoV-2 was not successful in pigs, ducks, and chickens (31). Taken together, these results raise the possibility that companion animals, particularly cats and hamsters, may get infected with SARS-CoV-2 outside experimental laboratory conditions. As previously shown in a review on cell, tissue, and animal models for SARS-CoV-2 infection, non-human primates may be used for human clinical tests, while primary cell culture, primary tissue explants, and organoids may be applied for other human and animal approaches (35).

With millions of people detected with SARS-CoV-2 worldwide, reports of companion animals possibly infected with the virus started to emerge. These animals were frequently owned by individuals with confirmed or suspected SARS-CoV-2 infection, raising concerns that an anthropozoonotic transmission occurred. Therefore, our aim is to review reported cases of animals naturally infected with SARS-CoV-2, particularly companion pets, shedding light on the role of these animals in the epidemiology of COVID-19.



A BRIEF OVERVIEW OF CORONAVIRUSES

Members of the Coronaviridae family have a positive-sense single-stranded RNA genome varying from 26 to 32 kilobases, the largest viral RNA genomes ever described. CoVs are enveloped viruses and identified in several species of birds and mammals, including humans. The Coronaviridae family is composed of two subfamilies (Letovirinae and Orthocoronavirinae) and four genera (Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus) found in the subfamily Orthocoronavirinae. The organization and expression of their genome are very similar, with 15 to 16 non-structural proteins (nsp1 to nsp16, with nsp1 being absent in Gammacoronavirus), codified by ORF1ab at the 5′ end, and four to six structural proteins, hemagglutinin-esterase (HE, found in some betacoronaviruses) spike (S), envelope (E), membrane (M), and nucleoprotein (N), which are codified by ORFs at the 3′ end of the genome (36, 37).

In humans, CoVs primarily cause infections of the upper respiratory and gastrointestinal tracts, with clinical manifestations ranging from asymptomatic to severe or lethal (38). Seven CoV strains are able to infect humans: HCoV-NL63, HCoV-229E (Alphacoronavirus), HCoV-OC43, HCoV-HKU1, SARS-CoV-1, MERS-CoV, and more recently, SARS-CoV-2 (all these in the Betacoronavirus genus) (36, 38). HCoV-NL63, HCoV-229E, HCoV-OC43, and HCoV-HKU1 are distributed globally (39, 40), with seasonal and geographic variations. These are low-pathogenic CoVs associated with a variety of mild upper respiratory tract infections, occasionally affecting the lower respiratory tract, leading to pneumonia, bronchiolitis, or both (40–44). Nonetheless, in the last two decades, highly pathogenic, zoonotic CoVs emerged. These are SARS-CoV-1, which emerged in China in 2002 (9, 10); MERS-CoV (11), which was first detected in Saudi Arabia in 2012 (11); and SARS-CoV-2 identified in China in 2019 (2, 3). These CoVs are highly pathogenic and may cause lethal disease, with variable mortality rates of about 10% for SARS-CoV-1, 34% for MERS-CoV, and from 1 to 7% for SARS-CoV-2. The epidemic of SARS-CoV-1 affected 26 countries, and more than 8,000 cases were reported, while MERS-CoV was identified in 27 countries, with more than 80% of the 2,494 cases reported in Saudi Arabia (10, 45). Currently, SARS-CoV-1 is not detected in any region of the world, and MERS-CoV cases are sporadically reported in Saudi Arabia (10, 45). SARS-CoV-2, on the other hand, is currently at epidemic peaks in many regions, with exponential growth of case numbers and fatalities globally (7).

Coronaviridae species affecting host species other than humans have been reported, causing respiratory, gastrointestinal, liver, kidney, or neurological diseases in a variety of domestic and wild animals, with no human infection by these coronaviruses ever reported. Among companion animals, canine coronavirus (CCoV) and feline coronavirus (FCoV) belong to the species Alphacoronavirus 1 with two serotypes (I and II), each occurring as either a low-virulence biotype that causes mild to silent enteric infectious and high-virulence, pantropic biotypes in dogs (a CCoV-IIa lineage) and cats (feline infectious peritonitis virus) (46, 47). In addition, a betacoronavirus named canine respiratory coronavirus has been associated with respiratory disease in dogs (48).

Among large animals, calves and adult cattle are susceptible to enteric and respiratory disease after infection by bovine coronavirus (a Betacoronavirus), while another betacoronavirus, equine coronavirus, has been associated with enteric disease in horses (49, 50). Avian coronavirus (a Gammacoronavirus) has chickens as a natural host, infecting the trachea, lungs, kidneys, reproductive tract, and intestines in broilers, layers, and breeders with a wide range of serotypes (51, 52). Moreover, swine acute diarrhea syndrome coronavirus (SADS-CoV), first reported in 2017, together with porcine epidemic diarrhea virus (PEDV) and transmissible gastroenteritis virus (TGEV) are alphacoronaviruses that cause highly lethal enteric disease in pigs (53). Porcine deltacoronavirus (PDCoV) and the betacoronavirus porcine hemagglutinating encephalomyelitis virus (PHEV) also use pigs as hosts (54, 55).



ACE-2 SIMILARITY AMONG DOMESTIC ANIMALS AND HUMANS

To understand how certain domestic animal species may be infected with SARS-CoV-2, it is crucial to investigate the underlying reason for the ability of the virus to enter host cells and establish infection. Current knowledge of the SARS-CoV-2 pathogenesis indicates that such event is made possible by the interaction between SARS-CoV-2 and the host ACE-2 protein, which acts as a receptor for viral adherence and membrane fusion (19–22). Supplementary Data and Table 1 show a multiple protein sequence alignment of ACE-2 of human, main domestic, and laboratory animal species and cross-species identity of the 22 amino acids of ACE-2 that physically interact with SARS-CoV-2 (22), respectively. Among putative pet animals, golden Syrian hamsters, cats, and rabbits diverge in only 3 of the 22 amino acids of ACE-2 responsible for the interaction with SARS-CoV-2, while dogs diverge in five amino acids (Supplementary Data and Table 1). However, the whole-protein sequence of ACE-2 of golden Syrian hamsters showed higher sequence similarity and phylogenetic relatedness to human ACE-2 than the rabbit and cat ACE-2 (Supplementary Figure 1). Whether at the whole-protein level or at the 22 interaction-defining amino acids, this sequence may be determinant of a successful infection, along with the expression of ACE-2 protein in different tissues and yet to be unraveled alternative receptors of SARS-CoV-2 in host cells. The link between structural properties of ACE-2 orthologs to SARS-CoV-2 spike protein has been already investigated (56). In this study, non-conservative mutations in several ACE-2 amino acid residues have been associated with interrupted key polar and charged viral spike protein contacts, which may decrease the susceptibility to SARS-CoV-2 infection across different animal species. In addition, structural analysis of amino acid residues has suggested that changes in amino acid positions 30 and 83 may affect structural interaction of ACE-2 and SARS-CoV-2 RBD, differentiating non-susceptible from susceptible species (57).


Table 1. Cross-species identity of the 22 amino acids of the angiotensin-converting enzyme-2 (ACE-2) identified as directly involved in the physical interaction of ACE-2 and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), as defined by Shang et al. (22).
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SARS-CoV-2 IN ANIMALS


Dogs

The first report of SARS-CoV-2 infection in dogs occurred in Hong Kong, China, by the Hong Kong Agriculture, Fisheries, and Conservation Department (AFCD) (58) (Table 2). A 17-year-old male Pomeranian with several comorbidities was asymptomatic and quarantined on February 26, 2020, after its owner was diagnosed with COVID-19 (58, 59). On March 18, an asymptomatic 2.5-year-old male German shepherd dog tested positive for SARS-CoV-2 by RT-qPCR in nasal and oral swabs; the two dogs had detectable antibodies against SARS-CoV-2 (60, 61). In addition, viral sequences were identical to the virus identified in the respective owner cases, suggesting human-to-animal transmission (72). On June 1, in the Netherlands, neutralizing antibodies against SARS-CoV-2 were detected in an 8-year-old American bulldog with breathing distress, with a COVID-19-positive owner (62). The animal was euthanized due to clinical worsening (71). In New York State, Richmond County, USA, two dogs tested positive to anti-SARS-CoV-2 antibodies (62). One dog showed signs of respiratory illness and severe lethargy associated with hemolytic anemia (62). The other dog was asymptomatic. The owner of the two dogs tested positive for COVID-19 (62). Both dogs are recovering (62). In May 2020, a 7-year-old male German Shepherd tested positive for SARS-CoV-2 by RT-qPCR, after 6 weeks with breathing distress (73). On July 11, 2020, the animal died with a diagnosis of lymphoma, which may have been a confounding cause for the respiratory signs (73).


Table 2. Reports of SARS-CoV-2 natural infection in animals worldwide, to date.

[image: Table 2]



Cats

Also, in Hong Kong, nasal and oral swab and fecal samples from a clinically healthy cat tested positive for SARS-CoV-2 by RT-qPCR (74). The owner had been hospitalized with COVID-19 (63). Until April 15, 2020, the Hong Kong Agriculture, Fisheries, and Conservation Department tested 17 cats from guardians positive for COVID-19, and only the cat mentioned above was positive (62). In mid-March 2020, in Belgium, viral RNA from SARS-CoV-2 was detected in samples of vomit and feces of a cat with diarrhea, vomiting, and dyspnea, using RT-qPCR (64). Despite the animal's guardian being infected with COVID-19, it was not possible to establish the level of identity between the genomic sequences of SARS-CoV-2 present in the cat and human (64). This cat showed clinical improvement 9 days after the onset of symptoms (64).

On April 22, the OIE, the Centers for Disease Control and Prevention (CDC), and the United States Department of Agriculture (USDA) reported that two cats from the New York I State in the USA, both presenting sneezing and nasal discharge, tested positive for SARS-CoV-2 by RT-qPCR (68, 69). One cat is a 5-year-old Devon Rex, from Orange County, and the owner was positive for COVID-19 (75). The clinical signs in the cat appeared after the owner showed COVID-19-compatible symptoms (75). Another cat in the same household remained asymptomatic but was not tested for the presence of the virus (75). The second positive 4-year-old cat was from Long Island (Nassau County) with outdoor access (75). The animal has presented respiratory signs and lethargy and tested positive to SARS-CoV-2 RNA by quantitative RT-PCR. Three of five households have shown clinical signs related to COVID-19 but were not tested, and the cat is presumed to have been infected by someone at home or by a virus carrier (75). The latest laboratory tests on the two cats have shown that they are clearing the infection and will likely have full recovery (75).

On March 18, a case of a Belgian cat with a breathing problem, vomiting, and diarrhea was reported, with SARS-CoV-2 detected by RT-qPCR in vomit and feces samples (76). On April 17, a 9-year-old female cat of European breed from France was tested positive to SARS-CoV-2 RNA by RT-qPCR on a rectal swab. The animal showed clinical signs, such as anorexia, vomiting, and cough, 17 days after its owner has tested positive to COVID-19. Antibodies against SARS-CoV-2 have been detected in two serum samples taken 10 days separately. In addition, sequence analysis of cat SARS-CoV-2 has shown that it belongs to the phylogenetic clade A2a, similar to the French human SARS-CoV-2 (67). In June, one cat from Minnesota and another one from Illinois, USA, tested positive for SAR-CoV-2, confirmed by USDA's National Veterinary Services Laboratories (77).

It is not surprising that cats develop clinical signs; SARS-CoV-2 penetrates the cell by binding to the ACE-2 receptor, and the ACE-2 receptor in cats has high homology with the human receptor (78–80), as shown above. The coronavirus that caused the SARS epidemic (SARS-CoV-1) in 2003 also uses the ACE-2 receptor to enter cells (81). Cats are susceptible to experimental infection with the SARS-CoV-1 and also became naturally infected during the SARS epidemic in 2003 (81, 82). Recently, cats were experimentally inoculated intranasally with high doses of SARS-CoV-2 (31). The animals showed no clinical signs, developed neutralizing antibodies, and eliminated viral RNA in the feces. At necropsy, infectious virus was found in the nasal turbinates, soft palate, tonsils, trachea, and lungs (31). Experimentally infected cats transmitted the disease by air particles to susceptible cats (31). Moreover, an experimental study has shown that SARS-CoV-2 was transmitted by virus-inoculated cats to cats with no previous infection, after cohoused contact. After 24 days of inoculation, all the cats showed IgG antibody titers ranging from 5,120 to 20,480. Since no clinical signs were reported in this study, the authors speculate that cats may be a silent intermediate host of SARS-CoV-2 (34).



Other Animals

Experimental infection with SARS-CoV-2 is also possible in hamsters, ferrets, rhesus macaques (Macaca mulatta), cynomolgus monkeys (Macaca fascicularis), and African green monkeys (Chlorocebus sabaeus) (31–33, 83–86). Callithrix jacchus monkeys have been resistant to SARS-CoV-2 experimental infection, when compared with M. fascicularis and M. mulatta (87). Experimental studies with rhesus macaques have shown mild disease as frequently observed in human cases (83) and suggest that primary SARS-CoV-2 infection protects against reinfection throughout early recovery days (88).

In hamsters and ferrets, transmission occurred to other susceptible animals by air (31, 32). To date, there are no reports of natural cases of SARS-CoV-2 infection in hamsters or ferrets (31, 32). The Hong Kong Agriculture, Fisheries, and Conservation Department tested two hamsters from guardians positive for SARS-CoV-2, and both were negative (62). Under experimental conditions, Syrian hamsters (M. auratus) have been successfully infected by SARS-CoV-2, and transmission between cohoused animals was observed by direct or indirect contact with blood, feces, saliva, and tears (27).

On April 4, 2020, the US Department of Agriculture (USDA) announced that samples from a 4-year-old female Malayan tiger at the Bronx Zoo in New York City tested positive for SARS-CoV-2 by RT-qPCR (89). The swab samples were collected and tested after two Malayan tigers, three Siberian tigers, and three African lions showed respiratory signs for a week (65, 89). On April 17, the OIE confirmed that one of the African lions tested positive for SARS-CoV-2 by RT-qPCR (66). Later on, all these animals and one asymptomatic Siberian tiger tested positive for SARS-CoV-2 by RT-qPCR of stool samples (90). The five positive tigers live separately in the same enclosure (90). The three lions live in an enclosure in another zoo area, and they occasionally interacted (90). The Bronx Zoo also has one Malayan tiger and two Siberian tigers living in a distant enclosure (91). These three tigers showed no clinical signs (91). SARS-CoV-2 was identified and characterized in a Malayan tiger (92). The seven symptomatic animals have improved and are expected to fully recover (91, 93). In addition, SARS-CoV-2 characterization has shown distinct viral sources for tigers and lions, with similarities between tiger and zookeeper viruses suggesting human–animal transmission, but no identified viral source was found for the infection in lions (94).

On April 26, 2020, the Dutch Ministry of Agriculture, Nature, and Food Quality communicated SARS-CoV-2 outbreak in two mink (Neovison vison) farms, after respiratory disease and increased mortality (70, 95). Infection by SARS-CoV-2 has been reported in minks on a farm with 13,000 minks (95). Additional infections were identified on a second farm with 7,500 adult minks (96). Three minks with gastrointestinal and respiratory signs were euthanized (70). Samples of manure, air, and dust collected from the vicinity of the farm are being tested for the presence of the virus (95, 96). Cats from the farms will also be tested (95). At least one worker tested positive for SARS-CoV-2 in both farms (70). It is not surprising that minks are susceptible because they are from the same family (Mustelidae) as ferrets (Mustela putorius furo), and ferrets can be experimentally infected with SARS-CoV-2 and transmit the disease to other ferrets by direct or indirect contact (32, 33). The infection in minks appears to be a case of human-to-animal infection, once viral sequences of two farms were related to human being sequences, but in separate introductions (70). In addition, since March 2020, rabbit farms near infected visons have been investigated by the Dutch Ministry of Agriculture, Nature, and Food Quality due to possible susceptibility to SARS-CoV-2 (97).

Experimental transmission study has shown that pigs (Sus scrofa) and chickens (Gallus gallus) were not susceptible to SARS-CoV-2, since none of the animals seroconverted and all samples were negative for viral RNA after intranasal inoculation (98). On the other hand, fruit bats (Rousettus aegyptiacus) have presented virus replication detected by RT-PCR, in situ hybridization (ISH), and immunohistochemistry (IHC) associated with mild rhinitis (98).




DISCUSSION

It is important to emphasize that there is no transmission of SARS-CoV-2 from pets to humans to date and that transmission from people to pets is rare. In a study carried out by the Pasteur Institute (France) published in April 2020, 21 domestic animals were tested, including 9 cats and 12 dogs that lived in close contact with their guardians, a total of 20 veterinary students in France (99). Among the students, two tested positive for SARS-CoV-2 by RT-PCR, and 11 out of 18 showed clinical signs of COVID-19 (99). Among the animals, three cats showed respiratory and gastrointestinal symptoms (99). Despite the proximity to infected guardians, no dog or cat tested positive for SARS-CoV-2 by RT-PCR nor showed antibodies to SARS-CoV-2 in an immunoprecipitation assay (99). Despite the low sampling, the study suggested that the transmission rate of SARS-CoV-2 between humans and pets under natural conditions is probably very low, below a reproduction number of 1 (99). So far, there is no epidemiological study with a large number of animals that allows estimating the percentage of dogs and cats in contact with people with COVID-19 that excrete the virus or develop antibodies.

Cats are known to be more susceptible to experimental infection with SARS-CoV-2 than dogs (31). In 2016, 21% of New York State households in the USA had cats with an estimated total of 2,841,000 cats, and 21% of households had an average of 1.7 cats per house (100). As of May 9, 2020, the New York State had 333,000 confirmed cases of COVID-19 (101). If those cases were from different households, ~103,000 cats would have been exposed to patients with COVID-19, and only 2 of these 103,000 cats tested positive for SARS-CoV-2 (101). Cat population in the area that would have been exposed to the virus was estimated. Despite the impossibility of knowing how many cats have been tested, evidences have shown that clinical disease may be rare in cats. This suggests that transmission from people to animals is really rare.

There are two serological surveys with cats, one of which also includes dogs (102). In an unpublished study, 11 of 102 cats had neutralizing antibodies against SARS-CoV-2, suggesting that under natural conditions, cats exposed to SARS-CoV-2 develop antibodies (103). These samples were obtained after the outbreak of COVID-19 in Wuhan, China (103). In another serological study also in the Wuhan region, antibodies to SARS-CoV-2 were investigated in 35 animal species (102). The sampling included 15 pet dogs, 99 street dogs, 66 pet cats, and 21 street cats (102). Close contact with a patient with COVID-19 was confirmed for at least three dogs in this study (102). None of the dogs and cats had antibodies against SARS-CoV-2 (102). It is possible that the infected companion animals reported so far were in close contact with humans emanating high viral loads of SARS-CoV-2, had comorbidities or increased susceptibility to the virus, or had a combination of these factors. It is assumed that the risk of animals is greater at the beginning of the disease in people because this is the time when the viral load is higher (104).

One must take into account that if a sustained transmission naturally establishes among individuals of the same species, SARS-CoV-2 might be led by natural selection to achieve a higher fitness in this new species; the consequences of this event remain unclear.

Many residents at the original epicenter of the Wuhan outbreak were forced to leave their pets behind when authorities removed people from their homes (105). Reports suggest that owners left enough food and water for their pets to last for some days (106). Several weeks later, many residents had not yet returned home. In China, animal welfare organizations estimate that in Hubei alone, tens of thousands of cats and dogs have been left behind, facing hunger and death (105). The risk of pet abandonment may increase due to reports of SARS-CoV-2 in dogs and cats, associated to lack of reliable information ruling out dogs and cats as a source of infection. To investigate whether the abandonment of domestic cats protects people against SARS-CoV-2 infections, a computer model was created that simulates a small community of human households and cats (107). A different number of cats were set free during the simulations, and the total number of infected people was recorded (107). In the simulations, cats were chosen randomly, regardless of whether they were positive or not, to simulate people in panic abandoning their cats out of fear (107). After 2,000 simulations, it was concluded that the number of infected people varies significantly according to the number of abandoned cats (107). When no cat was set free, 51 people on average were infected (107). For one cat set free, 55 people were infected. For five set free, 62 were infected. For 10 abandoned cats, 76 people in the community were infected. This model suggests that abandoning cats can increase the risk of infection among people. The model is still rather superficial, and some of the assumptions are questionable (107). The likelihood of infection from one cat to another cat was considered to be the same as that of people to people, while transmission between different species is approximately half the probability (107). These values are probably overstated when it comes to transmission between cats and transmission interspecies (107). Still, this is a good example of a simulation that can assist in risk assessment and decision making and in the effect of changing some parameters on the incidence of new cases in human patients (107).
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The importance of microbiota in the health and diseases of farm animals has been well-documented for diverse animal species. However, studies on microbiotas in turkey and turkey farms are relatively limited as compared to other farm animal species. In this study, we performed a comprehensive survey of the litter microbiotas in 5 commercial turkey farms in the Northwest Arkansas (H, M, V, K, and R farms) including one farm with positive incidence of cellulitis (R farm). Altogether 246 boot swabs were used for 16S rRNA gene profiling of bacterial communities. At phylum level, 11 major bacterial phyla (≥0.01%) were recovered. At genus level, 13 major bacterial genera were found whose relative abundance were ≥2%. The microbial composition at both phylum and genus levels as well as their diversities varied across different farms, which were further affected by different flocks within the same farms and the ages of turkeys. Generally, the Firmicutes were higher in the flocks of younger birds, while the Actinobacteria and Bacteroidetes were higher in the flocks of the older birds. The Proteobacteria were highly enriched (47.97%) in K farm housing 56-day-old turkeys (K-56), but Bacteroidetes were found the highest in the flock C of M farm housing 63-day-old turkeys (M-C-63; 22.38%), followed by K-84 group (17.26%). Four core bacterial genera (Staphylococcus, Brevibacterium, Brachybacterium, and Lactobacillus) were identified in all samples except for those from R farm. In contrast, 24 core bacterial genera were found based in all cellulitis-associated samples (R farm), including Corynebacterium, an unknown genus of family Bacillaceae, Clostridium sensu stricto 1 (>97% similarity with C. septicum), and Ignatzschineria among others, suggesting their possible roles in etiopathogenesis of cellulitis in turkeys. Overall results of this study may provide valuable foundation for future studies focusing on the role of microbiota in the health and diseases of turkeys.

Keywords: turkey, commercial farms, litter microbiotas, 16S rRNA gene sequencing, Clostridium septicum


INTRODUCTION

During the last decade, the decrease in sequencing costs coupled with innovations in computational technologies (1) has remarkably advanced our understanding of the composition and function of microbial communities residing in diverse environments (2). Accordingly, the roles of microbiota in health and diseases have been well-documented in wide range of animals, yet limited microbiota studies have been conducted so far in turkeys.

One study investigated the succession of intestinal microbiota in the ceca of male turkeys, where decrease in Clostridium species and increase in Bacteroides uniformis were reported over time (3). The cecal bacterial succession in relation to the Campylobacter jejuni and Campylobacter coli loads has also previously been reported (4). Similar with the previous findings, the cecal bacterial communities were changed in a time-dependent manner and Campylobacter loads were correlated with the acute microbial community transition. In another study, considerable divergence of the cecal bacterial genera was found in the domestic turkeys as compared to the wild ones, though bacterial compositions at higher taxonomic levels were similar (5). Although, these studies provide valuable insights regarding intestinal microbiota in turkeys, they are based on low-resolution molecular fingerprinting methods, such as terminal restriction fragment length polymorphism (T-RFLP) or automated ribosomal intergenic spacer analysis (ARISA) (3–5). These methods have certain limitations in terms of accurately depicting microbial diversity in samples, especially for those samples with higher level taxon richness (6).

Along with the advancement in sequencing technologies, the intestinal microbiota of turkey has been investigated using high-throughput next generation sequencing of 16S rRNA genes (7–10). These studies were conducted in turkeys to characterize the microbiota along the gastrointestinal tract (10), litter microbiotas (8), and their relation in terms of body weight gain (7), antibiotics treatment (8), and hemorrhagic enteritis virus (9). Mostly, these studies were conducted in experimental animal settings which might not properly reflects the turkey microbiotas in commercial farms, demanding the need of more comprehensive survey of turkey microbiota in commercial farms.

In this study, we characterized the litter microbiotas from different flocks of five different commercial farms at different time points of turkey production. We used the boot swab samples for better representation of microbiotas present at the farm level. A previous study demonstrated that the litter microbiotas in turkey were most closely related to the ileal microbiotas among other regions (8), suggesting the litter microbiota data in this study might reflect well the dynamic changes in the ileal microbial communities of turkeys in the respective farms.



MATERIALS AND METHODS


Collection of Samples

Samples were collected from five commercial turkey farms (H, M, V, K, and R) in the Northwest Arkansas at different time points including one farm (R) that had incidence of cellulitis at the time of the sampling. All these farms were individually owned and operated under the contract of Cargill, Inc during the period of the sampling. From all farms except for R farm, the samples were collected from each side of the barn's quadrant by walking with a pair of boots with sponge swab attached at the bottom. Since each barn has four quadrants, a total of 8 (4 × 2 = 8) samples were collected from each barn. From R farm, samples were collected to be used as a cellulitis-positive samples. That is, four sponge swab samples directly from the birds with cellulitis (R farm Bird: RB) and four boot sponge swab samples from the litter surrounding the cellulitis-positive birds (R farm Litter: RL) were collected. Total 246 sponge swab samples were collected and used for 16S rRNA gene profiling analysis. The summary of the samples with the information on the farms, flocks, age of birds, and number of samples is shown in Table 1.


Table 1. Summary of the farm samples used for microbiota analysis.
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DNA Extraction

We developed the protocol for efficient extraction of metagenomic DNA in boot swab samples. For this purpose, each sponge swab sample was transferred to the sterile stomacher bag with filter (Seward). After adding 20 ml of sterile PBS buffer, the sponge swab samples were stomached for 2 min in a stomacher (Lab Blender 400 series). In order to obtain uniformity in sponge samples, litter debris attached to each samples were removed aseptically before transferring to stomacher bags. The filtered contents from each sample after stomaching were transferred to 15 ml sterile tube and centrifuged @8,000 rpm for 10 min to make cell pellets. The supernatant from each sample after centrifugation was removed, whereas pellets containing bacterial cells were retained and used for DNA extraction using QIAamp Fast DNA Stool Minikit (Qiagen). All the procedures for DNA extraction were followed according to the manufacturer's instructions except for the incorporation of a bead beating step. Bead beating step was incorporated in the protocol because bead beating was reported to increase DNA yield and taxon abundances (11). For bead beating, pellet from each sample was resuspended in 1 ml Inhibit Ex Buffer provided with the kit, which was then transferred to 2 ml microcentrifuge tube with a screw cap (Thermofisher Scientific) containing 0.25 ml of sterile 0.1 mm glass leads (BioSpec). Bead beating was performed using Bead mill 24 (Fisher Scientific) for 6 cycles where 0.30 s run for each cycle and 0.11 s stopping time between the cycles. After bead beating, samples were incubated at 70°C for 10 min, followed by manufacturer's protocol for downstream steps and finally DNA was eluted in 30 μl of elution buffer. Negative control sample was also included in the DNA extraction step.



PCR and Library Preparation for Sequencing

V4 region of 16S rRNA gene from genomic DNA of each farm sample and a negative control from DNA extraction step and a positive control using a mock community DNA sample (ZymoBIOMICS Microbial Community DNA Standard II, Zymo Research, Cat# D6311) was amplified using the primers 515F (12) and 806R (13). The library of amplicons for sequencing was prepared according to the 16S Illumina PCR protocol described in the Earth Microbiome project [http://www.earthmicrobiome.org; (14)] with slight modifications. In brief, Platinum™ II Hot-Start Green PCR Master Mix (2X) user guide protocol (Thermofisher Scientific, Catalog No. 14000013) was used to conduct PCR in a 25 μl final reaction volume and 35 amplification cycles. The thermocycling condition of PCR included an initial denaturation step at 94°C for 2 min, followed by 35 cycles of 0.5 min at 94°C, 0.5 min at 60°C, and 0.5 min at 68°C, and a final extension of 5 min at 68°C. The length of amplified product was confirmed with 1% agarose gel electrophoresis and equal amount (~300 ng) of amplicons from each sample as measured by Qubit dsDNA BR Assay Kit (ThermoFisher Scientific, Catalog No. Q32850) were pooled together. The pooled amplicons were finally ran on 1% agarose gel electrophoresis, purified using Zymoclean Gel DNA Recovery Kit (Zymo Research, Catalog No. D4007), and sequenced using Illumina MiSeq with paired end 300 cycle options.



Amplicons Sequence Analysis

Nebula cloud computing platform at the University of Arkansas was used to process raw sequencing reads in QIIME 2 version 2018.8 (15) utilizing the pipelines developed for paired-end data types. In sum, “demux emp-paired” method of q2-demux plugin was used to demultiplex sequencing reads followed by quality filtering and denoising with “dada2 denoise-paired” method of q2-dada2 (16) plugin available at QIIME 2. The truncation length of forward and reverse reads was set at 240 and 200 bp, respectively, which is based on the quality score criteria (≥30). Taxonomic assignment was performed using a Naive Bayes classifier (17) pre trained with SILVA (Version 132) 99% OTUs (18, 19) and q2-feature-classifier plugin, where the sequences have been trimmed to include only the V4 region of the 16S rRNA gene defined by the 515F/806R primer pair. The core-metrics-phylogenetic method at a sampling depth of 17,000 was used to analyze Alpha and Beta diversity. Alpha diversity calculated by Shannon's diversity index (20) and Observed OTUs metric, while beta diversity calculated by unweighted UniFrac distance metric (21) and Bray Curtis (22) are presented. All figures except Emperor plots were created using ggplot2 packages of R (23). The significant differences in alpha diversity were calculated using alpha-group-significance command of QIIME2 which uses Kruskal-Wallis test. In contrary, statistical differences in beta diversity among groups were calculated by PERMANOVA (24) test using beta-group-significance command of QIIME2 with pairwise option. For both diversities analysis, the corrected P-values for multiple comparisons (q) were used to report significant difference between two groups, where the level of significance was set at adjusted P < 0.05.




RESULTS


Summary of DNA Sequencing Analysis

The summarized feature table resulted in total 10,863,650 sequence reads from the 246 samples that ranged from 17,134 to 82,383 reads per sample. The median and mean ± SE reads per sample were 42,949.5 and 44,161.2 ± 787.9, respectively. In addition, there were altogether 3,057 unique features (ASV) from all 246 samples.



Phylum Level Compositions of Litter Bacterial Communities

At phylum level, 11 major bacterial phyla and one phylum (Euryarchaeota; 0.08%) that belongs to the domain Archaea were detected from four farm samples, excluding the samples from R farm (cellulitis-positive farm). These phyla constituted 99.96% of the total sequence reads. Among the major bacterial phyla, Firmicutes was the predominant phylum (51.10%), followed by Actinobacteria (31.69%), Proteobacteria (8.30%), and Bacteroidetes (8.18%). Other minor phyla included Cyanobacteria, Synergistetes, Epsilonobacteraeota, Kiritimatiellaeota, Tenericutes, Fusobacteria, and Verrucomicrobia whose relative abundance ranged from 0.01 to 0.24% and constituted <1% in total. The relative abundance of the major phyla across four different farms is shown in Figure 1A. Irrespective of farms, the Firmicutes was the predominant phylum which was found the highest in H farm (55.47%), while it was the lowest in K farm (34.49%) as shown in Figure 1A. On the contrary, Proteobacteria was found the highest in K farm (26.92%), whereas the Actinobacteria was found the highest in V farm (41.51%). The phylum Bacteroidetes was found the highest in M farm (12.04%) as shown in Figure 1A.
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FIGURE 1. Composition of the litter microbiotas in four different commercial turkey farms of Northwest Arkansas at phylum level for different (A) farms, (B) farm-flocks, and (C) farm-flock-ages. “Others” represent the minor phyla whose relative abundance were <0.1%.


In addition, the microbial compositions at phylum level were also different among the flocks within the same farm as illustrated in Figure 1B. The variations in the relative abundance of major phyla among the flocks of same farm was further achieved due to differences in the ages of birds as illustrated in Figure 1C. Generally, Firmicutes was found higher in each flock of the farms rearing younger birds, while the Actinobacteria and Bacteroidetes were found higher in the flocks of the older birds (Figure 1C). However, their relative abundance varied depending upon the farms and flocks within the same farm, but does not show apparent patterns of change over the ages. Similarly, the Proteobacteria was highly enriched (47.97%) especially in K farm housing 56 days old turkeys as shown in Figure 1C. In case of Bacteroidetes, this phylum was found the highest in the flock C of M farm housing 63 days old turkeys (M-C-63; 22.38%) followed by K farm having turkeys at 84 days old (K-84; 17.26%).

In the samples from cellulitis-positive farm (R farm), Firmicutes was detected as the predominant phylum (66.06%) followed by Proteobacteria (17.77%), Actinobacteria (14.44%), and Bacteroidetes (1.47%), which constituted 99.97% of the total sequence reads. Although no direct comparisons can be made, the relative abundance of phyla Firmicutes and Proteobacteria were increased, while the relative abundance of phyla Actinobacteria and Bacteroidetes decreased in cellulitis-positive farm samples in comparison to the rest of the farm samples. The distribution of the relative abundance of major four phyla across different samples from R farm is shown in Figure 2A. The phylum Bacteroidetes was significantly reduced in bird swab samples (RB; 0.19%) as compared to the litter swab samples (RL; 2.75%) at P < 0.05 (Kruskal-Wallis test). In addition, Proteobacteria was numerically enriched in RB (26.22 vs. 9.31%), whereas Firmicutes (72.15 vs. 59.98%) and Actinobacteria (15.60 vs. 13.28%) were numerically abundant in RL.
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FIGURE 2. Composition of the litter microbiotas in R farm with incidence of cellulitis at (A) phylum and (B) genus level. RB and RL represent sponge swab samples collected directly from the birds with cellulitis and boot sponge swab samples collected from the litter surrounding those birds, respectively. “Others” in (A) represent the minor phyla whose relantive abundance were <0.1% and in (B) the minor genera whose relative abundance were >2.0%.




Genus Level Compositions of Litter Bacterial Communities

At genus level, 13 major bacterial genera were identified whose average relative abundance were >2% when summed across all four farm samples excluding R farm. Among these genera, the relative abundance of the genus Corynebacterium (16.66%) was found the highest, followed by Staphylococcus (11.03%), Brevibacterium (6.01%), Megamonas (5.13%), Brachybacterium (4.83%), Jeotgalicoccus (4.76%), Lactobacillus (3.72%), Bacteroides (3.66%), Escherichia-Shigella (3.33%), Aerococcus (2.62%), Prevotellaceae UCG-001 (2.27%), Pseudogracibacilibacillus (2.24%), and Oceanisphaera (2.04%). The relative abundance of the major genera across four different farms is shown in Figure 3A. The genus Corynebacterium was the predominant genus in H (21.78%) and V (17.30%) farm, however, the genera Megamonas (12.39%) and Escherichia-Shigella (17.79%) were significantly higher in the M and K farm, respectively, at P < 0.05. Moreover, the composition of bacterial genera varied not only across the different flocks of the same farm (Figure 3B), but was also affected by ages of birds within the same flock (Figure 3C). For instance, the genus Megamonas was highly enriched in flock C of the M Farm rearing turkeys of 28 (M-C-28; 19.02%) and 63 days old (M-C-63; 27.60%), but very lower level of Megamonas was detected at the same flock rearing 98 days old (M-C-98; 1.95%) turkeys. Similarly, the genus Escherichia-Shigella was highly abundant in K farm having the turkeys of 56 days old (42.83%) (Figure 3C). Similarly, the genus Bacteroides was the highest from the flock C of M Farm rearing turkeys of 63 days old (M-C-63; 13.70%). Regarding Corynebacterium and Staphylococcus, they were present at significant amount throughout all ages and flocks of the farms (Figure 3C), except in the flock C of M Farm rearing turkeys of 63 days old (M-C-63) where they were found at 0.97 and 1.07%, respectively.
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FIGURE 3. Composition of the litter microbiotas in four different commercial turkey farms of Northwest Arkansas at genus level for different (A) farms, (B) farm-flocks, and (C) farm-flock-ages. “Others” represent the minor genera whose relative abundance were <2.0%.


The top 14 major genera whose relative abundances were on average >2% when summed across all samples recovered from R farm are shown in Figure 2B. On the contrary to the other farm samples, the samples from this cellulitis-positive farm consisted of unknown genera of the family Bacillaceae (15.05%) and Ignatzschineria (14.58%), which were only 1.67 and 0.035% in other farm samples, respectively. Other important genera included Staphylococcus (10.60%), Corynebacterium (9.65%), Clostridium sensu stricto 1 (6.34%), Pseudogracilibacillus (5.95%), Nosocomiicoccus (4.28%), Jeotgalicoccus (3.88%), Atopostipes (3.69%), Lactobacillus (2.55%), Enteractinococcus (2.54%), Virgibacillus (2.20%), Sporosarcina (2.09%), and Aerococcus (2.06%). Although direct comparisons cannot be made, it seems that different genera were differentially abundant between the cellulitis-positive farm samples (Figure 2B) and the rest of the farm samples (Figure 3A). Moreover, as seen in Figure 2B, there existed differences in the relative abundance of major bacterial genera between RL (litter swabs) and RB (bird swabs) groups. For instance, the genera Enteractinococcus, Pseudogracilibacillus, Virgibacillus, Nosocomiicoccus, and Lactobacillus were significantly higher in RL group, while the Clostridium sensu stricto 1 was significantly higher in RB group (Kruskal-Wallis test, P < 0.05).

When all ASVs that belong to the Clostridium sensu stricto 1 were compared with Clostridium septicum 16S rRNA gene sequence, they showed > 97% similarity. Thus, we believed that the sequence reads of Clostridium sensu stricto 1 belong to C. septicum as C. septicum is considered as the primary etiological agent of cellulitis in turkeys (25) and these sequence reads were detected exclusively in the samples from R farm.



Core Bacterial Genera

The number of core bacterial genera that were present in the 50–100% of all litter swab samples except those from R farm are shown in Supplementary Figure 1. There were 90 core bacterial genera found in 50% of the samples, while only 4 genera (Staphylococcus, Brevibacterium, Brachybacterium, and Lactobacillus) were found in all samples (Supplementary Figure 1). In addition, 20 core bacterial genera were identified in 95% of the samples, which include Corynebacterium, Staphylococcus, Jeotgalicoccus, Brevibacterium, Brachybacterium, Lactobacillus, Bacteroides, Pseudogracilibacillus, Aerococcus, Atopostipes, Virgibacillus, an unknown genus of Lachnospiraceae, Facklamia, Weissella, Escherichia-Shigella, Bifidobacterium, Enterococcus, Phascolarctobacterium, Sellimonas, and Subdoligranulum.

On the contrary, the number of core bacterial genera that were present in the 50–100% of the samples from R farm (with the incidence of cellulitis) are shown in Supplementary Figure 2. As shown in Supplementary Figure 2, 73 core bacterial genera were detected in 50% of samples, whereas 24 genera were present in all 100% samples. These genera include unknown genus of Bacillaceae, Staphylococcus, Corynebacterium, Pseudogracilibacillus, Nosocomiicoccus, Ignatzschineria, Jeotgalicoccus, Atopostipes, Enteractinococcus, Lactobacillus, Virgibacillus, Sporosarcina, Aerococcus, Weissella, Brevibacterium, an uncultured genus of Bacillaceae, Bifidobacterium, Brachybacterium, an unknown genus of Lachnospiraceae, Salinicoccus, Subdoligranulum, Blautia, Sellimonas, and Romboutsia.



Alpha Diversity

Alpha diversity of the microbial communities was measured using Shannon and observed OTUs indices. When the Shannon index was compared among the 4 different farms, no significant difference was observed in alpha diversity (Figure 4A). However, when the Shannon index was compared across different flocks within the same farms, all pairwise comparisons among the 3 flocks (A, B, and C) in M Farm showed significant differences (P < 0.05) (Figure 4B). Similarly, the two flocks (A and B) in V Farm showed significant difference in the Shannon index (Figure 4B; adjusted P < 0.05). Similar, yet slightly different results were observed with observed OTU index. There was significant difference in alpha diversity between H and M Farms (Figure 4C) (P < 0.05). When the flocks within the same farms were compared, significant difference (P < 0.05) was observed between the flock A and B in H Farm, between the flock B and C in M Farm, and between the flock A and B in V Farm (Figure 4D).
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FIGURE 4. Alpha diversity of the litter microbiotas in four different farms of Northwest Arkansas for different farms and farm-flocks as measured by Shannon Index [(A,B), respectively] and Observed OTUs [(C,D), respectively]. Significant difference is indicated at adjusted P (q) < 0.05 (*) or < 0.01(**).




Beta Diversity

Beta diversity of the microbial communities was measured by unweighted distance and Bray-Curtis metrics. All pairwise combinations of various flocks from four turkey farms showed significant difference in microbial communities among the groups as indicated by both unweighted distance metric (Figure 5A; adjusted P < 0.001) and Bray-Curtis distance metric (Figure 5B; adjusted P < 0.01). In addition, within H farm, all possible pairwise comparisons of flocks and ages combinations showed significantly different microbial community structure in terms of both unweighted distance metrics (Figure 6A) and Bray-Curtis (Figure 6B) at adjusted P < 0.001.
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FIGURE 5. Emperor plot showing beta diversity distances among the different samples from the four farms in Northwest Arknasas as measured by (A) unweighted UniFrac distance and (B) Bray-Curtis distance indices. A, B, and C represent different flocks.
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FIGURE 6. Emperor plot showing beta diversity distances among the different samples in H farm in Northwest Arkansas as measured by (A) unweighted UniFrac distance and (B) Bray-Curtis distance indices. (A,B) represent two different flocks of H farm, whereas the number represents the ages of turkeys when samples were collected.





DISCUSSION

In the current study, we characterized the microbiotas associated with the litter from five different commercial farms of the Northwest Arkansas, including a farm with positive incidence of cellulitis. To our knowledge, this is the first study that used boot swab samples for comprehensive survey of litter microbiotas in commercial turkey farms. Previously, boot swab was used for detection of Mycobacterium avium subsp. paratuberculosis (MAP) in cattle herds (26). By the culture of boot swab samples, they were able to isolate MAP from 90.6% of MAP confirmed cattle herds. We also noticed significant enrichment of Clostridium sensu stricto 1 in farm samples with positive incidence of cellulitis (R farm). When the sequences of all ASVs identified as Clostridium sensu stricto 1 were compared with C. septicum 16S rRNA gene sequence, they shared > 97% sequence identity. Furthermore, the results of a nested qPCR assay targetting alpha toxin gene (csa) of C. septicum gave strong amplification signals from the farm samples with incidence of cellulitis (data not shown). Thus, we believe that the sequences that were classified as Clostridium sensu stricto 1 belong to C. septicum, since cellulitis in turkey is considered to be primarily caused by C. septicum (25). This further suggests that the boot swab samples can serve as an easy and cost-effective technique for the collection of environmental samples for detection of various pathogens as well as characterization of litter microbiotas in poultry farms. Moreover, studies on litter microbiota can reflect the changes in the microbial communities of the poultry as the litter microbial communities correlate with those residing in the poultry hosts (8), which are further affected by the litter types (27).

It was found different flocks with in the same farm contributed to differences in the composition and structures of litter microbial communities, which are further affected by the ages of turkeys. Age as a major driving factor of turkey microbiota was also reported previously (7, 8). Differences in environmental conditions can play a vital role in the initial maturation of turkey microbiota, in addition to the flock types (7). Although the trend is not linear, we noticed the higher abundance of Firmicutes from the flocks rearing younger age of birds, while Actinobacteria and Bacteroidetes were reported higher from the flocks rearing older birds.

Interestingly, the phyla Proteobacteria and Bacteroidetes were highly enriched in the flock C of the M farm with 63 days old turkeys (M-C-63) and K farm housing 56 days old turkeys (K-56), respectively. This was reflected at the genus level by increased abundance of Escherichia-Shigella and Bacteroides in the respective farms. The Proteobacteria is the phylum that contains several pathogenic Increase in relative abundance of Gram-negative genera such as Escherichia and Shigella is generally considered as the signature of gut dysbiosis (28). Therefore, increase in the relative abundance of the phylum Proteobacteria and the subsequent increase of genera Escherichia-Shigella in the K farm (K-56) might be indicative of gut dysbiosis of turkeys, though we are lacking any data to support our hypothesis. Another important observation was that the genera Bacteroides and Megamonas were present the most in the M-C-63 group. The increase in the relative abundance of Bacteroides in the particular farm was explained by the highest abundance of the phylum Bacteroidetes in that farm. In addition, the genus Staphylococcus was highly reduced in M-C-63 as compared to the other groups. The Bacteroides is a genus of Gram- negative bacteria that are well-known for its ability to degrade complex plant carbohydrates and host derived glycan. This group of bacteria can exert beneficial effects toward the hosts' health, maintaining gut homeostasis. However, such effects were found to vary among the studies and due to the strains of Bacteroides (29, 30). The increase in the abundance of the genera Bacteroides and Megamonas might be associated with the reduction of Staphylococcus in M-C-63 group. Although C. septicum is considered as primary etiological agent, Staphylococcus aureus was also reported to be associated with cellulitis in turkeys (31). This was further supported by our results from the farm with positive incidence of cellulitis, where the Staphylococcus was detected in all samples, suggesting the possible association of Staphylococcus in cellulitis of turkeys.

Moreover, only 4 core genera (Staphylococcus, Brevibacterium, Brachybacterium, and Lactobacillus) were found in all samples of 4 farms excluding those from R farm, whereas 24 core genera were present in all samples from R farm that had cellulitis. The important core genera in cellulitis-positive samples were Corynebacterium, an unknown genus of family Bacillaceae, Clostridium sensu stricto 1 (> 97% similarity with C. septicum), and Ignatzschineria among others. These genera should be considered while describing the etiopathogenesis of cellulitis in turkeys. The genus Ignatzschineria was noticeably enriched in some of the positive samples especially in RB3 (51.97%), RB4 (29.91%), and RL3 (21.70%) as shown in Figure 2B. Ignatzschineria is a genus of Gram-negative bacteria that has been associated with necrotizing wounds colonized by maggots (32–34). This group of bacteria are common isolates from the larvae of the parasitic flesh fly (Wohlfahrtia magnifica) and two species, I. indica (32, 34) and I. ureiclastica (33) were isolated from the bacteremia following maggot's infestation of the wounds in humans. This suggests that if the cellulitis is not properly treated in a timely manner, it might create further complications including septicemia.

In sum, boot swab samples were successfully used to investigate the litter microbial communities of the commercial turkey farms of the Northwest Arkansas. Majority of the microbial taxa identified using boot swabs belong to the microbiota residing in the gut of the poultry, which suggests that the litter microbiota might be used to reflect the microbial changes in the hosts. The composition and diversities of litter microbial communities varied even among the flocks of the same farm, which were further affected by the age of turkeys. The core bacterial genera from samples with cellulitis differed from those for the rest of the farm samples. In addition, several bacterial genera such as Corynebacterium, Staphylococcus, Ignatzschineria, and unknown genus of family Bacillaceae that were identified as core members in the cellulitis-positive samples might be correlated with incidence of cellulitis in addition to C. septicum.



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 at: https://www.ncbi.nlm.nih.gov/, PRJNA657026.



AUTHOR CONTRIBUTIONS

GT-I, BW, and YK conceived and designed the study. BW coordinated the collection of litter boot sponge swab samples and data. BA processed the swab samples, performed the DNA extraction, and library preparation. BA and YK performed all data analysis and wrote the manuscript. YK and TJ supervised the study. All authors provided critical comments and approved the final version of the manuscript.



FUNDING

This project was supported by the funding support from Chr. Hansen (Hoerholm, Denmark).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2020.596933/full#supplementary-material



REFERENCES

 1. Muir P, Li S, Lou S, Wang D, Spakowicz DJ, Salichos L, et al. The real cost of sequencing: scaling computation to keep pace with data generation. Genome Biol. (2016) 17:1–9. doi: 10.1186/s13059-016-0961-9

 2. Jovel J, Patterson J, Wang W, Hotte N, O'Keefe S, Mitchel T, et al. Characterization of the gut microbiome using 16S or shotgun metagenomics. Front Microbiol. (2016) 7:459. doi: 10.3389/fmicb.2016.00459

 3. Scupham AJ. Succession in the intestinal microbiota of preadolescent turkeys. FEMS Microbiol Ecol. (2007) 60:136–47. doi: 10.1111/j.1574-6941.2006.00245.x

 4. Scupham AJ. Campylobacter colonization of the turkey intestine in the context of microbial community development. Appl Environ Microbiol. (2009) 75:3564–71. doi: 10.1128/AEM.01409-08

 5. Scupham AJ, Patton TG, Bent E, Bayles DO. Comparison of the cecal microbiota of domestic and wild turkeys. Microbial Ecol. (2008) 56:322–31. doi: 10.1007/s00248-007-9349-4

 6. Jami E, White BA, Mizrahi I. Potential role of the bovine rumen microbiome in modulating milk composition and feed efficiency. PLoS ONE. (2014) 9:e85423. doi: 10.1371/journal.pone.0085423

 7. Danzeisen JL, Calvert AJ, Noll SL, McComb B, Sherwood JS, Logue CM, et al. Succession of the turkey gastrointestinal bacterial microbiome related to weight gain. PeerJ. (2013) 1:e237. doi: 10.7717/peerj.237

 8. Danzeisen JL, Clayton JB, Huang H, Knights D, McComb B, Hayer SS, et al. Temporal relationships exist between cecum, ileum, and litter bacterial microbiomes in a commercial turkey flock, and subtherapeutic penicillin treatment impacts ileum bacterial community establishment. Front Vet Sci. (2015) 2:56. doi: 10.3389/fvets.2015.00056

 9. D'Andreano S, Bonastre AS, Francino O, Martí AC, Lecchi C, Grilli G, et al. Gastrointestinal microbial population of turkey (Meleagris gallopavo) affected by hemorrhagic enteritis virus. Poult Sci. (2017) 96:3550–8. doi: 10.3382/ps/pex139

 10. Wilkinson TJ, Cowan AA, Vallin HE, Onime LA, Oyama LB, Cameron SJ, et al. Characterization of the microbiome along the gastrointestinal tract of growing turkeys. Front Microbiol. (2017) 8:1089. doi: 10.3389/fmicb.2017.01089

 11. Knudsen BE, Bergmark L, Munk P, Lukjancenko O, Priem é A, Aarestrup FM, Pamp SJ. Impact of sample type and DNA isolation procedure on genomic inference of microbiome composition. Msystems. (2016) 1:e00095–16. doi: 10.1128/mSystems.00095-16

 12. Parada AE, Needham DM, Fuhrman JA. Every base matters: assessing small subunit rRNA primers for marine microbiomes with mock communities, time series and global field samples. Environ Microbiol. (2016) 18:1403–14. doi: 10.1111/1462-2920.13023

 13. Apprill A, McNally S, Parsons R, Weber L. Minor revision to V4 region SSU rRNA 806R gene primer greatly increases detection of SAR11 bacterioplankton. Aquat Microb Ecol. (2015) 75:129–37. doi: 10.3354/ame01753

 14. Thompson LR, Sanders JG, McDonald D, Amir A, Ladau J, Locey KJ, et al. Earth microbiome project consortium. a communal catalogue reveals Earth's multiscale microbial diversity. Nature. (2017) 551:457–63. doi: 10.1038/nature24621

 15. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet C, Al-Ghalith GA, et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol. (2019) 37:852–7. doi: 10.1038/s41587-019-0209-9

 16. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2: high-resolution sample inference from Illumina amplicon data. Nat Methods. (2016) 13:581–3. doi: 10.1038/nmeth.3869

 17. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al. Scikit-learn: machine learning in Python. J Mach Learn Res. (2011) 12:2825–30. doi: 10.5555/1953048.2078195

 18. Yilmaz P, Parfrey LW, Yarza P, Gerken J, Pruesse E, Quast C, et al. The SILVA and “All-species Living Tree Project (LTP)” taxonomic frameworks. Nucl Acids Res. (2014) 42:D643–8. doi: 10.1093/nar/gkt1209

 19. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucl. Acids Res. (2013) 41:D590–D596

 20. Shannon CE. A mathematical theory of communication. Bell Syst Tech J. (1948) 27:379–423. doi: 10.1002/j.1538-7305.1948.tb01338.x

 21. Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. UniFrac: an effective distance metric for microbial community comparison. ISME J. (2011) 5:169–72. doi: 10.1038/ismej.2010.133

 22. Bray JR, Curtis JT. An ordination of the upland forest communities of southern Wisconsin. Ecol Monogr. (1957) 27:325–49. doi: 10.2307/1942268

 23. Wickham H. Ggplot2: Elegant Graphics for Data Analysis. New York, NY: Springer (2009). doi: 10.1007/978-0-387-98141-3

 24. Anderson MJ. A new method for non-parametric multivariate analysis of variance. Austral Ecol. (2001) 26:32–46. doi: 10.1046/j.1442-9993.2001.01070.x

 25. Tellez G, Pumford NR, Morgan MJ, Wolfenden AD, Hargis BM. Evidence for Clostridium septicum as a primary cause of cellulitis in commercial turkeys. J Vet Diagn Invest. (2009) 21:374–7. doi: 10.1177/104063870902100313

 26. Eisenberg T, Wolter W, Lenz M, Schlez K, Zschöck M. Boot swabs to collect environmental samples from common locations in dairy herds for Mycobacterium avium ssp. paratuberculosis (MAP) detection J Dairy Res. (2013) 80:485–9. doi: 10.1017/S002202991300040X

 27. Cressman MD, Yu Z, Nelson MC, Moeller SJ, Lilburn MS, Zerby HN. Interrelations between the microbiotas in the litter and in the intestines of commercial broiler chickens. Appl Environ Microbiol. (2010) 76:6572–82. doi: 10.1128/AEM.00180-10

 28. Shin NR, Whon TW, Bae JW. Proteobacteria: microbial signature of dysbiosis in gut microbiota. Trends Biotechnol. (2015) 33:496–503. doi: 10.1016/j.tibtech.2015.06.011

 29. Wexler AG, Goodman AL. An insider's perspective: bacteroides as a window into the microbiome. Nat Microbiol. (2017) 2:17026. doi: 10.1038/nmicrobiol.2017.26

 30. Janssens Y, Nielandt J, Bronselaer A, Debunne N, Verbeke F, Wynendaele E, et al. Disbiome database: linking the microbiome to disease. BMC Microbiol. (2018) 18:50. doi: 10.1186/s12866-018-1197-5

 31. Gornatti-Churria CD, Crispo M, Shivaprasad HL, Uzal FA. Gangrenous dermatitis in chickens and turkeys. J Vet Diagn Invest. (2018) 30:188–96. doi: 10.1177/1040638717742435

 32. Barker HS, Snyder JW, Hicks AB, Yanoviak SP, Southern P, Dhakal BK, et al. First case reports of Ignatzschineria (Schineria) indica associated with myiasis. J Clin Microbiol. (2014) 52:4432–4. doi: 10.1128/JCM.02183-14

 33. Le Brun C, Gombert M, Robert S, Mercier E, Lanotte P. Association of necrotizing wounds colonized by maggots with ignatzschineria–associated septicemia. Emerg Infect Dis. (2015) 21:1881–3. doi: 10.3201/eid2110.150748 

 34. Muse H, Jenkins RL, Oliver MB, Kim S, Grantier RL, Malhotra BK, et al. A case of Ignatzschineria indica bacteremia following maggot colonization. Case Rep Infect Dis. (2017) 2017:3698124. doi: 10.1155/2017/3698124

Conflict of Interest: BW was employed by Cargill Inc.

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

Copyright © 2020 Adhikari, Tellez-Isaias, Jiang, Wooming and Kwon. 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.












	
	ORIGINAL RESEARCH
published: 15 January 2021
doi: 10.3389/fvets.2020.619030






[image: image2]

Animal Production With Restrictive Use of Antibiotics to Contain Antimicrobial Resistance in Sweden—A Qualitative Study

Ingeborg Björkman1, Marta Röing1, Susanna Sternberg Lewerin2, Cecilia Stålsby Lundborg3 and Jaran Eriksen3,4*


1Department of Public Health and Caring Sciences, Health Services Research, Uppsala University, Uppsala, Sweden

2Department of Biomedical Sciences and Veterinary Public Health, Swedish University of Agricultural Sciences, Uppsala, Sweden

3Department of Global Public Health – Health Systems and Policy (HSP): Improving the Use of Medicines, Karolinska Institutet, Stockholm, Sweden

4Unit of Infectious Diseases, Department of Clinical Science and Education, Södersjukhuset, Karolinska Institutet, Venhälsan, Södersjukhuset, Stockholm, Sweden

Edited by:
Guillermo Tellez, University of Arkansas, United States

Reviewed by:
Jeffrey W. Hall, Vetanco USA, United States
 Sidharath Dev Thakur, Chaudhary Sarwan Kumar Himachal Pradesh Krishi Vishvavidyalaya, India

*Correspondence: Jaran Eriksen, jaran.eriksen@ki.se

Specialty section: This article was submitted to Veterinary Infectious Diseases, a section of the journal Frontiers in Veterinary Science

Received: 19 October 2020
 Accepted: 15 December 2020
 Published: 15 January 2021

Citation: Björkman I, Röing M, Sternberg Lewerin S, Stålsby Lundborg C and Eriksen J (2021) Animal Production With Restrictive Use of Antibiotics to Contain Antimicrobial Resistance in Sweden—A Qualitative Study. Front. Vet. Sci. 7:619030. doi: 10.3389/fvets.2020.619030



Antibacterial resistance (ABR), is a growing global threat to human and animal health. Efforts to contain ABR are urgently needed. This qualitative interview study explored perceptions of work to contain ABR among stakeholders in food animal production in Sweden, with focus on broiler production. Semi-structured interviews were carried out with a strategic sample of 13 stakeholders in different parts of production, from professionals at policy level, veterinary authorities, to poultry farmers and poultry veterinarians. Conventional inductive content analysis was used for data analysis. A latent theme, “Working in unison,” emerged, based on the consistency expressed by the informants when they discussed ABR, use of antibiotics, and animal health management. This theme was built on four domains representing the content of the interviews: Knowledge and engagement; Cooperation; Animal health concept; and Development in balance with economic prerequisites. According to the informants, ABR has not been an isolated issue in Sweden but has been included in a tradition of animal health and welfare, and actions have been driven by the industry or by government regulations. Veterinarians described how they worked closely with farmers. Farmers felt involved in the development of animal health management methods. The One Health concept was well-known among stakeholders at national level but not at farm level. Close cooperation between stakeholders seems to facilitate development of animal production with low use of antibiotics.

Keywords: containing antibiotic resistance, one health, animal production, poultry, Sweden, qualitative study


INTRODUCTION

Antibacterial resistance (ABR), is a growing global threat to human and animal health (1, 2). In 2013 ABR was highlighted as one of three global risk cases (3). ABR is not slowing down (4), and efforts to contain ABR are still urgently needed. In 2015 the World Health Organization (WHO) announced a Global Action Plan based on a “One Health” approach (5). One Health implies collaborative efforts between stakeholders at different levels in sectors working with animals, humans, and environment. The global action plan emphasizes a need for coordination between international sectors and actors including human and veterinary medicine, agriculture, environment, finance, and consumers (5). This approach is important since resistant bacteria can be transmitted between humans, animals, and the environment, and across international borders.

Efforts to contain ABR began early in Sweden. In the human health sector, the Swedish strategic programme against ABR, “Strama,” was formed in 1995 (6). Even earlier, in 1986, the use of antibiotics for growth promotion in animals was banned (7). When Sweden joined the European Union in 1995, extensive lobbying contributed to the current EU-wide ban on antimicrobial growth promoters (8, 9). From an international perspective, current levels of antibiotic use in animals (10) and the prevalence of ABR in bacteria from animals (11) in Sweden are very low. Veterinarians are not allowed to make a profit from selling drugs, and antibiotics for animals can only be obtained in registered pharmacies, based on veterinary prescription. Regulations on veterinary medicines also restrict which antibiotics may be prescribed. The European Medicines Agency category A substances (12) are not allowed while category B substances may only be prescribed when absolutely necessary, i.e., when demonstrated by bacterial culture and susceptibility testing.


Swedish Broiler Industry

Antibiotics are rarely used in Swedish broiler production. The Swedish broiler industry is quite homogenous. Some large production companies own or have franchising contracts with most farmers and slaughterhouses while a few actors have independent contracts along the production chain, from breeding to slaughter. Genetic material is imported in the form of day-old chicks from one large international company based in the United Kingdom. The Swedish Poultry Meat Association (“Svensk Fågel”) organizes the majority of all production companies, slaughterhouses and individual farmers. While the Swedish Poultry Meat Association is a lobby organization for Swedish broiler production, it also conducts monitoring and control programmes for animal welfare and productivity, cocciodiosis and clostridiosis, Salmonella spp. and Campylobacter spp., as well as for antimicrobial use. One veterinarian employed by the association is responsible for strategic work with programmes that cover >98% of all broilers in commercial production. Coccidiostats are prescribed when needed, as part of the cocciodiosis control programme, with narasin being the most common substance (11). There is only a small number of organic broiler farms. The production of broilers has increased from 78 million in 2010 to 100 million in 2018 (13). Only four out of 3223 flocks (0.12%) were treated with antibiotics in 2018, a level that has been similar for several years. However, an increase was noted in 2019, mainly due to necrotic enteritis (a clostridial infection that can be controlled by coccidiostats) (11).



From Strategies Into Action

The Swedish government strategy for containing ABR from 2016 takes a One Health approach with the overall goal to preserve the possibility of effective treatment of bacterial infections in both humans and animals (14). The strategy was updated in 2017 and again in 2020 (15). The Public Health Agency of Sweden and the Swedish Board of Agriculture jointly coordinate the work against ABR and healthcare-associated infections.

In order to contain ABR, knowledge and social engagement, as well as action from different levels of society are needed. Although knowledge is available, actions are still insufficient, and the ABR problem is growing at global level (2). It is therefore important for countries to study the process of how knowledge and action plans are transformed to practice, so they can learn from each other and speed up this process.

This study is part of the ABRCARRO (A One Health Systems and Policy Approach to Antibiotic Resistance Containment: Coordination, Accountability, Resourcing, Regulation and Ownership)—an international project which aims to explore and describe how national action plans against ABR were developed, implemented, monitored and evaluated in Sweden, South Africa and Swaziland. The project includes interviews with different categories of stakeholders, at government level, for example policymakers, and professionals in human, animal, and environment/agriculture sectors, as well as policy document analyses. The aim of the present study was to describe how Swedish stakeholders in animal production, with a specific focus on poultry, perceived efforts to contain ABR.




METHODS


A Qualitative Design

To explore the views of stakeholders in animal production a qualitative design was chosen. A qualitative design can give new understanding about social events in areas where knowledge is limited (16, 17). Data is often collected in interviews with persons who have experience of the topic in question (18). A focus on broiler production was chosen, as the homogeneous structure of this industry made stakeholders easy to identify. Furthermore, it was expected that sufficient data presenting the reality of this industry could be gained with a limited number of participants. In addition, intensive poultry production has more similarities worldwide than most other livestock sectors (19). A strategic sample of informants was recruited with the purpose of capturing perceptions of stakeholders from different parts of the production, with their unique perspectives. Informants were professionals at policy level, from veterinary authorities or industry organizations, and field actors such as poultry farmers and poultry veterinarians.

A total of 13 stakeholders were interviewed, see Table 1. All informants at policy level and from the animal industry organizations were veterinarians. Sweden is a small country, and the nine veterinarians represented approximately one third of the professionals responsible for ABR issues in the livestock sector at national level. The farmers constituted only a small number of all broiler producers in Sweden. One layer producer was added to widen the farmer perspective. All interviews were carried out by one of the authors (IB) between January and June 2018. The interviews lasted between 40 and 96 min, on average 62 min. Policy informants and informants from industry organizations were contacted via email, informed of the purpose of the study, and asked to participate. Snowballing was used to find farm-level actors, veterinarians as well as farmers. The layer farmer was recruited via telephone contact. Informed consent was obtained in writing from all informants.


Table 1. Description of informants.
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Interview Guide

A semi-structured interview guide was developed, the main questions are listed in Table 2. The questions were based on an interview guide previously used by the research group. The interview guide was piloted on two informants, one from the animal sector and one from the human sector [the human sector study is presented elsewhere (20)]. The pilot test did not indicate any need for changing the interview guide and therefore the pilot informants were included as participants in the respective studies. The interviews were performed at a place convenient for the informants, often their workplace. The informants could associate and speak freely from the main questions, and the interviewer followed the conversation and asked probing questions. All interviews were audio-recorded and transcribed ad verbatim by an external transcriber. Before further analysis, the first author listened to all recordings and checked all transcripts.


Table 2. Interview guide used for interviews, main questions.
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Analysis

The first author (IB) analyzed all interviews. No theories or predefinitions were used, and conventional inductive content analysis was chosen (21). Initially, two of the authors (IB and MR) read the same transcript and marked meaning units and wrote preliminary codes. Then the researchers met, discussed, and agreed on how to proceed with the analyses. A first scheme of codes was constructed. Then the texts were processed line by line and meaning units were picked using the scheme of codes, which were used to sort the content from all interviews. In a next step the content of the codes was condensed, and codes were grouped in comprehensive categories. Next the codes were condensed again, rearranged, and merged. During this process, a latent theme built on four domains emerged. During the analysis IB and MR met several times and discussed the process and findings. In a final step all researchers discussed and agreed on the findings.




FINDINGS

The informants in this qualitative interview study (policymakers, poultry farmers, and poultry veterinarians), despite expressing their thoughts in different ways, were very much in agreement and shared a similar picture of work to contain ABR. The latent theme emerging through the analysis, and labeled “Working in unison,” reflects this agreement. This latent theme was found in four domains and categories, which represent the manifest content of the interviews. The relation between theme, domains and categories is shown in Table 3, and each of these categories is described in the text below. In Table 4, quotes from the informants are sorted in the different domains. The interviewed veterinarians often had similar opinions, irrespective of professional position. These similar thoughts are summarized and presented collectively under “the veterinarians.” If and when veterinarians differed in their opinions, their respective positions were described. In general, the veterinarians provided more comprehensive statements and more details than the farmers, especially in theoretical issues, but the farmers' opinions and knowledge were in line with those of the veterinarians. The farmers gave detailed information on how they worked and why.


Table 3. Domains and categories under the latent theme identified in the interviews.
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Table 4. Quotes from all of the informants sorted in domains.
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Knowledge and Engagement
 
Perceptions of Antibiotics and ABR

All informants, except one of the farmers, were engaged in the issue of antibiotics and ABR. They shared the perception that antibiotics are needed but must be used restrictively. ABR was described as a very serious threat, leading to inability to treat bacterial diseases or to perform surgery safely, and to increased mortality. A common perception was that ABR already exists, but that the real threat is a future problem. Some of the veterinarians compared the ABR issue with the issues of environment and climate—slowly emerging threats which require behavioral change. The informants perceived ABR as caused by excessive consumption of antibiotics in the public health sector, and that the animal sector also contributes to ABR development. They felt that ABR mainly emerged abroad and was imported to Sweden.



Necessary to Contain Antibiotic Resistance

All veterinarians emphasized that containment of ABR was necessary, and that measures must be taken in both the animal and human sectors. Both veterinarians and farmers perceived ABR as an issue for everyone—everyone should take an interest, and authorities, as well as the entire animal production sector, should be involved. Physicians and veterinarians also need to take responsibility for not prescribing antibiotics unnecessarily, one industry veterinarian pointed out. Treatment of pets was a special issue according to some veterinarians, as animal owners may demand antibiotics for their pets, against the recommendations of the veterinarian. One policy veterinarian explained that pets nowadays are perceived as family members.



Reduce Use of Antibiotics

The veterinarians stated that eradicating ABR is difficult, but reducing antibiotic use is possible, and the purpose of this is to reduce selection pressure. The need for antibiotics in food-producing animals is a matter of production and management methods, veterinarians said. One poultry veterinarian used a “wait-and-see” approach instead of prescribing antibiotics and offered a second visit to the farm some days later to check up on the animals. Before choosing antibiotic treatment, the poultry veterinarians said they always took samples for bacterial culture and susceptibility testing and used narrow-spectrum antibiotics if treatment was deemed necessary. It was obvious to the farmers not to use, or rarely use, antibiotics for animals and instead practice good hygiene, disease prevention and infection control. One farmer explained that this was a daily never-ending process.



Awareness Is Needed

The informants expressed that to make people follow available recommendations, awareness, knowledge, and understanding were necessary. The perception was that Swedish stakeholders and the public in general were aware of ABR and that this facilitates the reduction of antibiotic use. Both veterinarians and farmers gave examples of outbreaks of infections that had increased awareness, both in Sweden and internationally. Veterinarians suggested that media can contribute to ABR awareness among the public. The farmers referred to general media and industry specific publications when they described what they knew about ABR. The informants believed that the general awareness was lower internationally than in Sweden.




Cooperation
 
Cooperation Is a Key Factor

The informants described the close cooperation between authorities, academia, industry organizations and farmers in the animal sector in Sweden and this was considered to be a facilitating factor. Broiler farmers pointed out that they had been involved in the development of improved management methods. As one farmer explained, regulations set up by authorities without consulting poultry farmers would not work, since farmers need to understand the whole picture. Veterinarians said that knowledge on good animal health management methods was easy to spread. All actors in the poultry production chain were members of the industry organizations (Swedish Poultry Meat Association or Swedish Eggs). Poultry veterinarians said they were few in number and that they meet at the Swedish Poultry Meat Association. The broiler farmers also said they meet regularly at the Swedish Poultry Meat Association's gatherings.

One obstacle described by some veterinarians was the “blame game”. This meant blaming others for insufficient actions. This could occur between the animal and the human sector, both locally and internationally, or between countries. Such attitudes could hamper the will to collaborate and obstruct efforts to reduce antibiotic use, said the veterinarians.



One Health

Two policymaker informants described their engagement in the coordinating platform of the Swedish Public Health Agency and the Board of Agriculture. One of them explained that collaboration in Sweden between the animal and human sectors at policy level had been started by Strama in the 90s. The other informant thought the platform had reduced the blame game between the animal and human sectors. The informant described a new discussion on cost-sharing, i.e., that costs could be shared between the two sectors when actions were taken in the animal sector for the sake of public health.

Policymaker informants spontaneously brought up their role in One Health and industry informants said they knew the concept well. Two of the poultry veterinarians had heard about One Health, whereas the concept was unknown for the farmers. Two of the policymaker informants had insights in the issue of ABR in the environment and believed that more knowledge was necessary in order to understand the impact of this.




Long Tradition of Animal Health Concepts in Sweden
 
Healthy Animals Do Not Need Antibiotics

A facilitating factor in efforts to contain ABR, according to one policymaker informant, was that ABR has never been looked upon as an isolated issue but as part of a whole, bigger picture. All informants highlighted that animals who are well-cared for feel better and stay healthy. “Healthy animals do not need antibiotics” was repeated by many informants as a motto. Veterinarians claimed that healthy animals have better immunological responses and are more resistant to disease.



Low Use of Antibiotics in Animals

All informants talked about how rarely antibiotics are used in animals in Sweden and how they did not see ABR as a problem in animal production in Sweden. Two of the farmers said they had been in the poultry industry for 20 years and had used antibiotics in total five times each during these years. One industry informant explained that laying hens are never given antibiotics. However, all informants brought up how Swedish broilers had been infected by ESBL (Extended Spectrum Betalactamase producing Enterobacteriaceae) from imported breeding animals in 2010. Veterinarians said ESBL was still present but had decreased among the animals since then. As one poultry veterinarian explained; E coli infections in chickens are not treated with antibiotics so as not to promote the spread of ESBL, instead the focus is on infection prevention. Both veterinarians and farmers reported that sick animals are culled.

Areas for improvement in the Swedish animal sector were mentioned by the veterinarians. This included reducing antibiotic treatment of pets and the use of coccidiostats in broilers. There was also a perception that veterinarians trained outside Sweden often had other views on antibiotic treatment and prescribed antibiotics more often than those who received their veterinary education in Sweden. All informants thought that antibiotics were used extensively in animal production outside Sweden. However, it was also pointed out by some veterinarians that many countries are currently working hard to change their animal production and reduce the use of antibiotics.



Infection Control to Promote Animal Health

All informants mentioned the importance of infection prevention. Veterinarians emphasized that this was a way to reduce the need for antibiotics and that it was of economic benefit to prevent infections. Policymaker informants and informants from the industry organizations described measures to prevent spread of infections, e.g., contact isolation, culling animals, trading only with non-infected regions, and practicing biosecurity. Poultry veterinarians and farmers gave detailed descriptions of how they worked with biosecurity, e.g., strict hygiene routines with hygiene barriers and visitor restrictions, keeping records, and standards for stables. They perceived biosecurity routines as well-established and followed by all poultry farmers. As one farmer expressed “this is how we work, all farmers in the poultry sector do it.” One industry informant pointed out that, although Sweden belongs to the common EU market, so far it has been allowed to keep stricter regulations for importation of animals and breeding material, thanks to the successful eradication of many diseases. One policymaker informant mentioned that in 2013 Sweden was the first country to launch a legislation of infection control in veterinary medicine.



Long Tradition of National Efforts

Veterinarians noted that Sweden has eradicated several diseases in different farm animals. Some of them explained that bovine tuberculosis was eradicated already in the 1920s, as a government initiative. One policy veterinarian gave another example, bovine viral diarrhea, and described a voluntary infection control program developed by farmers, veterinarians, and livestock industry organizations. Industry veterinarians said that in situations where vaccines cannot be used, whole-herd culling is sometimes used for disease eradication and this can be extremely hard for farmers.

Some policy and industry veterinarians mentioned the Swedish so called “Alvesta epidemic” in the 1950s, a large salmonellosis outbreak that caused the death of 90 people. Their perception was that this outbreak prompted the development of Salmonella control and animal welfare programs. Another important step according to the veterinarians was the banning of antibiotics for growth promotion in 1986. They noted that this initiative had been taken by farmers. According to one industry informant, when antibiotics for growth promotion were not used anymore, animal production methods had to be changed. Farmers perceived that animal welfare programs had been used for decades. Many informants wished Sweden could be a role model for other countries and show that it is possible to change livestock management systems.




Development in Balance With Economic Prerequisites
 
Broiler Production in Sweden Is Large-Scale and Tightly Controlled

Broiler production in Sweden was described by the informants as industrial, large-scale, and well-controlled. They described how the domestic broiler industry resembled a pyramid, with a few breeding companies at the top. Hatcheries on another level in turn deliver day-old chicks to broiler farms. Farmer informants explained that the slaughterhouses plan, based on expected consumer demand for poultry meat, and calculate the number of day-old chicks to be ordered from the hatchery. To enable high biosecurity, the birds live indoors until slaughter. All participating veterinarians and broiler farmers recommended locally produced food and closed stables rather than organic production, which was regarded riskier for the birds and too costly for many consumers due to higher production costs.



Conditions and Management in Sweden Differ From Many Other Countries

Informants noted that production methods for Swedish broilers differ from many other countries. By “other countries” they usually meant the rest of Europe except the Nordic countries, but sometimes it included the rest of the world. For example, it was stated that the maximum bird bodyweight allowed per square meter in the stable was higher in other countries compared to Sweden. Another example was that antibiotics were not used for growth promotion, as mentioned above. Veterinarians said that all countries in the EU have a common animal legislation but, despite this, production methods and level of antibiotic use vary.

Both veterinarians and farmers talked a lot about their efforts to make the animals feel comfortable and be as healthy and strong as possible by focusing on prevention, biosecurity, and animal welfare instead of using antibiotics. One industry veterinarian concluded that changing production methods had been costly but now they see the benefits. Veterinarians said Sweden benefited from having a cooler climate with seasonal variation, and that the risk of spreading disease is higher in warmer countries. Veterinarians brought up how, in some countries, veterinarians earn their salary from selling medications, in contrast to Swedish veterinarians.



Economy Rules Food Production

One farmer explained the economic benefit of following all control programs very carefully, how costly it would be if you have a large production and something went wrong. One poultry veterinarian reflected that it is not laws that rule production, it is profitability. One policy veterinarian believed that in Sweden, agreements and guidelines and voluntary actions had been more important than legislation in the development of animal production methods, while another policy veterinarian believed that governmental funding had prompted this development. Both veterinarians and farmers gave examples of when the government contributed financially to control certain diseases. One lesson, according to an industry informant, was that production change must be allowed to take time, otherwise there may be backlash effects, producers may stop believing that animal production without relying on antibiotics is possible and may not want to cooperate. The economic interest of the food industry was highlighted by some informants as a possible barrier to change of production methods, as people have short-term views of economic profit.

All informants stressed that farmers must be able to live on their production, and if they cannot sell their goods, production will end. They perceived that Sweden has come far in developing a production without antibiotics, but the issue now is to be able to continue selling the products. Both veterinarians and farmers argued that buying Swedish meat supports a production that uses less antibiotics. However, they said, this production is more expensive, which generates a higher price for the consumers. Informants believed that many Swedish consumers trust the Swedish production of meat and wanted to buy Swedish, but they worried that consumers would still choose food produced abroad because of lower cost. Here, informants suggested that the Swedish government could support Swedish production by explaining to consumers why Swedish meat is more expensive. A further threat to the Swedish production mentioned by one industry informant was the Swedish animal rights organizations which seemed to work hard to destroy animal production in Sweden.

Informants from all categories acknowledged the need of resources in work to contain ABR. Veterinarians pointed out that resources and conditions differ globally, and countries may have to prioritize other measures. They expressed that work to contain ABR must continue in Sweden, but in addition Sweden and EU have an international responsibility to support the containment of ABR by funding and expertise.





DISCUSSION

This study gives insight into how a group of stakeholders at different levels of the animal sector in Sweden describe their work in animal production without extensive use of antibiotics, and how they believe that this has been made possible. They suggested that this is built on a long-standing culture of cooperation between stakeholders and a shared view of animal health and welfare. A latent theme “Working in unison” reflects the unity expressed by the informants when discussing ABR, use of antibiotics and production methods, with particular focus on poultry. Central findings from this study were the close cooperation between policy and industry, which included farmers as active partners in the development of production methods, with a focus on preventive measures for animal health. The improvement of animal health and welfare was based on voluntary agreements and guidelines, and also on legislation and governmental funding. According to suggestions from the informants, the Swedish government could support Swedish production by explaining to consumers why Swedish meat is more expensive. In this manner, “working in unison” can even include consumers.

Policies and action plans at global and national levels recommend restrictive antibiotic use in order to contain ABR. To make change happen, theory needs to be transformed into practice, and actors need to believe in the message. It is sometimes thought that the risk of using antibiotics in animal production is antibiotic residues in meat and other animal-derived food (22). However, this risk is managed by regulations on withdrawal periods before slaughter and harvesting of eggs or milk from treated animals. The real risk is the overuse of antibiotics in animal production, and compelling scientific evidence emphasizes the need to take action (2, 23, 24).

Farmers and veterinarians have been identified as key players in work to contain ABR in the animal sector (25). In poultry production, methods to decrease the need of antibiotics include biosecurity, hygiene, management, vaccine, and probiotics (26, 27). Previous studies from Europe and the US have concluded that veterinarians in pig, cattle and dairy farming in general supported the reduction of antibiotic use (25), but some veterinarians felt pressured by farmers, feed suppliers and others to use antibiotics (25). A UK study found several factors that significantly influenced veterinarians in their decision-making process, including type of case, client relationship, colleagues in the same practice, time pressure, habit, willingness to pay and confidence in the farmer (28). US veterinarians were influenced by expectations and obligations to e.g., other veterinarians, clients, consumers, pharmaceutical companies, and regulatory bodies (29). Hence, it seems important that the various stakeholders agree on how to breed and raise animals without extensive use of antibiotics, in order to support veterinarians in prescribing antibiotics restrictively.

Studies have shown that stakeholders in animal production may believe they use less antibiotics than others (25). This could also be the case for our informants, who expressed views about “others” using more antibiotics. However, statistics on antibiotic use in animals confirm that the overall antibiotic usage in Sweden is low in international comparison (10).

The farmers in our study said that they did not need to reduce the use of antibiotics, it was already zero or close to zero. They were more eager to describe their daily efforts to keep their animals healthy, possibly reflecting policy efforts to focus on preventive animal health work. Farmers in other countries in Europe and the US acknowledge the need for reducing antibiotic use, but some believe in the necessity of antibiotics for a good profit in animal production (25, 30, 31). To change farmers' perceptions and practices, it has been suggested that veterinarians could play a role as sources of information and to facilitate learning processes (25, 30). In the present study informants highlighted the close network of farmers and veterinarians and said this was a facilitating factor. The opposite situation was described among sheep and beef farmers in the UK who reported taking decisions themselves regarding when to treat their animals with antibiotics (31). Industry veterinarians in the present study seemed to play a role as a link between veterinary authorities and the farmers. In addition, the farmers felt involved in the development of production methods. This suggests that farmers were not only passive receivers of guidelines. On the contrary, there seems to have been an exchange of information among stakeholders. Farmers were sufficiently educated to understand the background of new management methods and they were given the opportunity to contribute with their knowledge. Implementation research shows that passive distribution of guidelines is ineffective and that active measures are more successful (32, 33).

With an increasing global population and thereby increased demand for food, poultry farming has provided meat at a low cost in high-density poultry farms (26). However, a problem is that broilers in many regions of the world are raised in overcrowded stables, with poor hygiene and a high risk of bacterial infections, and low doses of antibiotics are routinely given to manage infections (26, 34, 35). The informants in our study hoped that Sweden could act as role model by showing that large-scale poultry farming without extensive antibiotic use is possible. The global nature of the poultry industry, with its reliance on imported breeding material, is one aspect of the perception that ABR comes from outside Sweden. The experience of importing ESBL with day-old chicks and successful efforts to reduce this risk (11) may have contributed to this view.

Products must be sold, and consumers' preferences affect how food is produced and on how antibiotics are used in animal production (25, 29). Price is a major factor influencing choice. The informants in our study expressed concerns about consumers preferring cheaper meat produced outside Sweden. High prices of recommended foods were identified as a key barrier to buying sustainable food (36) and price was the main limiting factor for buying organic poultry meat (37). Another factor of influence is the country of production. Preferences for indigenous chicken meat and egg were high among consumers in Kenya (38) and consumers in Finland preferred broilers produced in Finland (21). Consumers from five different countries, Germany, France, Denmark, China, and Thailand, preferred food from economically developed rather than less developed countries (39). Other factors that may influence choice is animal welfare and organic production methods. The informants in our study presented the Swedish large-scale production of poultry meat with focus on animal health as a sustainable alternative, which they hope will continue to be the choice of customers.

To decrease the need of antibiotics globally, new animal health management methods must be introduced in many countries (26, 27). This may increase production costs, which has been identified as a hindering factor for reducing antibiotic use and for reducing capacity for reinvestment in farm buildings (25). However, efforts in the animal sector alone are not enough to contain antibiotic resistance.

ABR can be looked upon from different perspectives and accordingly be described as different problems in need of different strategies (40). One Health can be used to conceptualize and address strategies concerning ABR (40). The One Health approach means that measures must be taken in human, animal and environmental sectors and that actions should be coordinated (2, 5). According to our study informants the One Health approach is implemented at policy level but not in practice. They felt that containment of ABR in Sweden has primarily engaged the three sectors separately. For countries in the process of developing their ABR action plans, a One Health approach is most likely helpful.


Methodological Considerations

Trustworthiness is of major importance in all research. In this study we used the criteria developed by Lincoln and Guba to ensure high quality of data and research process (41, 42). To meet the criterion of credibility we recruited stakeholders at different levels in the poultry sector, with different experiences, to gain a broad view of perceptions. The analysis was well-structured and carefully performed. Quotations from the text were used to demonstrate confirmability. Transferability must be judged by the readers, the description of data collection and analysis as well as background information about the participants will facilitate this. Most of the stakeholders were representative for policymakers and field-level actors in the poultry sector, but several informants also had a wider livestock production perspective. The poultry farmers were recruited via the veterinarians, and it is possible that they had more knowledge and were more motivated to work according to guidelines than farmers in general. The interview with the layer farmer was intended to get a wider picture This farmer had never used antibiotics in farm animals, so this was not an issue for the farmer at all. Instead, the issue was good management, and keeping animals healthy. The number of informants, particularly farmers, was limited due to practical and financial reasons. However, based on the homogeneity of the poultry industry and the close cooperation between industry stakeholders within the Swedish Poultry Meat Association, we believe that the picture presented by the interviews illustrates the main views of the industry. We chose personal interviews, which often give richer material, instead of by telephone, which might have produced more interviews. Our findings are in line with the perceived general opinion in the Swedish livestock sector, and the consistency in responses indicate that our findings reflect the perceptions, knowledge, attitudes, and practices of stakeholders in the broiler production sector.




CONCLUSION

The interviewed stakeholders in food-animal production in Sweden were committed to the ABR issue. They stated that, in their respective fields, a facilitating factor was that ABR was included in animal health and welfare issues. For the farmers, the most important issue was keeping animals healthy, with daily farm management methods. Further facilitating factors were a close cooperation among stakeholders, common beliefs, and a feeling of belonging to a long tradition of focus on animal health. The stakeholders were proud of the Swedish animal production, but at the same time worried about not being able to sell their products on the international market, as the animal health management system focusing on disease prevention was deemed more expensive than methods using more antibiotics. In showing that intensive broiler production without extensive use of antibiotics is possible, the stakeholders hoped that the Swedish example in this area could serve as a role model for others.
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Feline infectious peritonitis (FIP) is a life-threatening infectious disease of cats caused by virulent feline coronavirus (FIP virus: FIPV). For the treatment of FIP, several effective antivirals were recently reported, but many of these are not available for practical use. 5-amino levulinic acid (5-ALA) is a low-molecular-weight amino acid synthesized in plant and animal cells. 5-ALA can be synthesized in a large amount, and it is widely applied in the medical and agricultural fields. We hypothesized that 5-ALA inhibits FIPV infection. Therefore, we evaluated its antiviral activity against FIPV in felis catus whole fetus-4 cells and feline primary macrophages. FIPV infection was significantly inhibited by 250 μM 5-ALA. Our study suggested that 5-ALA is applicable for the treatment and prevention of FIPV infection.
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INTRODUCTION

Feline infectious peritonitis (FIP) is a life-threatening infectious disease caused by feline coronavirus (FCoV) in domestic and wild Felidae species. FCoV is highly prevalent worldwide in cats. FCoV is an enveloped, single strand positive-sense RNA virus. This virus belongs to the genus Alphacoronavirus in the subfamily Orthocoronavirinae of the family Coronaviridae (1). FCoV is divided into two serotypes based on the amino acid sequence of the spike (S) protein, serotype I FCoV, and serotype II FCoV (2). Serological and genetic surveys revealed that type I FCoV is dominant worldwide (3–5). FCoV is mainly spread by fecal-oral transmission (6). Most FCoV-infected cats are subclinical. However, several mutations occurred in the S protein, leading to development of the virulent type called feline infectious peritonitis virus (FIPV) (7, 8). The hallmark pathological findings of FIP in cats are serous fluid in peritoneal and pleural cavities, and pyogranulomatous lesions in several organs (9).

FIP is an immune-mediated and difficult-to-treat virus infection. Several effective antivirals for FIP treatment were recently reported (10, 11), but many are not available for practical use. Some anti-FCoV drugs, such as itraconazole, are available at animal hospitals, but their treatment effects are limited (12). As FIP is a chronic and systemic disease, it is difficult to achieve clinical remission. Accordingly, it is desirable that therapeutic drugs for FIP have the following characteristics: (1) Few side-effects for cats, (2) low price, and (3) low mutagenesis of pathogens.

5-amino levulinic acid (5-ALA) is a low-molecular-weight amino acid synthesized in plant and animal cells (13, 14). It is an intermediate in biosynthesis of tetrapyrrole. As 5-ALA is highly water-soluble and low cytotoxic, it is widely applied in the medical and agricultural fields (15). Several studies on the effects of 5-ALA on infectious disease have been reported. Suzuki et al. reported that when 5-ALA and ferrous ion were orally administered to rodent malaria parasite (Plasmodium yoelii)-infected mice, the mice survived (16). On the other hand, its effects on viral infection are unclear.

In veterinary medicine, photodynamic therapy (PDT) using 5-ALA has been investigated for tumor treatment in dogs (17), but to our knowledge, the effects of 5-ALA on infectious diseases in animals have not been investigated. We investigated whether 5-ALA can be applied as an anti-FCoV drug in vitro.



MATERIALS AND METHODS


Cell Cultures, Animals, and Viruses

Felis catus whole fetus (fcwf)-4 cells (kindly supplied by Dr. M. C. Horzinek of Universiteit Utrecht) were grown in Eagles' MEM containing 50% Leibovitz's L-15 medium, 5% fetal calf serum (FCS), 100 U/ml of penicillin, and 100 μg /ml of streptomycin. The maintenance medium was the same composition as the growth medium except for the concentration of FCS (2%). For primary macrophages, feline primary macrophages were selected. Feline alveolar macrophages were obtained from four specific-pathogen-free (SPF) cats aged 3–5 years by bronchoalveolar lavage with Hank's balanced salt solution. Feline primary macrophages were maintained in D-MEM supplemented with 10% FCS, 100 U/mL of penicillin, and 100 μg/mL of streptomycin. SPF cats were maintained in a temperature-controlled isolated facility. The experiment using animals was approved by the President of Kitasato University through judgment of the Institutional Animal Care and Use Committee of Kitasato University (18-050) and performed in accordance with the Guidelines for Animal Experiments of Kitasato University. Sample sizes were determined based on our previous study and the minimum number of cats was used. The type I FCoV KU-2 strain (FIPV-I KU-2) was isolated in our laboratory. FCoV-II 79-1146 was kindly provided by Dr. M. C. Horzinek of Utrecht University. These viruses were grown in fcwf-4 cells at 37°C.



Compounds

5-ALA and sodium ferrous citrate (SFC) were obtained from Neopharma Japan (Tokyo, Japan). 5-ALA and SFC were dissolved in maintenance medium at 200 and 50 mM, respectively. SFC solution was used as a solvent of 5 ALA. On the day of the experiments, these compounds were diluted to the desired concentrations in maintenance medium.



Cytotoxic Effects of Compounds

The fcwf-4 cells were seeded on 96-well plates. The compounds were added in triplicate to the wells. After incubation for 96 h, the culture supernatants were removed, WST-8 solution (Kishida Chemical, Osaka, Japan) was added, and the cells were returned to the incubator for 1 h. The absorbance of formazan produced was measured at 450 nm using a 96-well spectrophotometric plate reader, as described by the manufacturer. Percentage cell viability was calculated using the following formula: Cell viability (%) = [(OD of compound-untreated cells - compound-treated cells)/ (OD of compound-untreated cells)] × 100. The 50% cytotoxicity concentration (CC50) was defined as the cytotoxic concentration of each compound that reduced the absorbance of treated cells to 50% when compared with that of the untreated cells.



Antiviral Effects of 5-ALA

Confluent fcwf-4 cell monolayers were cultured in medium with or without compounds at the indicated concentrations in 24-well multi-plates at 37°C for 24 or 48 h. Cells were washed and the virus (MOI 0.01) was adsorbed into the cells at 37°C for 1 h. After washing, cells were cultured in 1.5% carboxymethyl cellulose (CMC)-MEM or MEM with or without compounds. In the case of cells cultured in CMC-MEM, the cell monolayers were incubated at 37°C for 48 h, fixed, and stained with 1% crystal violet solution containing 10% buffered formalin, and the resulting plaques were then counted. The percentage of the decrease or increase in plaques was calculated using the following formula: Percentage of the plaque reduction (%) = [(plaque number of compound-treated cells) / (plaque number of compound-untreated cells)] × 100. The EC50 was defined as the effective concentration of compounds that reduced the virus titer in the culture supernatant of infected cells to 50% when compared with that of the virus control. In the case of cells cultured in MEM, the culture supernatants were collected 48 h post-infection and virus titers were measured by the TCID50 assay.

Primary feline macrophages were cultured in medium with or without compounds at the indicated concentrations in 24-well multi-plates at 37°C for 48 h. After washing with PBS, FIPV 79-1146 (1 × 104 TCID50) was allowed to adsorb to the cells at 37°C with 5% CO2 for 1 h. After washing with PBS, the cells were cultured in the medium and the supernatants were collected. The virus titers were measured by the TCID50 assay.



Statistical Analysis

Data from only two groups were analyzed using the Student's t-test (Welch's t-test) and those of multiple groups were analyzed by one-way ANOVA followed by Tukey's test. A P-value of < 0.05 was considered significant.




RESULTS


Cytotoxic and Antiviral Effects of 5-ALA

Cytotoxicity assay was performed to clarify the non-toxic concentration of 5-ALA against fcwf-4 cells (Figure 1). More than 75% of fcwf-4 cells survived in the presence of 1,000 μM 5-ALA (the maximum concentration in this experiment). Vehicle control exhibit no cytotoxic effects on fcwf-4 cells.


[image: Figure 1]
FIGURE 1. Cytotoxic effects of 5-ALA in fcwf-4 cells. Fcwf-4 cell viability was measured by WST-8 assay. Black circle: 5-ALA. White circle: Vehicle (SFC). The vehicle (solvent control) was the same as that in 5-ALA solution at each serial dilution. The results are shown as the mean ± SE. Data represent three independent experiments (n = 3).




The Effects of 5-ALA on FIPV Infection in Feline Cell-Line

The antiviral effects of 5-ALA against FIPV were evaluated by plaque inhibition assay in fcwf-4 cells. Cells were treated with 5-ALA through the following 3 procedures: 24-h pre-treatment (pre-24 h), 24-h pre-treatment followed by 49-h co-treatment with FIPV (pre-24 h and co-49 h), and 48-h pre-treatment followed by 49-h co-treatment with FIPV (pre-48 h and co-49 h). In pre-24 h, the percentage of plaque inhibition significantly increased at 500 μM or higher (Figures 2A,B). In pre-24 h and co-49 h, the percentage of plaque inhibition significantly increased at 125 μM or higher (Figures 2C,D). In pre-48 h and co-49 h, the percentage of plaque inhibition in type I FIPV by 125 μM 5-ALA reached 75% (Figures 2E,F). Vehicle control, SFC, exhibited no plaque-inhibitory effects on FCoV under any condition. According to the titration assay, the production of type I and type II FIPV was significantly reduced by 250 and 500 μM 5-ALA (Figure 3).
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FIGURE 2. Plaque inhibition assay of FIPV in fcwf-4 cells treated with 5-ALA. (A,B) Effects of 24-h pre-treatment on antiviral activity of 5-ALA. The rate of plaque inhibition of FIPV-infected fcwf-4 cells pre-treated with 5-ALA for 24 h. (C,D) Effects of 24-h pre-treatment and 48-h post-treatment on antiviral activity of 5-ALA. The rate of plaque inhibition of FIPV-infected fcwf-4 cells pre-treated for 24 h and post-treated for 48 h with 5-ALA. (E,F) Effects of 48-h pre-treatment and 48-h post-treatment on antiviral activity of 5-ALA. The rate of plaque inhibition of FIPV-infected fcwf-4 cells pre-treated for 48 h and post-treated for 48 h with 5-ALA. (A,C,E) type I FIPV. (B,D,F) type II FIPV. Black bar: 5-ALA. White bar: Vehicle (solvent control). The results are shown as the mean ± SE. Data represent four independent experiments (n = 4). **p < 0.01 (*p < 0.05) vs. vehicle.
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FIGURE 3. Inhibition of FIPV infection by 5-ALA in fcwf-4 cells. (A,C) Effects of 48-h pre-treatment and 48-h post-treatment on antiviral activity of 250 μM 5-ALA. (B,D) Effects of 48-h pre-treatment and 48-h post-treatment on antiviral activity of 500 μM 5-ALA. (A,B) 250 μM 5-ALA. (A,B) type I FIPV. (C,D) type II FIPV. Black circle: 5-ALA. White circle: Vehicle (solvent control). The results are shown as the mean ± SE. Data represent four independent experiments (n = 4). **p < 0.01 (*p < 0.05) vs. vehicle.




The Effects of 5-ALA on FIPV Infection in a Feline Cell Line

FIPV-infected macrophages are involved in the progression of FIP symptoms to a severe state. We investigated whether 5-ALA inhibits FIPV multiplication in macrophages. In this experiment, type II FIPV 79-1146 with high ability of multiplication in feline primary macrophages was used. Virus production in FIPV-infected macrophages was reduced by 250 μM 5-ALA in three of four cats (Figure 4).


[image: Figure 4]
FIGURE 4. Inhibition of FIPV infection in macrophages. Effects on antiviral activity of 5-ALA (250 μM) in feline primary macrophages. Black bar: 5-ALA. White bar: Vehicle (solvent control). Data represent two independent experiments (n = 3).





DISCUSSION

5-ALA is an intermediate of tetrapyrrole synthesis in animals, plants, and microorganisms (13–15). In the 1980's, the possibility of efficacy of 5-ALA in plants was reported (18), but it was difficult to produce 5-ALA in a sufficient amount for practical use because only a small amount is produced in microorganisms. After Nishikawa et al. established a mass production method of 5-ALA using bacteria (19), the effectiveness of 5-ALA was confirmed in not only agriculture, but also in medical and biological fields. 5-ALA is inexpensive, and it is practically used as a supplement to improve animal performance and immune response in the field of veterinary medicine (14, 20).

5-ALA inhibited the growth of FIPV in fcwf-4 cells. Metal complexes of a 5-ALA metabolite, protoporphyrin IX (PpIX), have been reported to have anti-virus activity (21–23). A PpIX metal complex, heme, inhibits dengue virus multiplication (21). On the other hand, multiplication of Zika virus is not inhibited by heme (23). It is unclear whether heme inhibits FCoV multiplication. Generally, an increase in intracellular heme stimulates the production of hemeoxygenase-1 (HO-1), the heme-degrading enzyme. HO-1 has been reported to induce anti-viral activity (24, 25). However, we confirmed in a preliminary experiment that the HO-1 mRNA expression level was unchanged in cells treated with 250 μM 5-ALA (Data not shown). Based on this, 5-ALA-induced inhibition of FIPV infection occurs due to a factor other than heme and HO-1.

There have been many recent studies on therapeutic drugs for FIP. Many drugs effective for FIP in vitro were identified and several have been confirmed to exhibit treatment effects when administered to cats with FIP (10–12). However, the effects of all drugs were poor in cases with neurological manifestations. As a reason for this, poor transfer of these drugs to the central nervous system was considered; therefore, a drug exhibiting anti-viral effects against FIPV able to reach brain tissue is needed. 5-ALA is a low-molecular-weight amino acid and can transfer to brain tissue (26). In addition, it has been reported that the diffusion of 5-ALA from blood to normal brain tissue is very low (27), suggesting that it exhibits fewer adverse effects. FIP can be definitely diagnosed only by detection of the FCoV antigen within lesion (28). However, when treatment is initiated after making a definite diagnosis, symptoms have progressed and the condition does not respond to treatment in many cases. Therefore, if a drug that can be prophylactically administered before diagnosing FIP is available, progression of symptoms may be prevented, for which 5-ALA may be ideal agent. However, in our experiment using the target cells of FIPV, macrophages, the antiviral effects of 5-ALA were not observed in some cats. Therefore, when 5-ALA is used as a therapeutic drug for FIP, anti-FCoV drugs, such as GS-441524 (29), GC-376 (30), U18666A (31), and itraconazole (32), or anti-inflammatory drugs, such as anti-TNF-alpha antibody (33), should be concomitantly used.

In the field, FECV is mainly transmitted between cats, whereas horizontal infection of FIPV between cats is considered rare (34). FIPV was suggested to be generated by genetic mutation of FECV. Thus, if there are means to prevent FECV infection on a daily basis, the development of FIP may be prevented. No vaccine capable of preventing FECV infection has been developed. Addie et al. reported that virus gene excretion in feces disappeared in FECV-infected cats treated with a synthetic adenosine analog (35). Therefore, removal of FECV infecting the intestine by antiviral administration to FECV-infected cats is expected. However, synthetic adenosine analogs may induce coronavirus gene mutation (36). Moreover, even though the FECV gene level in feces decreased to below the detection limit in cats treated with a synthetic adenosine analog, it is possible for FECV to latently infect the intestine or other tissues. To prevent FECV gene mutation and reliably eradicate FECV infection, long-term synthetic adenosine analog administration is necessary, but it is not realistic because this drug is too expensive. On the other hand, 5-ALA is practically used as a supplement. 5-ALA has low toxicity in animals and plants, strongly suggesting that long-term administration of 5-ALA to cats is possible. It is necessary to investigate whether 5-ALA is applicable as a supplement to prevent the development of FIP in FECV-infected cats in the future.

In this study, we confirmed the possibility that 5-ALA inhibits FIPV multiplication and TNF-alpha production. As 5-ALA is an amino acid present in the body, its immediate administration is possible. However, it is necessary to administer 5-ALA to cats with FIP and observe whether therapeutic effects can be acquired. Furthermore, whether long-term administration of 5-ALA eliminates the virus and inhibits FIP development in FECV-infected cats must be investigated.
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The purpose of the present study was to evaluate the ability of a novel experimental subunit vaccine (ESV), induce colostrum IgA and serum IgG in sows, and to control enterotoxigenic Escherichia coli (ETEC) disease in neonatal and weanling piglets. The vaccine was tested in three experiments. Experiment 1 consisted of two independent trials. In each trial, 20 pregnant sows/groups were vaccinated intramuscularly (IM) with a commercial E. coli vaccine or intranasally with ESV at weeks 11 and 13 of pregnancy. Blood and serum samples were obtained within 12 h post-partum. In Experiment 1, intranasal vaccination with ESV significantly increased the sample-to-positive (S/P) ratio of secretory IgA in the colostrum of sows (P < 0.01, trial 1; P < 0.05, trial 2) compared to the IM vaccine. In Experiment 2, twenty-five 3-day old piglets were randomly allocated into two groups, control (n = 13) or ESV (n = 12) and were oral gavaged with the respective treatments on days 3 and 14 of life. On days 17–19, all piglets were challenged using a mixed ETEC culture via oral gavage. Within 72 h, all control group animals developed disease consistent with colibacillosis. Conversely, the ESV treated group remained disease free over the 7-day observation period and had significant increases in body weight gain compared to the control group piglets. In Experiment 3, thirty 28-day old piglets were randomly allocated, control (n = 15) or ESV (n = 15), and on days 33 and 43 of life, piglets were either given by oral gavage 2.0 mL saline (control group) or 2.0 mL ESV. At days 46 and 47 of life, all pigs were challenged with a mixed culture of ETEC and observed for clinical signs of disease. Results of Experiment 3 were similar to those observed in Experiment 2. This study indicates the ESV can induce better levels of colostrum secretory IgA in pregnant sows than IM vaccination, which may be protective to neonatal piglets. Further, the vaccine can protect piglets as early as 3 days of age from an ETEC infection. Importantly, the data suggest a single vaccine could be used across the farrowing, suckling, and weaning program to protect against pathogenic E. coli.
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INTRODUCTION

The development of vaccines for effective control of foodborne pathogens and infection represents a significant development in reducing public health risk (1). Advancements in biotechnology have increased innovative potential and allow new technologies to be used as a promising control strategy for alternatives to antibiotics (2), and vaccines are highly regarded for their perceived feasibility and effectiveness (3).

Pathogenic E. coli infections or colibacillosis is one of the most prevalent diseases affecting the global swine industry (4). Enterotoxigenic Escherichia coli (ETEC) is a significant cause of illness and death in neonatal and recently weaned pigs; in some cases, young pigs can lose up to 40% of their body weight, and in severe cases, mortality can reach 100% (5–8). Colibacillosis has a direct economic impact on producers and represents a potential human transmission route of foodborne illness. Standard treatment options often include incorporating antibiotics to control and limit the spread of the disease; however, the condition is becoming increasingly challenging to treat due to acquired antibiotic resistance (9). Moreover, consumer pressure and changing government regulations may limit or omit antibiotics necessitating the need for alternative intervention strategies (10).

Enterotoxigenic E. coli produce two main pathogenic determinants; fimbria adhesins and toxins. ETEC fimbriae promote initial bacterial adherence to epithelial cell receptors and ultimately allow the ETEC to colonize the small intestine. ETEC fimbriae most commonly associated with neonatal diarrhea are F4, F5, F6, and F41, while F4 and F18 are most common among ETEC-induced post-weaning cases diarrhea (11). Once close to the intestinal epithelium, ETEC produces one or more toxins, such as heat stable toxin a (STa), heat stable toxin b (STb), and/or heat labile toxin (LT), which enter host cells and disrupt fluid homeostasis. The result is electrolyte-rich fluid secretion and diarrhea, leading to weight loss, slow growth, and possibly death (4, 11, 12).

For neonatal piglets, protection from ETEC infection primarily relies on sow vaccination and passive colostrum antibody immunity. Here, sows are commonly vaccinated against one or more types of ETEC fimbriae. Due to various issues, including host genetics and the heterogenic distribution and antigenicity of fimbriae, protection is often incomplete and veins as the piglets age and ceases upon weaning (12). Unfortunately, there are no vaccines currently available that effectively protect against post-weaning colibacillosis (12). A significant amount of research has developed effective pathogenic E. coli vaccines, but much of this research has targeted the diverse array of fimbriae and toxins produced by these strains. These vaccines often lack cross-protection between strains or require conjugation to other potent immune system stimulating molecules to induce adequate protection (4, 13–16). This leaves the swine population at risk of infection from strains not included in the vaccine and may require complex or economically unfeasible vaccine production processes.

We have been working to create a novel vaccine platform that incorporates a subunit/epitope sequence, common to all ETEC strains (broad-spectrum), into an inactivated orally administered vaccine platform that protects against infection and disease by inducing mucosal immunity.

The mucous membranes constitute the primary portal of entry for infectious agents. They include membranes of the nasal, respiratory, gastrointestinal, and genitourinary tract and the ocular conjunctiva, the inner ear, and the ducts of all exocrine glands. Collectively they cover more than 400 m2 in humans, compared to only 2 m2 of skin, and serve as the first line of defense against infection at the entry points for a variety of pathogens, including pathogenic E. coli. (2, 17–20). The gastrointestinal system is the largest lymphoid organ in the body containing an estimated 70 to 80% of the body's immunoglobulin–producing cells (21). Over 80% of all the activated B cells in the body are located at the mucosal tissues (22).

Despite its essential role, currently, only a handful of vaccines specifically target this area of the immune system despite strong evidence that a robust mucosal response can effectively prevent systemic infections (17). Increasing evidence has indicated that mucosal vaccination can induce systemic and local mucosal immunity, while systemic immunization generally fails to elicit strong mucosal immunity (23). Also, the concept of a standard mucosal immune system predicts that induction of immunity at one mucosal surface, such as the gut, can provide immunity at another mucosal surface, such as the lung (24), providing a vital link for immunity transfer throughout mucosal surfaces. Mucosal immunity may prove to be the link in fighting a complicated infection in which systemic and local immunity is necessary for preventing the spread and transmission of infectious disease and foodborne pathogens (25).

Our vaccine development, in which a single vaccine, can simultaneously and effectively control all or most serotypes/strains that make up the 150–200 serotypes that represent the E. coli family of pathogens (broad spectrum) and provide protection in multiple species (swine, poultry, bovine, fish, humans) potentially represent practical biotechnological progress as an alternative intervention strategy in controlling diseases and foodborne pathogens. Hence, the purpose of the present study was to evaluate this novel mucosal administered subunit vaccine on the induction of colostrum IgA and serum IgG in sows and to prevention of colibacillosis in neonatal and weanling piglets.



MATERIALS AND METHODS


Development of the Experimental Subunit Vaccine

Briefly, vaccine construction was as follows. A synthetic DNA sequence, coding for an antigenic epitope common to a broad-spectrum of E. coli serotypes was inserted into the multiple cloning sites of the plasmid by direct ligation into a E. coli-Bacillus subtilis shuttle expression plasmid. The genetic sequence was put under the control of an IPTG inducible promoter present on the expression plasmid. The modified expression plasmid was then transfected into E. coli TOPO 1 cells for confirmation of gene insert and multiplication of the plasmid. Once plasmid insertion was confirmed by colony PCR, DNA sequencing was performed to verify the insert sequence was correct. The multiplied confirmed plasmid was then isolated, concentrated, and transfected into Bacillus subtilis VBTSLL11™, a proprietary Bacillus strain explicitly selected for use in the Biotech Vac platform. Expression of the epitope is under the control of an IPTG inducible promoter present on the expression plasmid. Production of the epitope was confirmed using SDS-PAGE and western blotting. This newly constructed and verified Bacillus strain was used to manufacture the antigenic E. coli subunit. The bacteria were cultured in Tryptic Soy Broth (TSB) at 37°C with slight agitation. After 4 h of growth, the culture was induced with 1 mM of Isopropyl β-D-1-thiogalactopyranoside (IPTG) followed by an additional 5 h of incubation. Once fermentation was complete, the culture was inactivated with formaldehyde (final conc. 0.1% v/v) and added to a proprietary encapsulation media to incorporate the epitopes into micro-particles for delivery. The encapsulation media is comprised of monomeric and polymeric carbohydrates at specific ratios and concentrations, which form the micro-particles during formulation. This matrix protects the subunit as it transits the stomach and dissolves as it moves through the small intestine, eventually delivery the antigenic subunit to antigen presenting cells in the Peyer's patches of the small intestine. The concentration of the antigenic subunit is calculated using a standard direct ELISA assay with a standard curve created using synthetic subunit. Subunit concentration for each 2.0 mL dose of vaccine is ~500 ng.



Animal Use Protocol and Diets

In the present study, all experiments were conducted in an integrated commercial farm in Cordoba, Argentina. In each experiment, all animal handling procedures followed the Institutional Committee's guidelines of use and care of experimental animals of the National Institute of Agronomic Technologies (INTA). All diets were formulated to meet or exceed the National Research Council (26) nutrient requirements, respectively.



Experiment 1. Evaluation of the Induction of Secretory IgA in Colostrum and Serum IgG in Sows
 
Animal Source and Housing Conditions

This study was conducted to evaluate the induction of secretory IgA and serum IgG in sows vaccinated with either a commercial intramuscular E. coli vaccine or intranasal administration of ESV in two independent trials.

The farm has 1,000 sows in an integrated system using Pig Improvement Company (PIC®) genetics (Landrace × Yorkshire) for the complete cycle. Weaned piglets are moved to other units. Artificial insemination is performed in its entirety, with liquid genetics purchased at PIC® from boars line 337. The farm provides 2.5 m2/sow in its gestation facilities. The general management of the females is to keep them individually until 40 days of gestation, where the pregnancy is confirmed by ultrasound. They go to group gestation until they enter the maternity room. Sows are admitted to farrowing at 110 days gestation and are housed in the same room. Deliveries are not hormonally scheduled; they are natural since there are workers on the night shift to attend to them. Lactation period lasts 24 days on average, after which the animals are weaned. Females have a microchip in the ear to access their physiological information (Age, number of deliveries, days of gestation, vaccines received, previous treatments or pathologies, reproductive data). Feeding is with the sorter automatic feeding system. The female enters a crate of her own free will that reads her chip and administers the stipulated amount of food according to nutritional requirements.



Experimental Design

In each trial, 40 pregnant sows were randomly divided into two experimental groups (n = 20 sows). Table 1 shows the number of deliveries and age of the pregnant sows selected for the evaluation of the induction of secretory IgA in colostrum and serum IgG in Experiment 1. The Control group from each trial was vaccinated intramuscularly with a commercial E. coli vaccine according to the label. The other group from each trial was intranasally vaccinated with 2 mL of Biotech Vac E. coli. Each sow was vaccinated with the respective treatment vaccine at weeks 11 and 13 of pregnancy. Blood (collected in serum separator tubes) and colostrum samples were obtained within the first 12 h postpartum and analyzed by ELISA to quantify secretory IgA in colostrum and IgG in the serum as described below.


Table 1. Number of deliveries and age of the pregnant sows selected for the evaluation of the induction of secretory IgA in colostrum and serum IgG in Experiment 1.
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Antigen-Specific ELISA

For the quantification of antigen-specific IgG and secretory IgA, serum was separated from the other blood components by centrifugation after letting the blood clot at room temperature overnight. Colostrum was separated from the milk's fat portion by centrifugation for 60 min at 149,000 × g at 4°C. The colostrum separates into three distinct fractions, fat (top), casein (pellet), and whey (middle clear liquid) fractions, respectively. Greater than 90% of the immunoglobulins are in whey, this was recovered by piercing the fat layer with a Pasteur pipette and drawing up the whey (middle) layer Synthetic antigen homologous to the ESV subunit (50 ng/mL) was absorbed in wells of an immunosorp 96-well plate (Nunc) overnight at 4°C. The following morning, the antigen solution was removed, and wells were blocked with 300 μl of Superblock BSA (Bio = Rad Laboratories) for 1 h at room temperature. Serum (1:400) and colostrum whey (1:50) samples were added to the plate in triplicate and incubated for 1 h at room temperature; the plate was then washed 3X with Washing Buffer (Bethyl Laboratories). The secondary antibody was next added to each sample and control well: serum sample wells were incubated with goat anti-pig IgG-HRP (Bethyl Laboratories, 1 mg/mL, 1:50,000 dil.) or goat anti-pig IgA-HRP (Bethyl Laboratories, 1 mg/ml, 1:40,000 dil.), respectively for 1 h at room temperature. The plate was washed 3 times with Washing Buffer to develop the plate, 100 μl of 1-C TMB Substrate (Bethyl Laboratories) was used according to manufacturer's instructions and allowed to develop for 3 min. The HRP reaction was stopped with 100 μl of diluted 0.16 M sulfuric acid. The absorbance at 450 nm of each well was read using a spectrophotometer (Epoch). The average absorbance obtained from the positive, negative, and sample controls was used to calculate the sample-to-positive (S/P) ratios.




Experiment 2. Evaluation of ESV to Control Enterotoxigenic Escherichia coli in Neonatal Piglets
 
Animal Source and Husbandry

The farrowing house has weekly rooms that are filled with sows with farrow dates in the same week with a capacity of 12 farrowing pens per room. Each farrowing pen is separated by plastic walls ~50 cm high in its entirety, preventing contact between piglets from different farrowing pens. Parturitions are scheduled at day 113. Newborn piglets are dried with paper; their umbilical cord is tied, and it is disinfected with iodine. There is no fang, or tail, cut. The farrowing piglets have a thermal blanket to maintain their body temperature. This blanket will be adjusted as the piglets are older (week of birth: 28°C; week 2: 26°C; week 3: 24°C). Weaning is carried out with an average day of 21 and 6 kg of weight. The piglet sanitary scheme consists of coccidiostat, 1 mL (Diclazuril) on day 1. On day 3, Iron dextran two mL (IM) and Mycoplasma vaccine at 70 and 90 days of life. For the trial, piglets that did not manifest unknown digestive, respiratory disease, or locomotion problems, were randomly selected. As the E. coli challenge was carried out in the same room where there were other piglets, the measures taken to avoid spreading E. coli were: On the day of inoculation, the rest of the piglets that did not participate in the trial were given a dose of free acid Ceftiofur 0.2 ml / piglet, a broad spectrum antibiotic with a depot action of 7 days. Specially colored footwear, gloves, and clothing were utilized when working in the farrowing pens. All piglets were identified by ear tag number.



Experimental Design

In this experiment, twenty-five 3-day old piglets were randomly allocated in one of two experimental groups. A non-treated control group (n = 13) that received 2.0 mL of saline by oral gavage on days 3 and 14 of life or a treated group (n = 12) that received 2.0 mL of ESV vaccine by oral gavage on days 3 and 14 of life. All piglets in both groups were challenged with 2.0 mL of ETEC E. coli by oral gavage (challenge preparation described below) on days 17, 18, and 19 of life. The clinical response of each piglet was monitored throughout the experiment in terms of occurrence of diarrhea, fecal consistency score, and morbidity for 7 days following E. coli challenge. The fecal score is described below. Additionally, individual weight gain was determined. During the course of the experiment, neither the piglets nor the lactating sows received antibiotic treatment, and antibiotics were not present in the commercial feed.



Challenge With Enterotoxigenic Escherichia Coli

Two wild-type Enterotoxigenic E. coli (ETEC) field isolates, VBTEColi-1 and VBTEColi-2, originally isolated from swine farms in Argentina were grown individually to log phase, combined, serially diluted, and enumerated by spectrophotometric density and comparison to a previously generated standard curve. Combined, these strains produce LT and STb toxins and the K88 and F18 fimbriae.

These strains were diluted to ~108 cfu/mL for the challenge by oral gavage at a dose of 2.0 mL/pig for the number of consecutive days as described above and below.




Experiment 3. Evaluation of ESV to Control Enterotoxigenic Escherichia coli in Weanling Piglets
 
Animal Source and Husbandry

The experimentation unit was 80 meters away from the farm. It was a mobile unit with a capacity for 100 pigs up to 25 kg. Sidewalls of double curtain with UV protection plus a stainless steel mesh, the ceiling was made of plastic sheet with insulating material inside, the floor was plastic slats with collection of fecal matter in trays, with waste form the experimental unit collected by a pathogenic waste company and disposed of off-site. The unit had a 400-liter tank for drinking water and two feeders (One in each pen). The piglets were weaned at an average of 21 days of life and taken to this unit, conditioned at 28°C, and commercial pre-starter feed in floor presentation was available.



Experimental Design

In this experiment, thirty 28-day-old piglets were randomly assigned to either a non-treated control group or a ESV vaccine treated group (n = 15/group), transferred to adjacent weaning boxes isolated from the rest of the commercial farm, and allowed to acclimate for 5 days. Following the acclimation period (day 33 of life), pigs were either given by oral gavage 2.0 mL saline (control group) or 2.0 mL Biotech Vac E. coli. Subsequently, the same treatment was administered 10 days (day 43 of life) following the first administration. Three and four days following the second treatment administration (day 46 and 47 of life), all pigs in both groups were challenged with 2.0 mL of ETEC by oral gavage (challenge preparation described above). Pigs in both groups were observed for 10 days following the challenge. The clinical response of each piglet was monitored throughout the experiment in terms of occurrence of diarrhea, fecal consistency score, and morbidity. Also, individual weight gain was measured. Pigs were fed standard commercial diets containing no antibiotics.




Fecal Scoring

In each experiment, subjective diarrhea scores were recorded daily by the same person and were based on the following: 1, well-formed feces; 2, mild diarrhea; 3, severe diarrhea (27). Scores were recorded on a pen basis following observations of individual pigs and signs of stool consistency. The score is reported as the number of piglets with diarrhea score/number of piglets in the group (%).



Statistical Analysis

Body weights and S/P ratio were subjected to one-way ANOVA as a completely randomized design using the GLM procedure of SAS (28). Treatment means were partitioned using Duncan's multiple range test at α <0.05 and α <0.01 indicating statistical significance. Fecal scoring was compared by a chi-square test of independence (29) to determine the significance at α <0.001.




RESULTS

Figure 1 shows the evaluation of secretory IgA induction in colostrum and serum IgG in sows vaccinated with either a control commercial intramuscular E. coli vaccine or intranasal administration of ESV in two independent trials of Experiment 1. In both trials, intranasal vaccination with ESV significantly elevated the S/P ratio of antigen-specific secretory IgA in the colostrum of sows (P < 0.01 trial 1; P < 0.05 trial 2) sampled within 12 h postpartum as compared to the control group (Figure 1A). Interestingly, the antigen-specific serum IgG S/P ratios were similar (P > 0.05) between the treatment and trial groups (Figure 1B).


[image: Figure 1]
FIGURE 1. ESV antigen-specific ELISA S/P ratios from vaccinated pregnant sows in Experiment 1. (A) Secretory IgA S/P ratio in colostrum. (B) IgG S/P ratio in serum. Control—commercial IM E. coli vaccination. Experimental subunit vaccine (ESV)—intranasal vaccination. *P < 0.05 and **P < 0.01 (n = 20 sows/group/trial).


The evaluation of ESV against ETEC on diarrhea scores of neonatal piglets displaying colibacillosis in Experiment 2 are shown in Figure 2 and Table 2. Forty-eight hours after challenge, 100% (13/13) of the piglets in the saline control group had developed clinical signs, including lethargy, hollow flanks, anorexia, and diarrhea consistent with colibacillosis, with diarrhea continuing for 72 h. In contrast, the piglets that were treated with ESV exhibited no clinical signs and did not develop diarrhea (P < 0.001) throughout the 7-day observation period (Figure 2 and Table 3). In this experiment, piglets in both groups started with the same average body weight. However, 7 days post E. coli challenge, piglets in the ESV treated group had a significant (P < 0.05) increase in final body weight and body weight gain when compared to the saline control piglets (Table 4). No mortality was observed in either treatment group.


[image: Figure 2]
FIGURE 2. Visual representation of colibacillosis clinical signs and associated diarrhea in Experiment 2. Piglets in the ESV vaccinated group displayed normal behavior and were absent of clinical signs (Left), while piglets in the Control group huddled together and were lethargic (Right).



Table 2. Evaluation of an experimental subunit vaccine (ESV) orally administered (Biotech Vac E. coli) against enterotoxigenic E. coli (ETEC) on diarrhea scores of neonatal piglets displaying colibacillosis.
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Table 3. Evaluation of an experimental subunit vaccine (ESV) against enterotoxigenic E. coli (ETEC) on initial body weight, final body weight (day 26), and body weight gain of neonatal piglets.

[image: Table 3]


Table 4. Evaluation of an experimental subunit vaccine (ESV) against enterotoxigenic E. coli (ETEC) on diarrhea scores of weanling piglets displaying colibacillosis.

[image: Table 4]

The results of the evaluation of ESV against ETEC on diarrhea scores of weanling piglets displaying colibacillosis in Experiment 3 are shown in Figure 3 and Table 5. A significant reduction (P < 0.001) in the percentage of ETEC associated diarrheas in the group treated with ESV compared to the saline control group at 72 h and 96 h post-ETEC challenge (Table 5). In the control group, piglets displayed sunken flanks and were lethargic, with many showing a roughened hair coat (hirsute) (Figure 3). Fecal scores for both treatment groups returned to normal by the 7th-day post-challenge. However, piglets in the ESV treated group had a significant (P < 0.05) increase in final body weight and body weight gain when compared to the saline treated controls (Table 5). No mortality was observed in either treatment group.


[image: Figure 3]
FIGURE 3. Visual representation of colibacillosis clinical signs and associated diarrhea in Experiment 3. (A) Piglets in the ESV vaccinated group displayed normal behavior and were absent of clinical signs (bottom) while piglets in the Control group huddled together and were lethargic (top). (B) Widespread colibacillosis was present in the Control group.



Table 5. Evaluation of an experimental subunit vaccine (ESV) against enterotoxigenic E. coli (ETEC) on initial body weight, final body weight (day 57), and body weight gain of weanling piglets.
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DISCUSSION

Gastrointestinal illnesses with ETEC persist as a severe health issue for humans, piglets, and calves. In neonate and weaned piglets, ETEC-related diarrhea causes significant economic losses to the pig industry due to morbidity, mortality, and reduced performance and medication costs associated with the disease (15, 30). The continued emergence of antibiotic resistance among ETEC isolates associated with colibacillosis and post-weaning diarrhea has forced the scientific community to evaluate the use of alternative disease control measures, such as new vaccination strategies with oral fimbria adhesins, dietary administration zinc, spry-dried plasma, probiotics, prebiotics, organic acid, and even yolk antibodies from hens immunized with fimbria adhesins. In many instances, these new alternatives need further research and implementation (4).

In general, whole-cell vaccines, either attenuated or killed, may contain detrimental antigens associated with adverse effects or reduce efficacy. Furthermore, attenuated vaccines risk a reversion to a virulent from due to horizontal gene transfer from related Enterobacteriaceae. Killed vaccines (bacterins) require several immunizations and often do not confer serotype cross-protection. In contrast, subunit vaccines are developed to carry specific and well-defined epitopes that induce specific immune responses (25). Several successful studies have shown the promise of subunit vaccines against ETEC (31) or extraintestinal pathogenic Escherichia coli (32, 33) in humans. In mice, subunit vaccines against enteropathogenic Escherichia coli (EPEC) have been shown to elicit strong secretory IgA and cellular immune responses following nasal application (34). In swine, subunit vaccines have also shown positive results against porcine transmissible gastroenteritis virus (35), porcine reproductive and respiratory syndrome virus (30), and porcine epidemic diarrhea virus (36). In all cases, the successful subunit vaccines induce strong mucosal immunity. As mention previously, mucosal surfaces serve as the primary portal of entry for most pathogens. Hence, mucosal vaccination provides a safe and efficient mechanism to induce systemic and mucosal immunity against pathogens (37).

In the present study, intranasal vaccination with the ESV significantly increased the secretory IgA levels in the colostrum of postpartum sows in two independent trials compared to a commercial intramuscular vaccine, suggesting that mucosal immunity is activated with the ESV. It is remarkable to observed that intranasal vaccination, also mounted a similar IgG response to the IM vaccinated group. Vaccination of sows and the subsequent passive immunization of piglets against colibacillosis provided by antibodies are essential in preventing disease in suckling piglets (38). Further studies to evaluate the impact of the ESV antigen-specific colostrum antibody on the passive prevention of colibacillosis in matched suckling piglets require further investigation. Moreover, the results of two separate ETEC challenge experiments in the commercial neonate and weanling piglets that received two doses of ESV showed reductions of clinical symptoms associated with E. coli as well as significant reductions in the severity of E. coli associated diarrheas. In Experiment 2, the saline treated control neonatal suckling piglets experiencing diarrhea while the vaccinated group did not display diarrhea. Early vaccination and immune response are necessary to prevent post-weaning diarrhea (39). In Experiment 3, ESV protected ETEC induced colibacillosis after piglets have been weaned as well and the symptoms and the diarrhea were also significantly reduced. These results suggest that the inactivated orally administered subunit vaccine platform offers a promising alternative for controlling infections and pathogens associated with colibacillosis. Since the vaccine antigen is not based on fimbriae or toxins, ESV potentially offers universal colibacillosis protection that is simple to administer and safe to use.
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Consumption of contaminated poultry products is one of the main sources of human campylobacteriosis, of which Campylobacter jejuni subsp. jejuni (C. jejuni) and C. coli are responsible for ~98% of the cases. In turkeys, the ceca are an important anatomical site where Campylobacter asymptomatically colonizes. We previously demonstrated that commercial turkey poults colonized by C. jejuni showed acute changes in cytokine gene expression profiles, and histological intestinal lesions at 2 days post-inoculation (dpi). Cecal tonsils (CT) are an important part of the gastrointestinal-associated lymphoid tissue that surveil material passing in and out of the ceca, and generate immune responses against intestinal pathogens. The CT immune response toward Campylobacter remains unknown. In this study, we generated a kanamycin-resistant C. coli construct (CcK) to facilitate its enumeration from cecal contents after experimental challenge. In vitro analysis of CcK demonstrated no changes in motility when compared to the parent isolate. Poults were inoculated by oral gavage with CcK (5 × 107 colony forming units) or sterile-media (mock-colonized), and euthanized at 1 and 3 dpi. At both time points, CcK was recovered from cecal contents, but not from the mock-colonized group. As a marker of acute inflammation, serum alpha-1 acid glycoprotein was significantly elevated at 3 dpi in CcK inoculated poults compared to mock-infected samples. Significant histological lesions were detected in cecal and CT tissues of CcK colonized poults at 1 and 3 dpi, respectively. RNAseq analysis identified 250 differentially expressed genes (DEG) in CT from CcK colonized poults at 3 dpi, of which 194 were upregulated and 56 were downregulated. From the DEG, 9 significantly enriched biological pathways were identified, including platelet aggregation, response to oxidative stress and negative regulation of oxidative stress-induced intrinsic apoptotic signaling pathway. These data suggest that C. coli induced an acute inflammatory response in the intestinal tract of poults, and that platelet aggregation and oxidative stress in the CT may affect the turkey's ability to resist Campylobacter colonization. These findings will help to develop and test Campylobacter mitigation strategies to promote food safety in commercial turkeys.

Keywords: Meleagris gallopavo (Turkey), Campylobacter coli, cecal tonsil, RNAseq analysis, acute phase protein


INTRODUCTION

Campylobacteriosis is the most prevalent bacterial foodborne disease in humans worldwide (1). Thermophillic Campylobacter jejuni subsp. jejuni (C. jejuni) and C. coli are responsible for almost 100% of cases in humans, of which up to 70% of human cases (2) are caused by ingesting or handling contaminated poultry products (3). As intestinal commensals, thermophilic campylobacters asymptomatically persistently colonize the cecum of chickens (4) and turkeys (5, 6). Acutely after colonization, some strains of C. jejuni have been shown to induce an upregulation of pro-inflammatory cytokines and chemokines genes in the cecum of chickens (7–13) or turkeys (6), as well as mild histological changes were detected in the cecum of turkeys post-colonization (6). In turkeys, expression of pro-inflammatory genes and histologic lesions resolved by day 7 post-colonization to levels detected in mock-colonized age-matched poults (6). Similar kinetics in the expression of pro-inflammatory cytokine interferon-gamma (IFNγ) were detected in cecal tissue of chickens colonized by Campylobacter (7). It appears that Campylobacter can modulate the cecal immune response shortly after colonization, but the mechanism is unknown. Studying the acute host-response may help design mitigation strategies to diminish Campylobacter colonization in turkeys.

Both chickens and turkeys lack intestinal lymph nodes, but have a diverse complement of gastrointestinal-associated lymphoid tissues (GALT) populating the mucosal surface of the intestinal tract, and include the bursa of Fabricius, cecal tonsils (CT), Peyer's patches, Meckel's diverticulum, and discreet lymphocyte aggregates located in the intestinal lamina propria. Poultry have two ceca, each with an accompanying CT. Anatomically, CT are uniquely situated at the base of each cecum, where immune cells sample intestinal contents entering and leaving each cecum. Intestinal contents are propelled in between the ceca and colon of poultry in a process of peristalsis and antiperistalsis, which is controlled by the enteric nervous system (14). C. jejuni heavily colonizes the cecum of turkeys with ≥108 cfu/g of cecal contents after experimental inoculation (5). The CT are large lymphoid aggregates in the poultry GALT, and are important to control infectious diseases or respond to vaccines in the distal intestinal tract (15, 16). The cellular composition of chicken CT are rich in B and T cells (17), and IgA secreting cells (18) and CD4+ T cells (19) in turkeys. Initially, CD4+ T cells populate the chicken CT, and are slowly replaced in time by B cells and IgM/IgA secreting plasma cells (20). In spite of repeated exposure of Campylobacter to cells of CT, little is known about the role of CT immune response to Campylobacter, especially C. coli. Germ-free chicks mono-associated with C. jejuni demonstrated an influx of B and T cells to the CT (21). Differences in the expression of pro-inflammatory cytokines and chemokines were detected in chicken CT tissue following oral gavage with a C. jejuni lysate, with or without different adjuvants (22). C. jejuni outer membrane proteins can stimulate an inflammatory response after directly interacting with CT cells (23). In this study, turkeys were acutely colonized with C. coli and we sought to characterize the host-response in intestinal tissues, focusing on the CT. We hypothesized that changes in gene expression in the CT of C. Coli colonized poults may help explain why poults fail to clear Campylobacter after inoculation.



MATERIALS AND METHODS


Generation of Campylobacter coli Antibiotic Resistant Construct

The CmeF locus was selected as insertion site of kanamycin (Kan) antibiotic resistant cassette into wild-type Campylobacter coli strain 80-102 (ATCC 43481), which was originally isolated from turkey feces in Colorado. This locus was previously used to transform wild-type C. jejuni strain NCTC 11168 with chloramphenicol or kanamycin resistance cassettes to create antibiotic resistant constructs (6, 24). Briefly, two sets of primers were designed to amplify both ends of the CmeF gene and were used as the flanking sequences to help integrate the Kan resistance cassette into the C. coli chromosome by homogenous recombination (Pair one: Cme-1F: 5′-CCTAAGGAAAGATCATTCACTCCAGCTGTG-3′, Cme-1R:5′-GATATATTGATAAGCGGGATCCGCGTGCAGGCATTGATGATCCCG-3′; Pair two: Cme-2F:5′-GTCTTAGCATTATCCTGCAGTTCGCAGCTTGTAAAGGCGGAT-3′, Cme-2R: 5′-GAACTTAGCAATCTTCGCATAAAAACAGGAG-3′). The Kan resistance cassette was amplified from pMW10 (25) by the following primers: kanF 5′-CGCGGATCCCGCTTATCAATATATCTATAGAATGG-3′, kanR 5′-GAACTGCAGGATAATGCTAAGACAATCACTAAAG-3′. An overlap PCR was performed to get a three-fragment-ligated product (CmeF-part1_Kan_CmeF-part2). The CmeF-Kan resistance cassette fragments were introduced into C. coli isolate 80-102 using an electroporator (Gene Pulser Xcell System; Bio-Rad Laboratories, Richmond, CA, USA), and incubated onn Muller Hinton agar (MH; Neogen Corporation, Lansing, MI) for 5 h. Transformants (CmeF::Kan) were selected on MH agar containing kanamycin (30 μg/L) cultured at 42°C in a microaerophilic gas environment (5% O2, 10% CO2 and 85% N2 gas) for 48 h, and individual colonies were tested using PCR to ensure the Kan resistance cassette was inserted into the cmeF gene. The resistance of different CmeF::Kan transformants was determined by culturing individual colonies were on Campy Line agar (CLA) (26) containing different concentration of kanamycin (25, 50 or 100 μg/mL) at 42°C in a microaerpohillic gas environment. CmeF::Kan transformants (herein named CcK) were considered kanamycin resistant if they grew on CLA containing at least 100 μg/mL kanamycin. Once antibiotic resistance was determined, aliquots of the strain were stored at −80°C in MH broth containing 10% (v/v) sterile glycerol.



C. coli Motility and Growth Curves

The motility of wild type C. coli or kanamycin-resistant construct CcK used in these studies were assessed each time it was used. Briefly, cryopreserved C. coli were inoculated onto a CLA plate, with or without kanamycin (100 μg/mL), and were cultured in a microaerophilic gas incubator at 42°C for 18 h. Up to 5 colony forming units (cfu) of each strain were used to inoculate Bolton's broth base (Neogen Corporation), and was incubated shaking (100 rpm) in a miroaerophillic gas environment at 42°C for 18 h. Ten microliter of each broth culture was microscopically visualized at 400X magnification using a Nikon Eclipse Ni dark-field microscope (Nikon Instruments Inc., Melville, NY). Motility was visually assessed. Strains were considered motile if they had a positive motility agar test or had at least 90% of the organisms actively moving. If motility wasn't detected in the agar stab, or <90% were motile by microscopic observation, the inoculum was not used.

Preparation of the growth curve inocula were performed by static culture of CcK and its parent strain at 42°C in the broth phase of biphasic MH broth and agar (2% w/v) in a microaerophilic gas environment (5). Growth curves were performed in octuplet using instrument-specific microplates in a Bioscreen C plate reader (Growth Curves USA, Piscataway, NJ), measuring OD600 every 2 h for 48 h. To limit aggregation, which may impact optical density values, microplates were shaken for 30 s prior to each OD600 reading. For each replicate of each isolate, MH broth culture volumes were 200 μL, and were incubated at 42°C in a microaerophilic gas chamber. Uninoculated media served as a control to subtract OD600 background. The logistical area under the curve, growth rate and generation time were determined by analyzing growth curve data using the R package growthcurver (27).



Animal Experimental Design

This animal experiment was conducted according to the regulations established by the NADC Institutional Animal Care and Use Committee. Day of hatch Hybrid jake poults (n = 45) were obtained from a commercial breeder and co-housed in a single ABSL-2 room. Throughout the study, poults were fed a turkey poult starter ration and had water available ad libitum. The Campylobacter status of experimental poults was determined at day 15 of age by randomly selecting and euthanizing n = 5 poults. Necropsy was performed to harvest 1 g of cecal contents, which was cultured by enrichment in 10 mL of Bolton's broth base containing Campylobacter selection supplement (Neogen Corporation) for 48 h in a microaerophilic gas environment at 42°C (28, 29). Afterward, 100 μL was cultured for 48 h at 42°C in a microaerophilic environment on Campy Line agar containing 25 μg/mL sulfamethoxazole (CLA-S) (30). Poults were considered free of Campylobacter colonization if no colonies resembling pure cultures of C. jejuni or C. coli were recovered after enrichment. After co-housing for 20 days, the remaining (n = 40) poults were evenly distributed into two ABSL-2 rooms for challenge (n = 20/room). Room temperature, humidity and lighting cycle were approximately the same for the ABSL-2 rooms. Preparation of C. coli CcK inoculum was performed by subculturing at least 5 colonies from a pure culture of CcK on CLA-S agar supplemented with 100 μg/mL kanamycin (CLA-S-K) into 100 mL of MH broth and cultured in a microaerophilic gas environment at 42°C shaking at 100 rpm for 48 h. On the day of challenge, the OD600 value was adjusted to 0.4 in sterile MH broth. The cfu/mL of each inocula was enumerated using serial dilation CLA-S agar supplemented with 100 μg/mL kanamycin, and motility was assessed using dark-field microscopy, as described above. At 21 days old, all poults (n = 20) within a room were individually inoculated by orally gavage with either 1 mL of MH broth containing approximately 5 × 107 cfu of CcK, or mock inoculated with 1 mL of sterile MH broth. At 1- and 3-days post-inoculation (dpi), n = 10 poults from the CcK or mock-inoculated rooms were randomly selected, bled from their brachial vein and euthanized by intravenous barbiturate overdose. Necropsy was performed to harvest cecal contents for enumeration of CcK from each animal. Intestinal tissues, including ileum, CT and colon were fixed in buffered neutral formalin for histological analysis and the remaining CT was preserved in RNALater for isolation of total RNA.



Enumeration of C. coli From Intestinal Samples

Cecal contents were stored on ice and transported to the laboratory for culture. From each animal, 1 g of cecal contents was diluted in 9 mL of sterile PBS, vortexed for 5 s and serially diluted up to 10−6. Enumeration was performed utilizing the track-plating dilution method (5, 31), where 10 μL of each dilution was plated in duplicate on CLA-S-K and incubated at 42°C in a microaerophilic environment for 48 h. Colony forming units resembling those from pure cultures of C. coli isolate 80-102 were enumerated. For statistical purposes, if no colonies resembling C. coli grew, the sample was assigned the culture limit of detection value of 103 cfu/g of contents. Poults were considered positive for Campylobacter colonization if at least one colony was cultured on CLS-S-K media.



Histological Analysis

At necropsy, colon, ileum, cecum and a CT were immersed in 10% buffered neutral formalin, and fixed for 48 h. Tissues were transferred and stored in 70% ethanol before cutting into histology cassettes and embedding in paraffin for thin sectioning (5 μm), and stained with hematoxalin and eosin. Slides were single-blinded analyzed and scored by a poultry pathologist (YS) for lesions. Because Campylobacter are commensals of the poultry intestinal microbiota, and severe lesions are not observed in experimentally colonized poults (6), a unique scoring system was used to evaluate changes of the intestinal histomorphology. The following criteria were scored from ten random fields per tissue at 400X magnification: (1) Heterophils in lamina propria; score (<3, 0; ≥3–5, 1; ≥5–10, 2; ≥10, 3), (2) Heterophil margination in epithelium; score (<10%, 0; ≥10–25%, 1; ≥25–75%, 2; ≥75%, 3), (3) Edema in lamina propria; score (<10%, 0; ≥10–25, 1; ≥25–75, 2; ≥75, 3), (4) Goblet cell hyperplasia; score (<10%, 0; ≥10–25%, 1; ≥=25–75%, 2; ≥75%, 3). (5) Crypt ectasia (small) <100 μm; score (<3, 1; ≥3–5, 2; >5, 3), (6) Crypt ectasia (large); ≥100 = 400 μm, add 2 to score from crypt ectasia (small); ≥400 μm, add 3 to score), (7) Apoptotic/necrotic cells in lamina propria; score (<10%, 0; ≥10–25%, 1; ≥25–75%, 2; ≥75%, 3) and (8) Blunting ± fusion of epithelium; score (no lesions, 0; mild blunting, 1; moderate to marked blunting, 2; severe blunting and fusion ± blebbing, 3). For each group, the final scores were averaged. The minimal and maximal scores were 0 and 24, respectively.



Alpha-1 Acid Glycoprotein ELISA

Prior to euthanasia, ~3 mL of blood was sampled from the brachial vein and clotted by incubating at 37°C for 4 h. Afterwards, blood was centrifuged at 1,200 × g for 10 min at 4°C, serum was removed and stored at −20°C. Serum alpha-1 acid glycoprotein (AGP) levels were measured, performed in triplicate for each serum sample, using a commercially available turkey-specific AGP ELISA (Life Diagnostics Inc.; West Chester, PA). Following the manufacturer's protocol, serum samples were diluted and absorbance at 405 nm was measured using a Synergy HT spectrophotometer (BioTek; Wintooski, VT). Per the manufacturer's recommendation, the AGP concentration (ng/mL) was extrapolated from an AGP standard curve, using BioTek Gen 5 software.



RNA Preservation, Total RNA Extraction, and RNAseq Library Preparation

Total RNA from the remaining CT from each poult was preserved by immersing the tissue in 5 mL of RNALater stabilizer solution (Life Technologies, Carlsbad, CA), and were incubated at 4°C for 24 h (6). The CT was snap frozen by placing it in an internally threaded cryovial and fully immersing in liquid nitrogen for 1 min. Cryovials were then stored indefinitely in a −80°C freezer. For total RNA isolation, up to 150 mg of CT was placed into a gentleMACS M tube (Miltenyi Biotec Inc., San Diego, CA) containing 1 mL of TRIZOL reagent (Life Technologies). Tissue was homogenized using a gentleMACS Octo Dissociator (Miltenyi Biotec Inc.) using the gentleMACS program RNA_02. The homogenate was centrifuged in the M tube for 30 s at 800 × g at room temperature, and supernatant was transferred to nuclease-free 1.5 mL microfuge tubes. Two hundred microliter of chloroform was added and up to 300 μL of the aqueous phase was harvested after centrifugation for 15 min at 12,000 × g at 4°C. The aqueous phase was further processed using mirVana miRNA isolation kit without phenol, per the manufacturer's protocol (Ambion, Carlsbad, CA). The quantity of eluted total RNA was spectrophotometrically estimated using a NanoDrop-2000 instrument (Thermo Fisher Scientific, Waltham, MA). Per the manufacturer's protocol, up to 500 ng of total RNA was evaluated for RNA integrity using an RNA ScreenTape and 2200 TapeStation instrument (Agilent Technologies Inc., Santa Clara, CA). Total RNA was stored at −80°C in nuclease free tubes until used to prepare RNAseq libraries. All samples had RNA integrity number equivalent (RINe) values ≥ 8, indicating the high quality of total RNA isolated from CT samples. Up to 100 ng of total RNA was used to generate sequencing libraries using TruSeq stranded mRNA library kit (Illumina; San Diego, CA).



RNAseq Analysis

Eight library samples per lane were randomly assigned across 4 lanes of a HiSeq 3000 (Illumina), and paired end 100 bp sequencing was performed. The quality of the sequenced reads was analyzed using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were aligned to the turkey reference genome (UMD 5.0, NCBI Annotation 101) and read counts were quantified using the STAR algorithm v2.5.2b (32). Genes that had raw read count <10 in all samples were considered as a low signal and removed from the differential gene expression analysis. The gene counts for each sample were transformed and normalized using the Bioconductor package DESeq2 v1.24.0 (33) in R v3.5.0. Principle Component Analysis (PCA) was performed to determine any expression outliers based on overall gene expression counts. Linear regression models within DESeq2 were used to test differentially expressed genes between case and control groups. The effect of known covariates between case-control status including RNA quality (e.g., RNA integrity number) and sequencing slide differences was tested using Student's T-test (R software). In addition, to account for the underlying unmeasured confounding factors in the RNA-Seq data, we used SVAseq (34) with default parameters to estimate surrogate variables (SVs). None of the estimated SVs differed significantly between case-control status in both 1 and 3 dpi, so we did not include them in the differential gene expression analysis model. We considered fold change ≥1.5 (≥0.58 log2FC) with FDR < 0.05 as a significantly differentially expressed gene (DEG). To identify functional groups from the DEG, we tested gene sets of Gene Ontology Biological Processes (GO:BP) terms using DAVID (35) online tool with default parameters. The GO terms with FDR < 0.1 were considered as enriched. Raw sequenced reads and processed data have been deposited in NCBI Gene Expression Omnibus database and are available under accession GSE158639 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158639).



Statistical Analysis

Data for C. coli enumeration were analyzed using an unpaired t-test with Welch's correction using Prism statistical software v8.1.2 (Graph Pad Software Inc., San Diego, CA) to detect differences between time points. Data for serum alpha-1 acid glycoprotein concentration and histological scoring were analyzed for significant differences between groups or treatment days using a one-way ANOVA followed by Tukey post-hoc multiple comparisons test using Prism. Growth curve data were analyzed for logistical area under the curve, generation time and growth rate using the R package growthcurver (https://github.com/cran/growthcurver) (27). Results were considered significant at values of p ≤ 0.05.




RESULTS AND DISCUSSION


In vitro Growth and Motility of Wild-Type C. coli and Kanamycin-Resistant Construct CcK

In order to more easily enumerate C. coli from cecal contents, a kanamycin-resistant construct (CcK) was generated by inserting the kanamycin-resistance cassette into CmeF (CmeF::Kan) in the chromosome of C. coli parent strain ATCC 80-102. The same locus was previously used to generate antibiotic resistant constructs of C. jejuni (6, 24). The parent strain was killed by addition of 10 μg /mL of kanamycin into CLA-S agar, whereas CcK grew on CLA-S containing 25, 50 or 100 μg/mL of kanamycin. Analysis of growth between the parent strain and CcK (Supplementary Figure 1) demonstrated significant differences (p < 0.05) in the logistical area under curve, doubling time and growth rate (Supplementary Figure 2). Motility is essential for Campylobacter colonization in turkeys (Sylte, 2018). No difference in motility was detected between CcK and its parent strain. Overall, these data demonstrate that CcK construct didn't affect motility, but in vitro growth of CcK was significantly different (p < 0.05) than its parent strain. While the purpose of this study was not to compare the wild type and the antibiotic-resistant construct, it is important to acknowledge that these genetic changes could potentially affect colonization in vivo. For example, the acquisition of antibiotic resistance, particularly chromosomal mutations, comes at a biological cost, in the absence of antibiotic selective pressure. This may result in a decreased fitness such as a reduced in vitro growth rate or a decrease in ability to persist in the host (36–38). As such, we cannot exclude the possibility that an altered in vitro fitness may affect the host response compared to a wild-type C. coli isolate.



Cecal Colonization of Turkey Poults With CcK

Poults used in this study were free of detectable Campylobacter prior to experimental inoculation, based on lack of Campylobacter recovery after enrichment of cecal contents. At 1 dpi, all sampled poults (n = 10) in the CcK group were positive for colonization with 3.32 × 107 ± 4.4 × 106 cfu/g of cecal contents (Figure 1 and Table 1). By 3 dpi, 8/10 poults (Table 1) in the CcK group were positive for colonization with significantly less (p = 0.0021) CcK recovered (7.63 × 106 ± 5.52 × 106 cfu/g of cecal contents) that at 1 dpi. Mock-colonized poults remained free of detectable CcK contamination throughout the study (Table 1). The 1 and 3 dpi CcK cecal colonization data are similar to levels seen 2 dpi in turkeys infected with chloramphenicol- or kanamycin-resistant constructs of C. jejuni (6). In the absence of kanamycin, a loss of fitness may explain the significant decrease in CcK cecal colonization between 1 and 3 dpi. However, we were concerned about the detrimental effects on the intestinal microbiota, and didn't administer kanamycin to poults after inoculation. Diminished fitness of C. jejuni in the absence of a positive selection antibiotic is supported by previous work where erythromycin resistant C. jejuni was less ecologically fit than the erythromycin sensitive parent strains, and failed to transmit to chickens already colonized by erythromycin sensitive C. jejuni (38).We think a decrease in CcK fitness would be minimized by the acute design of this study, but should be considered for animal studies longer designed to achieve Campylobacter persistence.
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FIGURE 1. Enumeration of antibiotic resistant construct CcK from cecal contents of turkey poults. Data represent the mean CcK cfu/g of cecal contents from each poult and the mean (solid bar) ± SEM at 1 and 3 dpi. Statistical differences in the number of enumerated CcK cfu/g of cecal contents was determined using an unpaired t-test with Welch's correction. Significant differences (p < 0.05) between different time points are represented by an asterisk (*).



Table 1. Summary of CcK direct plate enumeration and post-culture validation from cecal samples 1 and 3 dpi.
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Host-Response to CcK Colonization

Campylobacter mainly colonize the distal intestinal of turkey poults (5), and produce a temporal change in expression of pro-inflammatory genes in the cecum and intestinal histological lesions (6), but it was unknown whether the inflammatory response extended beyond the intestinal tract. Alpha-1 acid glycoprotein (AGP; also known as orosomucoid 1) is a positive acute phase protein produced in poultry. The only commercially available, turkey-specific reagent to test production of acute phase proteins is for AGP. It is best characterized in chickens, and increases in response to bacterial, viral or other inflammatory stimuli (39–44), and may modulate phagocytosis and bacterial killing by heterophils (45). Less is known about the biology of AGP in turkeys, especially if C. coli colonization affects serum AGP levels. At 3 dpi, serum AGP levels were significantly elevated (p < 0.001) in CcK-colonized poults (Figure 2). These data indicate that inflammation from CcK colonization induced a systemic response. Because of the acute nature of this study, we were unable to follow the kinetics of serum AGP levels after CcK colonization. However, our data are similar to those in layer hens orally inoculated with S. enterica serovar Enteritidis, which induced a significant increase in serum AGP concentration (43). Production of AGP is temporal in chickens (44), and is likely the same in turkeys after CcK colonization. Pro-inflammatory cytokines IL-1β, TNFα or IL-6 induce AGP expression from the liver (46), the main tissue producing APG in chickens (47). Our previous work demonstrated elevated cecal il6 expression 2 dpi in C. jejuni inoculated poults (6). We did not test for cytokine gene expression in cecal tissue in this study, but cecal IL-6 or other pro-inflammatory cytokines may be the cause of elevated serum AGP at 3 dpi.
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FIGURE 2. Serum alpha-1 acid glycoprotein (AGP) concentration in CcK- or mock-colonized turkey poults. Data represent the mean AGP (ng/mL) from CcK- or mock-colonized poults and the mean (solid bar) ± SEM at 1 and 3 dpi. Statistical differences between means were determined using one-way ANOVA followed by a post-hoc multiple comparisons test (Tukey). Significant differences (p < 0.05) different time points and treatments are represented by different letters.


To further assess the host-response to CcK colonization, single blinded histological scoring of intestinal tissues (e.g., cecum, cecal tonsil, colon, and ileum) from mock- and CcK-inoculated poults at 1 and 3 dpi was performed. At 1 and 3 dpi, CcK inoculated intestinal tissues had significantly higher (p < 0.03) mean histological scores (Figure 3A). Scores for cecum and cecal tonsil tissues were analyzed, and significant lesion scores (p < 0.0001) were noted at 1 dpi, but not 3 dpi, in the cecum of CcK-colonized poults (Figure 3B). Significant differences (P < 0.0001) in histological scoring was detected at 3 dpi, but not 1 dpi, in the cecal tonsil of CcK-colonized poults (Figure 3C). Representative images for the intestinal tissue comparisons show areas of necrotic or dilated crypts with intralesional bacteria (Supplementary Figures 3–5). These results are similar to previous work where significant histological lesion scoring was detected acutely in intestinal tissues of turkeys inoculated by C. jejuni at 2 dpi, but not at 7 or 14 dpi (6). Common lesions in CcK inoculated cecum at 1 dpi were severe blunting of cecal villi and necrotic crypts, and degenerate heterophils in the cecal tonsils at 3 dpi.
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FIGURE 3. Histological scoring of intestinal tissues. A grading score was used to evaluate the following changes of the intestinal histomorphology in CcK- or mock-colonized poults at 1 and 3 dpi: (1) number of heterophils in the epithelium, lamina propria, and submucosa/muscularis as a possible indicator of inflammation and immune activation, (2) presence of small granulomas within the lamina propria, (3) crypt ectasia with or without heterophilic accumulation, (4) presence of apoptotic cells in the lamina propria, (5) areas with attenuated epithelium. Intermediate scores for each category (1–5) was obtained for all intestinal sections (ileum, cecal tonsils, ceca, and colon) for each bird. The final histological score of one poult was the sum of each intermediate scores. For each group, the final scores were averaged for (A) all intestinal tissues, (B) cecum only and (C) CT only and differences between means were determined using one-way ANOVA followed by a post-hoc multiple comparisons test (Tukey). Significant differences (p < 0.05) within time points are represented by an asterisk (*).


Previously, we've demonstrated expression of pro-inflammatory genes, including IFNγ in the cecum, and histological lesions in the distal intestinal tract of poults 2 dpi C. jejuni colonization (6). Similar kinetics in the expression of pro-inflammatory cytokine IFNγ were detected in cecal tissue of chickens colonized by Campylobacter, and it's hypothesized that impairing ifng expression may be responsible for Campylobacter colonization (7). The rapid decrease in expression of pro-inflammatory genes in the cecum shortly after Campylobacter colonization represents an important opportunity to improve Campylobacter mitigation strategies. We sought to examine the acute host-response in the cecal tonsil of CcK and mock-colonized poults at 1 and 3 dpi and used RNAseq-based approaches to globally identify the transcriptional changes in the CT samples. To our knowledge, this is the first description of transcriptional changes in the CT of poultry after Campylobacter colonization. All CcK- and mock-inoculated samples used in this study are detailed in Supplementary Table 1. RNA integrity ranged from 9.3 to 10 for the 32 samples. At both 1 and 3 dpi, mock colonized (n = 8) and CcK colonized (n = 8) RNA samples from CT were subject to RNAseq. Using PCA analysis, 3 outliers were identified from the CcK colonized 1 dpi samples, and removed and 29 of 32 samples were processed for differential gene (DEG) expression analysis (Supplementary Figure 6). The total number of reads produced for each library ranged from 24 to 92 million with the median of 46.5 million paired-end reads per library. Approximately, 82% of sequenced reads were successfully mapped uniquely to the reference genome (Supplementary Table 1). Approximately, 13% of mapped reads failed to align due to short read length or poor read quality. A small percentage of reads were (4.4%) aligned to multiple location in the genome which were removed from the downstream analysis.

Using the criteria of fold change ≥ 1.5 and FDR < 0.05, a total of 273 DEG were identified in the acute phase (3 dpi) after CcK colonization (Supplementary Tables 2, 3), and none of the DEG were passed our filtering criteria at 1 dpi, Of the 273 DEG, 149 genes were significantly up-regulated and 124 were down-regulated. Identification of DEG at 3 dpi in CT samples agrees with CT histological lesion scores (Figure 3C). The top 10 significantly up- and down-regulated DEG are summarized in Table 2. Mal T cell differentiation protein like (MALL), was significantly downregulated at 3 dpi in CT, and functions in T cell differentiation (48). Downregulating Mall may impair the development of antigen-specific T cells, and promote colonization by Campylobacter. In poultry, food-borne pathogens, such as Campylobacter and Salmonella, may induce immunological tolerance (49, 50), which may explain why they fail to clear these bacteria. Development of regulatory T cells (Tregs) may explain how poultry become immunologically tolerant to food-borne pathogens. More cells resembling a Treg phenotype (CD4+, CD25hi, and IL-10+) were isolated from cecal tonsils (CT) of chickens colonized with Salmonella enterica serovar Typhimurium, than control chickens (51). Although we found no significant differences in expression of il10 or other putative Treg markers in poultry (e.g., ctla4, lag3, and others) (19), development of Tregs by the end of this study (3 dpi) was unlikely. Salmonella enterica serovar Pullorum modulated CT host immunity to a Th2 response by downregulating expression of ifng and upregulating il13 (52). These data, and ours, suggest that food-borne pathogens in poultry, modulate the immune response in the intestinal tract, including the cecal tonsil, of to avoid their clearance. Examining transcriptional changes at later time points may be useful to test the development of immunotolerance in the CT of Campylobacter colonized turkeys. In ovo treatment of chicken embryos with a probiotic, Lactobacillus salvarius, modulated the expression of CT immune genes after hatch (53). Although not attempted, it would be interesting to see whether imprinting CT gene expression with a probiotic could prevent foodborne pathogen colonization, or enhance gut health.


Table 2. Summary of upregulated and downregulated differently expressed genes at 3 dpi in cecal tonsil of CcK-colonized poults.
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To predict the downstream effects of the 3 dpi DEG, pathway analysis was performed using GO:BP terms using DAVID software. Using the turkey gene symbols from the list of DEG, we identified 9 BP terms (Table 3) significantly altered in 3 dpi CcK samples (FDR < 0.1). A more lenient FDR was used to maximize GO:BP terms for pathway identification, and this technique has been used to identify pathways in data sets with smaller numbers of DEG (54). Of the identified BP terms relating to inflammation, platelet aggregation has the most significant BP terms (p = 0.008). Platelets aggregate during hemostasis as well as during thrombosis. Histological analysis of CcK colonized tissues revealed no evidence of hemorrhage or thrombosis. Mammalian platelets are known to express pro-inflammatory cytokines, chemokines and activate inflammatory cells, but may also diminish inflammation (55). It is unknown whether C. coli interacts with platelets in the CT, or affects inflammation. Negative regulation of vascular permeability (p = 0.052) was also identified. The DEG involved in this may function to limit the formation of edema in CT after C. coli colonization, as well limit as an influx of inflammatory cells (e.g., heterophils). Oxidative stress and apoptosis were another common BP terms, including response to oxidative stress (p = 0.033), negative regulation of oxidative stress-induced intrinsic apoptotic signaling pathway (p = 0.044), and negative regulation of release of cytochrome C from mitochondria (p = 0.092). The intrinsic pathway of apoptosis is initiated by stressors such as UV radiation, oxidant stress and involves activation of caspase-9 via the release of mitochondrial cytochrome C into the cytoplasm of affected cells (56). It is unclear if these BP terms are functioning as a result of a stressor in the CT. How Campylobacter activate oxidant stress in the CT of colonized poults is unknown. Methionine is a key limiting amino acid in poultry, and its deficiency produced oxidant stress in CT of chickens (57). Campylobacter are fastidious and some strains (e.g., C. jejuni NCTC 11168) require methionine for growth in a minimal medium (58), and rapidly consume it from medium (59). It's not known whether the CcK isolate is similar and rapidly consumes methionine. Based on these observations, CcK may consume dietary methionine and create a deficiency in the CT to produce oxidant stress. Supplementation of dietary methionine may prevent oxidant stress in the CT after C. coli colonization and affect the functionality of the CT immune response.


Table 3. Pathway analysis: significantly enriched gene ontology (GO) biological process (BP) terms.
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In conclusion, the results from these studies are the first to describe the host-response of the turkey CT to C. coli colonization. Using a C. coli kanamycin resistant construct CcK for ease of enumeration from cecal contents, poults were orally colonized and the acute host response was evaluated. Significant histological lesions were noted in the cecum at 1 dpi and in CT at 3 dpi, and transcriptome analysis of CT gene expression demonstrated DEG at 3 dpi. Genes involved in regulating immune function were downregulated, and pathway analysis of the DEG identified platelet aggregation, downregulation of apoptosis and decreased vascular permeability. Evaluation of gene expression at additional timepoints after colonization, with different wild type stains, would likely provide additional understanding of the dynamic responses after infection. Results from this study provide insight into host-response of the turkey CT to Campylobacter colonization. These findings will help to develop and test Campylobacter mitigation strategies to promote food safety in commercial turkeys.
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Supplementary Figure 1. Growth characteristics of C. coli wild-type (parent strain) NCTC 80-102, and kanamycin-resistant construct (CcK). Growth curves were performed in Mueller Hinton broth for 48 h at 42°C in a microaerophilic environment (5% O2, 10% CO2, and 85% N2). Data represent the mean ± SEM OD600 of 8 cultures in Bolton's broth measured every 2 h for a total of 48 h with the background value of unincolated media subtracted.

Supplementary Figure 2. Analysis of logistical area under the curve, growth rate and generation time of C. coli wild-type (parent) NCTC 80-102, and kanamycin-resistant construct (CcK). Growth curves were performed in Mueller Hinton broth for 48 h at 42°C in a microaerophilic environment (5% O2, 10% CO2, and 85% N2). Data represent the mean ± SEM logistical area under the curve, growth rate and doubling time of 8 replicate cultures in either broth. Statistical differences in the each variable were determined using the R package growthcurver followed by a post-hoc multiple comparisons test (Tukey). Significant differences (p < 0.05) between different organisms are represented by different letters.

Supplementary Figure 3. Representative Histological of ileal tissues. Representative comparisons are shown for (A) an ileum from a mock-colonized bird and (B) ileum from a CcK-colonized bird, with heterophilic ileitis marked with an arrow.

Supplementary Figure 4. Representative Histological of cecal tonsil tissues. Representative comparisons are shown for (A) a cecal tonsil from a mock-colonized bird and (B) cecal tonsil from a CcK-colonized bird, with necrotic cecal crypts with intralesional bacteria marked with a star.

Supplementary Figure 5. Representative Histological of colonic tissues. Representative comparisons are shown for (A) a colonic tissue from a mock-colonized bird and (B) colonic tissue from a CcK-colonized bird, with crypt dilatation/ectasia marked with star.

Supplementary Figure 6. PCA analysis of RNAseq samples.

Supplementary Table 1. CcK infected and mock turkey cecal tonsil RNAseq samples description and sequencing statistics.

Supplementary Table 2. List of differentially expressed genes in 1 dpi.

Supplementary Table 3. List of differentially expressed genes in 3 dpi.
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The present study evaluated the effects of dietary supplementation of Enteromorpha polysaccharides (EP) on carcass traits of broilers and potential molecular mechanisms associated with it. This study used RNA-Sequencing (RNA-Seq) to detect modification in mRNA transcriptome and the cognate biological pathways affecting the carcass traits. A total of 396 one-day-old male broilers (Arbor Acres) were randomly assigned to one of six dietary treatments containing EP at 0 (CON), 1000 (EP_1000), 2500 (EP_2500), 4000 (EP_4000), 5500 (EP_5500), and 7000 (EP_7000) mg/kg levels for a 35-d feeding trial with 6 replicates/treatment. At the end of the feeding trial, six birds (one bird from each replicate cage) were randomly selected from each treatment and slaughtered for carcass traits analysis. The results showed that the dietary supplementation of EP_7000 improved the breast muscle yield (p < 0.05). Subsequently, six breast muscle samples from CON and EP_7000 groups (three samples from each group) were randomly selected for RNA-Seq analysis. Based on the RNA-Seq results, a total of 154 differentially expressed genes (DEGs) were identified (p < 0.05). Among the DEGs, 112 genes were significantly upregulated, whereas 42 genes were significantly down-regulated by EP_7000 supplementation. Gene Ontology enrichment analysis showed that the DEGs were mainly enriched in immune-related signaling pathways, macromolecule biosynthetic, DNA-templated, RNA biosynthetic, and metabolic process (p < 0.05). Kyoto Encyclopedia of Genes and Genomes pathway analysis showed that the DEGs were enriched in signaling pathways related to viral infectious diseases and cell adhesion molecules (p < 0.05). In conclusion, dietary inclusion of EP_7000 improves the breast muscle yield, which may be involved in improving the immunity and the cell differentiation of broilers, thus promoting the muscle growth of broilers. These findings could help understand the molecular mechanisms that enhance breast muscle yield by dietary supplementation of EP in broilers.
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INTRODUCTION

The antibiotics growth-promoters (AGP) have been widely used in poultry production to maintain high productivity and improve economic efficiency. However, abuse of AGP might bring antibiotic resistance in poultry and antibiotic residues in poultry products, leading to food safety and public health concerns (1, 2). Therefore, the search for in-feed antibiotic substitutes has become a research focus in recent years. Natural bioactive compounds possess several beneficial biological activities and maybe potential substitutes for antibiotics (3–5). Natural polysaccharides exert many functional benefits and improve broiler's growth performance and gut health (6–8). Thus, the natural polysaccharides can be used as growth promoters in broilers. The marine environment has rich sources of natural polysaccharides, and marine-derived polysaccharides have been confirmed to exert various biological functions, such as anti-oxidant, and anti-inflammatory responses (9). For instance, chitosan and chito-oligosaccharides improved the carcass traits, immunity, and anti-oxidant effects in broilers (10–13) and promoted beneficial gut microbiota while modulating metabolic pathways (8). However, to the best of our knowledge, there is no report evaluating the effects of dietary seaweed polysaccharides on carcass traits and ts he mRNA transcriptome of broilers.

Carcass traits are indicators of differences in the amount of nutrients deposited in tissues (14). Slaughter and whole net carcass yield can measure the performance of meat yield (15, 16). Meanwhile, the breast and leg muscle percentage can determine the meat yield of broilers (17). Therefore, the improvement of breast muscle yield is considered to be significant in the poultry industry. Knowing the mechanism associated with it will further help to develop a nutrition program. RNA-Sequencing (RNA-Seq) analysis has emerged as a powerful technology for transcriptome analysis to detect the whole transcriptional level of species (18). New transcripts could be found in the structure and expression level of the enriched single-chain mRNA by RNA-Seq. Also, the expression level of the low abundance gene was verified using RNA-Seq with desired results (19). At present, the RNA-Seq technique is of great significance to explore gene expression and regulation mechanisms at the transcriptional level and is widely used in life sciences research (20).

Enteromorpha is one of the largest green seaweeds, widely distributed in various sea. It contains abundant polysaccharides and has been confirmed to exert several biological functions, such as antitumor, antioxidation, and antiviral activities (21). Dietary inclusion of Enteromorpha polysaccharides (EP) enhanced the growth performance, antioxidation, and immunity in broilers (22). We conducted series of studies to evaluate different roles of dietary EP in various parameters of broilers. Dietary supplementation of EP improved the anti-oxidant performance in laying hens (9) and growth performance and intestinal barrier function in broilers (23). Similarly, our previous study found that the supplementation of EP mitigated AFB1-induced toxicological effect of broilers (24). Also, it has been reported that natural dietary polysaccharides could improve the carcass traits in broilers (25, 26). However, to date, the effects of dietary EP on carcass traits of broilers, especially the underlying molecular mechanism, are unknown. Hence, the present study was conducted to evaluate the effect of dietary supplementation with graded levels of EP on carcass traits in broilers and to explore the molecular mechanism of mRNA transcriptome by using the RNA-Seq technique.



MATERIALS AND METHODS


Source of EP

The EP were extracted from the Enteromorpha by Qingdao Haida Biotechnology Co., Ltd. (Qingdao, Shandong, China), with ≥ 48% purity and a molecular weight of 4,929 Da. The EP are water-soluble sulfated polysaccharides obtained from the natural green alga Enteromorpha by enzymatic extraction, purification, concentration, and spray drying. Briefly, after crushing the algae, the algal powders are soaked in water. Then the water extracts of the algae are subjected to stepwise enzymatic treatment with pectinase, cellulase, and papain. Then the enzymes are inactivated, centrifugal concentrated, precipitated with ethanol, and finally spray dried to obtain the EP used in this study. Based on the analysis by high-performance liquid chromatography (HPLC), the polysaccharides were mainly consisting of rhamnose (Rha), glucuronic acid (GlcA), glucose (Glc), galactose (Gal), and xylose (Xyl) monosaccharides. The molar percentage of monosaccharides in the EP were as follows: Rha 40.6%, GlcA 9.3%, Glc 38.2%, Gal 5.6%, and Xyl 6.3%.



Experimental Design, Birds, and Diets

A total of 396 1-day-old male Arbor Acres broiler chicks (initial body weight 44.65 ± 0.56 g) were obtained from a commercial hatchery (Nanning, Guangxi, China). The chicks were randomly allocated to 1 of 6 dietary treatments (6 replicates per treatment, with 11 broilers per cage), and the study was conducted for 35 day. Dietary treatments were as follows: basal diets supplemented with EP at 0 (CON), 1000 (EP_1000), 2500 (EP_2500), 4000 (EP_4000), 5500 (EP_5500), and 7000 (EP_7000) mg/kg of feed. The mash form basal diet was formulated (Table 1) to meet or exceed the nutrient requirements of broiler chickens (27) in two phases-starter (1–21 day) and finisher (22–35 day). The broilers were grown in a temperature-controlled room at 33 ± 1°C for the first 3 day and then gradually reduced by 3°C per week until reaching 24°C and maintaining humidity 65% for the rest of the study period. The birds had free access to feed and water all the time during the study period.


Table 1. Basal diet composition (as-fed basis).
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Carcass Traits Determination

At the end of the feeding trial, all birds were fasted for 12 h, and six birds (one bird from each replicate cage) were randomly selected from each treatment. Then the birds were weighed and slaughtered. The defeathered carcass, including the head and feet, was weighed as the carcass weight. The carcass was then eviscerated manually and weighed as the semi-eviscerated weight, which was measured as the carcass weight after removed the esophagus, trachea, spleen, gastrointestinal tract, crop, gallbladder, pancreas, and gonads. Eviscerated weight was measured as the semi-eviscerated weight after removed the head, feet, liver, heart, glandular stomach, gizzard, and abdominal fat. Finally, the carcass, semi-eviscerated carcass, eviscerated carcass, breast muscle, leg muscle, and abdominal fat yield was calculated as a percentage of live body weight. The detailed determination of carcass characteristics was done as follows.

Carcass yield (%) = (carcass weight/live body weight) × 100%;

Semi-eviscerated carcass yield (%) = (semi-eviscerated weight/live body weight) × 100%;

Eviscerated carcass yield (%) = (eviscerated weight/live body weight) × 100%;

Breast muscle yield (%) = (breast muscle weight on both sides/live body weight) × 100%;

Leg muscle yield (%) = (leg muscle weight on both sides/live body weight) × 100%;

Abdominal fat yield (%) = (abdominal fat weight/live body weight) × 100%.



Transcriptome Analysis

Based on the carcass traits data (Table 3), six breast muscle samples with significant differences between two treatments (CON and EP_7000 groups, three samples in each group) were randomly selected and sent for RNA-Seq analysis (Shanghai Majorbio Biological Co., Ltd., Shanghai, China). Total RNA was isolated from the breast muscle samples using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's recommendations. For each of samples, 10 μg of RNA was used for RNA-seq library preparation by using the stranded Total RNA kit (Illumina TruSeq®) followed by the kit's directions. The mRNA isolated from total RNA is used for the analysis of transcription information. Then, randomly interrupt the mRNA, add fragmentation buffer to break it into small fragments of about 300 bp. A six-base-pair random hexamer was added, and the mRNA was used as a template to reversely synthesize a single-strand cDNA, which was then synthesized into a two-stranded stable structure. After purification and enrichment, all libraries were sequenced using an Illumina HiSeq 2000 (Illumina, San Diego, CA, USA). After obtaining the Read Counts of the transcript, analyze the expression difference of the transcript between samples for the multi-sample project. The differentially expressed genes (DEGs) among different groups were analyzed using EdgeR software (Majorbio, Shanghai, China), p-values were adjusted (padj) using the Benjamini-Hochberg approach for controlling the false discovery rate. The GOATOOLS were used to perform Gene Ontology (GO) enrichment analysis on the transcripts in the gene set. When the corrected p < 0.05, the GO function is considered to be significantly enriched. The R Programming Language was used to write a script to perform Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis on the transcripts in the gene set. When the p < 0.05, it is considered that the KEGG pathway is significantly enriched.

Six DEGs were selected to verify the RNA-Seq results by using quantitative real- time PCR (qPCR). The description of the specific primers used for qPCR are presented in Table 2 (Primer Express 3.0 software, Applied Biosystems, Foster City, CA, USA). Primers were developed by Sangon Biotech Co., Ltd. (Shanghai, China), and the β-actin was used as the reference gene. The qPCR reactions were performed with a CFX-96 Real-Time PCR Detection System (BioRad, Hercules, CA, USA). It was carried out in a total volume of 20 μl, including 10 μL SYBR® Premix Ex Taq II (Tli RNaseH Plus), 2 μl cDNA template, 1 μl of each primer (forward and reverse primers), and 6 μl DEPC treated water. The DEPC treated water for the replacement of cDNA template was used as a negative control. The PCR program was as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 10 s, 30 s under Tm temperature, and 72°C for 15 s. Each sample was tested in triplicate. The relative mRNA expression levels of the six target genes were calculated using the 2−ΔΔCt method.


Table 2. Description of primers used in qPCR verification.
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Statistical Analysis

The carcass data were statistically analyzed using general linear model procedures of SAS (SAS V9.2, SAS Institute Inc., Cary, NC, USA) with a pen as experimental unit. Orthogonal polynomial contrasts of the carcass data were used to test the linear, quadratic, and cubic effects of the increasing levels of dietary EP. The DEGs analysis of transcriptome was done using EdgeR software (Majorbio, Shanghai, China), genes enrichment pathway was analyzed using GOATOOLS software (GO analysis, Majorbio, Shanghai, China) and Majorbio software (KEGG analysis, Majorbio, Shanghai, China). The probability value of <0.05 was considered to be statistically significant, and 0.05 ≤ p < 0.10 was considered as a tendency.




RESULTS


Carcass Traits

As shown in Table 3, graded dietary levels of EP supplementation had no significant effects on carcass, semi-eviscerated carcass, eviscerated carcass, leg muscle, and abdominal fat yield (p > 0.05). However, broilers in EP_7000 group had a significantly higher breast muscle yield than the CON group (p < 0.05).


Table 3. Effects of dietary supplementation of Enteromorpha polysaccharides (EP) on carcass traits of broilers on d 35.

[image: Table 3]



Transcriptome Analysis

The results of DEGs are presented in Figure 1 and Supplementary Table 1, and the selected DEGs (top 30 upregulated and 30 down-regulated genes) are presented in Tables 4, 5. Between the CON and EP_7000 groups, a total of 154 genes (p-adjust < 0.05) were differentially expressed. Among the identified 154 DEGs, 112 genes were significantly upregulated, and 42 genes were significantly down-regulated by EP_7000 supplementation. The six selected DEGs showed a consistent expression trend between the RNA-Seq and qPCR, suggesting that the results of RNA-Seq are reliable (Figure 2).


[image: Figure 1]
FIGURE 1. Volcano plot of differentially expressed genes of broiler fed with control and EP_7000 supplemented diets. CON, dietary supplementation of Enteromorpha polysaccharides (EP) at 0 mg/kg; EP_7000, dietary supplementation of Enteromorpha polysaccharides (EP) at 7000 mg/kg; nosig, no significant.



Table 4. The 30 most upregulated differentially expressed genes in the broiler chickens fed Enteromorpha polysaccharides compared to control groupa.
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Table 5. The 30 most down-regulated differentially expressed genes in the broiler chickens fed Enteromorpha polysaccharides compared to control groupa.
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FIGURE 2. Validation of RNA-Seq results by qPCR. CON, dietary supplementation of Enteromorpha polysaccharides (EP) at 0 mg/kg; EP_7000, dietary supplementation of Enteromorpha polysaccharides (EP) at 7000 mg/kg.


As described in Table 6 and Figure 3, 16 GO terms (p-corrected < 0.05) were significantly enriched. In GO enrichment analysis, the DEGs were divided into three main function groups, including biological processes, molecular functions, and cellular components. The result showed that the 16 terms significantly enriched the biological processes of the DEGs expressed in breast muscle. These were: immune system process, positive regulation of immune system process, immune response, negative regulation of leukocyte apoptotic process, positive regulation of cytokine production, positive regulation of macromolecule biosynthetic process, antigen processing and presentation, positive regulation of transcription, DNA-templated, positive regulation of nucleic acid-templated transcription, positive regulation of RNA biosynthetic process, positive regulation of RNA metabolic process, and regulation of MyD88-dependent toll-like receptors (TLRs) signaling pathway.


Table 6. The GO enrichment analysis between CON and EP_7000 groups of broiler chickensa.
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FIGURE 3. Gene ontology (GO) enrichment analysis between CON and EP_7000 treatment group of broilers. CON, dietary supplementation of Enteromorpha polysaccharides (EP) at 0 mg/kg; EP_7000, dietary supplementation of Enteromorpha polysaccharides (EP) at 7,000 mg/kg.


In addition, using KEGG enrichment analysis, the functions of transcripts and controls were mapped to pathways. As described in Table 7 and Figure 4, the KEGG pathway analysis (p-corrected < 0.05) showed that three pathways were significantly enriched and were associated with disease-related pathways, including Herpes simplex infection, Influenza A, and Cell adhesion molecules.


Table 7. The KEGG enrichment analysis between CON and EP_7000 groups of broiler chickensa.
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FIGURE 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis between CON and EP_7000 treatment group of broilers. CON, dietary supplementation of Enteromorpha polysaccharides (EP) at 0 mg/kg; EP_7000, dietary supplementation of Enteromorpha polysaccharides (EP) at 7000 mg/kg.





DISCUSSION

Natural polysaccharides are widely used as functional feed additives in broiler nutrition, which can be used as immunomodulators to replace antibiotic growth promoters in food animals (28, 29). The present study's findings indicated that dietary supplementation of EP_7000 significantly improves breast muscle yield. Consistent with our results, Ou Yang et al. (24) observed that the inclusion of natural polysaccharides (1.0 and 1.5%) improved the breast muscle yield of broilers and suggested that it may be related to the ability of the polysaccharides to increase protein metabolism and decrease fat metabolism. Sun et al. (25) also found that the dietary supplementation of Astragalus polysaccharides (500 mg/kg) improved the breast muscle yield in broilers. Several possible mechanisms could explain the beneficial effects of these natural polysaccharides on breast muscle yield in broilers, including enhancement of the protein metabolism and resistibility. In addition, it may be related to the fact that natural polysaccharides significantly increased the absorption of nutrients from the intestine of broilers, which helps in improving the growth of broilers, thereby promoting breast muscle growth (22).

On the other hand, it may be that the natural polysaccharides could enhance the immunity and disease resistance of broilers, thus improving the growth and meat yield (22). However, the results of this study are in disagreement with the findings of Li et al. (29). They observed no significant differences in the breast muscle yield of broilers after feeding chitosan with different molecular weights. Also, Chen et al. (30) reported that the dietary inclusion of low molecular weight chitosan (< 2,374 Da) had no significant effects on breast muscle yield in broilers. The reasons for these inconsistent findings may be due to the different structures of polysaccharides and the age and feeding environment of broilers. It may also be associated with the purity and quantity of polysaccharides used in the diet. Also, the results of this study showed that the dietary EP at the supplemental level of 1,000, 2,500, 4,000, and 5,000 mg/kg had no significant effect on breast muscle yield, indicating that the supplemental dose of EP at 7,000 mg/kg is more effective, and the effect of dietary EP on carcass traits is dose dependent. However, the specific reason needs to be further investigated.

The mRNA transcriptome analysis was conducted to explore the potential molecular mechanism of dietary EP to increase the breast muscle yield in the present study. The results of transcriptome analysis showed that a total of 154 DEGs were identified between the CON and EP_7000 groups. The GO enrichment analysis of DEGs found that DEGs were mainly enriched in the immune-related signaling pathways. These genes enable the immune system to calibrate when the body is invaded by potential threats. Some genes activate and accelerate the production of cytokines and the apoptosis of white blood cells. Furthermore, it can modulate the expression of the MyD88-dependent TLRs signaling pathway. Similarly, Wang et al. (31) demonstrated that the dietary Astragalus polysaccharides enhanced the intestinal mucosa immunity of broilers by regulating immune-related signaling pathways (TLRs). Lycium barbarum polysaccharides were also reported to affect the TLRs-mediated signaling pathway, thereby improving the immune function and alleviating liver injury induced by carbon tetrachloride in mice (32). Also, Liu et al. (33) suggested that the Astragalus polysaccharides could enhance the immune function of mice by modulating TLRs/NF-κB signaling pathway. Li et al. (34) reported that the Astragalus polysaccharides exerted anti-inflammatory effects in LPS-infected Caco2 cells, also related to the TLRs-mediated immune signaling pathway. Similarly, Chen et al. (35) found that the natural polysaccharides (extracted from mulberry leaf) elevated the immunity by upregulating TLR7 levels in broilers.

Additionally, other genes are significantly enriched in biological processes related to cell and nucleic acid transcription regulation and macromolecular biosynthesis. These genes can activate or increase the frequency of RNA biosynthetic and nucleic acid-templated transcription (36). Moreover, it can improve the chemical reactions and pathways of macromolecules and the frequency of the RNA biosynthesis process. It is possible to promote RNA biosynthesis, accelerate the process of RNA transcription and metabolism and then through the positive regulation of macromolecular biosynthesis of breast muscle (37), thus promoting the development of breast muscle and increase the breast muscle yield in broilers. Meanwhile, the KEGG enrichment analysis results showed that the DEGs are enriched in signaling pathways related to viral infectious diseases and cell adhesion molecules. Cell adhesion molecules play an essential role in cell growth, development and differentiation, maintenance of normal tissue structure, inflammatory response, and immune response (38, 39). These immunity and cell adhesion-related signaling pathways may activate innate immunity and promote muscle cell development, thereby improving the muscle growth of broilers. In addition to the immunity and cell adhesion-related signaling pathways, it is worth noting that the Lipin1, Sestrin1 (SESN1) and fibroblast growth factor receptor 2 (FGFR2) genes of the DEGs are associated with protein synthesis and lipid metabolic process, which also contribute to the muscle growth. As known, the Lipin1 gene has an important regulatory role in lipolysis and reducing fat accumulation (40). The regulation of Lipin1 gene expression in lipid metabolism is accompanied by alteration of the protein synthesis process (41). Recently, Li et al. (41) confirmed that higher Lipin1 gene expression is beneficial to promote muscle development of broiler chickens. The SESN1 gene encodes Sestrin protein required for normal lifespan and its function in muscle cells to prevent muscle degeneration over a lifetime (42). A previous study reported that the SESN1 gene is involved in muscle development in chickens (43). Furthermore, the FGFR2-mediated cell proliferation and differentiation processes also play a crucial role in the regulation of muscle development, and the function of FGFRs in myogenesis and reduction of lipid deposition has been investigated both in vitro and in vivo (44). It has been suggested that FGF is a strong inhibitor of cell differentiation (45). The present study's findings showed that the inclusion of dietary EP improved the breast muscle yield which was related to the down-regulation of FGFR2 gene expression. Similar to our observations, Zheng et al. (45) found that the expression of FGFR2 negatively correlated with the muscle growth and development in broilers. Cui et al. (46) demonstrated that FGF7 and FGFR1 genes had down-regulation effects on breast muscle weight of broiler chickens. Therefore, in this study, dietary EP supplementation upregulated the expression of Lipin1 and SESN1 genes. In contrast, down-regulated expression of the FGFR2 gene might result in higher protein synthesis and lower lipid deposition, thus promoting muscle development. However, further verification studies are necessary to confirm these propositions.



CONCLUSIONS

The results of this study suggest that the dietary supplementation of Enteromorpha polysaccharides at 7,000 mg/kg could promote the breast muscle yield of broilers. Further, the RNA-Seq analysis results showed that the differentially expressed genes were mainly enriched in immune-related signaling pathways, macromolecule biosynthetic, DNA-templated, RNA biosynthetic, protein synthesis, and lipid metabolic processes of broilers. Thus, the findings of the present study provided new insights for the dietary application of Enteromorpha polysaccharides as growth promoters and immune stimulants in broiler chickens.
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Proteins are considered the most expensive nutrients in commercial modern broiler production, and their dietary inclusion at low levels is pivotal to minimize feed costs and reduce nitrogen waste. The quest for an environmentally friendly source of proteins that favor the formulation of low protein diets without compromising broiler health, welfare, and growth performance has become a hotspot in nutrition research. Due to its high protein content, the naturally growing Spirulina microalgae is considered a promising nutrient source. The purpose of the present study was, therefore, to determine the effects of Spirulina supplementation on liver bacterial translocation, hematological profile, and circulating inflammatory and redox markers in broilers fed a low-protein diet. One-day-old Ross 708 male broilers (n = 180) were randomly assigned into one of three experimental treatments: standard diet as a control, low protein diet, and low protein diet supplemented with 100 g/kg of Spirulina. Target molecular markers were measured in the peripheral blood circulation using real-time quantitative PCR. Reducing dietary proteins increased bacterial translocation and systemic inflammation as indicated by proportions of basophils among blood leukocytes. The expression levels of circulating pro-inflammatory cytokines [interleukin (IL)-3, IL-6, IL-4, IL-18, and tumor necrosis factor-α], chemokines (CCL-20), and NOD-like receptor family pyrin domain containing 3 inflammasome were significantly upregulated in birds fed the low protein diet compared with the control. The inclusion of Spirulina reversed these effects, which indicates that Spirulina reduces systemic inflammation- and bacterial translocation-induced by a low protein diet and could be a promising alternative protein source in poultry diets.

Keywords: broilers, Spirulina, low protein diet, inflammation, cytokines, chemokines, inflammasome


INTRODUCTION

Global poultry meat production is projected to increase by 32% by 2030 and 59% by 2050 from production in 2012, with low- and middle-income countries making up most of this demand (1). The cost of feed, particularly proteins, and availability of feedstuffs are by far the most important factors in poultry production sustainability and competitiveness. Indeed, soybean meal (SBM) is the preferred source of protein in broiler diets, as it is the only economically feasible protein source currently used in many countries. However, the continuous increase in global demand for high-quality animal protein, which consequently needs an improved animal production and abundant animal feeds, may inevitably surpass the SBM supply. This may, in turn, affect the inflation and the market price of SBM, which is linearly rising. Furthermore, there has also been a precedent set to limit animal-derived protein sources for animal feed in the European Union via Regulation (EC) No. 999/2001 (2). Thus, numerous innovative and effective approaches will need to be implemented to breach this looming protein gap to keep up with the worldwide demand for poultry meat.

Reducing crude protein (CP) in broiler diets has been extensively studied, yet the underlying issues of increased fat deposition and decreased performance are still prevalent (3–5). Implementing the ideal protein concept, computer least-cost formulation, and commercially produced crystalline amino acids allow for the lowest dietary CP diet thus far (6, 7). The reduction of CP with supplemental crystalline amino acids alleviates the demand for SBM, yet alternative protein sources will also be important for meeting the anticipated increase in demand for protein in animal and poultry feed. Alternatives for SBM in broiler diets have been investigated, including traditional and novel options such as canola meal, blood meal, meat and bone meal, fish meal, peameal, sunflower meal, insect meal, and numerous algae species (8–12). Many of the trials involving algae in broiler feed have focused on growth performance or meat quality with limited mechanistic explanations for their beneficial effects. Algae inclusion rates of up to 100 g/kg have maintained or increased performance parameters in chickens reared under conventional conditions (13–15).

Spirulina (Athrospira sp.) platensis is a filamentous spiral-shaped blue-green cyanobacterium that grows naturally in warm and alkaline aquatic media and is particularly interesting as a possible animal feed protein source due to its high level of CP (43–70%) and balanced amino acid profile. In addition to essential fatty acids, vitamins, minerals, and pigments (16), Spirulina contains several compounds shown to have antioxidant, anti-inflammatory, immune-modulating, and probiotic properties (17–20). Spirulina is also considered a nutritionally safe feed ingredient with no risk of mineral toxicity and free of the major algal toxin, microcystins (21, 22). Spirulina use as a feed ingredient for multiple species has been outlined (23), and one of the confounding issues put forth is the underlying mechanisms by which Spirulina impacts them. The purpose of this study was, therefore, to determine hematological parameters, inflammatory markers, and oxidative stress in broilers fed a low CP diet with and without Spirulina.



MATERIALS AND METHODS


Animals and Treatment

A total of 180 1-day-old male (Ross 708) broiler chicks were obtained from a commercial hatchery and randomly allotted to one of the 15-floor pens (5 pens/diet; 12 birds/pen) in an environmentally controlled pilothouse. Chicks were reared in pens top-dressed with ~4 cm of fresh wood shavings, and the temperature gradually decreased from 32°C on day 1 to 20°C on day 27. The trial was conducted from February to March 2020. Birds received 23 h of light until day 10; then, light duration was decreased to 18 h for the remainder of the trial. Birds were given ad libitum access to feed (Table 1) and water throughout the trial. A standard corn–SBM basal diet (3,250 kcal/kg−1, 21% CP) was fed to all birds until day 14, at which point experimental diets were introduced until 37 days of age. The experimental diets included an industry-standard level protein (~20% CP) corn/SBM control (SCP), reduced (~17%) CP corn/SBM diet (LCP), and LCP diet where Spirulina was included at the level of 100 g/kg (SP-LCP). All experimental diets were isocaloric and met all essential amino acid needs set forth by the primary breeder. Both low CP diets were formulated to be isonitrogenous.


Table 1. Composition of experimental diets.
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Blood Sampling and Hematological Analysis

On day 37, blood (3 ml) was collected from non-fasted birds (10 birds/treatment; 2 birds/pen), via the brachial wing vein, in ethylenediaminetetraacetic acid-coated tubes and immediately placed on ice. The hematologic profile of 1 ml of whole blood samples was measured using the Cell-Dyn 3500 automated hematology analyzer calibrated for chicken blood (Abbott Diagnostics, Abbott Park, IL) within 3 h of sampling. Data collected included the percent of heterophils, lymphocytes, monocytes, eosinophils, and basophils and the calculated heterophil to lymphocyte (H/L) ratio. For gene expression analysis, 250 μl of blood was added to tubes containing 750 μl of TRIzol LS reagent according to manufacturer's recommendations (Life Technologies Corporation, CA, US). The birds' bodyweights were 2.61 ± 0.07, 2.60 ± 0.07, and 2.72 ± 0.08 kg for SCP, LCP, and SP-LCP, respectively.



Liver Bacterial Translocation

As previously described by Tellez et al. (24), a section of the right liver was aseptically removed from 30 chickens (10 birds/treatment), placed into sterile sampling containers, and homogenized. Samples were then diluted 1:4 based on tissue weight with sterile 0.9% saline. Liver samples were then transferred to sterile 96-well Bacti flat-bottom culture plates and diluted 10-fold before being plated on tryptic soy agar to evaluate total counts of Enterobacteriaceae per gram of tissue. Samples were incubated under aerobic conditions at 37°C for 24 h.



RNA Isolation, Reverse Transcription, and Quantitative Real-Time PCR

Total RNA was isolated from whole blood samples using Trizol LS reagent (ThermoFisher Scientific, Rockford, IL) according to manufacturer's recommendations. Take 3 Micro-Volume Plate using Synergy HT multimode microplate reader (BioTek, Winooski, VT) determined RNA concentrations and purity. Real-time quantitative PCR (Applied Biosystems 7500 Real-Time PCR System) was performed using 5 μl of complementary DNA, 1 μl of each forward and reverse specific primers, and 10 μl of SYBR Green Master Mix (ThermoFisher Scientific, Rockford, IL, United States) in a total 25-μl reaction. Oligonucleotide primers used for chicken cytokines, chemokines, inflammasomes, anti-oxidative, and 18S (housekeeping) genes are summarized in Table 2. The real-time quantitative PCR cycling conditions were 50°C for 2 min, 95°C for 10 min followed by 40 cycles of a two-step amplification program (95°C for 15 s and 58°C for 1 min). At the end of the amplification, melting curve analysis was applied using the dissociation protocol from the Sequence Detection system to exclude contamination with unspecific PCR products. 18S RNA was used to normalize the relative expression of targeted genes via the 2−ΔΔCt method (25). All values were compared relative with those in the SCP dietary control group.


Table 2. Oligonucleotide real-time qPCR primers.

[image: Table 2]



Statistical Analysis

All data were analyzed as a complete randomized design with one-way ANOVA in JMP Pro v 15.0 (SAS Institute, Cary, NC, United States). Post-hoc analysis assessment through multiple Dunnett comparisons was used when appropriate. Differences were considered significant at P ≤ 0.05.




RESULTS


Hematological Analysis

Reducing CP by 3% in the diet (LCP) increased lymphocyte percent (P < 0.01) while decreasing that of heterophils (P = 0.026) and thereby resulted in a significantly lower H/L ratio (P = 0.014) (Table 3). The LCP group exhibited a significantly higher percent of basophil but no differences in monocyte or eosinophil percent compared with the SCP group. The inclusion of Spirulina reversed basophil percent to a similar level as the SCP (control) group. Spirulina inclusion had no impact on the H/L ratio or the percent of heterophils, lymphocytes, monocytes, or eosinophils (Table 3).


Table 3. Effects of a standard corn/soy (SCP), low crude protein (LCP), and Spirulina included low crude protein diet (SP-LCP) on blood lymphocyte profiles of broilers on d 37.

[image: Table 3]



Liver Bacterial Translocation

The presence of bacteria in the liver reflects bacterial translocation from the gastrointestinal tract. Bacterial counts in the liver were elevated (P < 0.05) by the LCP diet compared with birds fed with the SCP control diet (3.34 ± 0.7 vs. 2.44 ± 0.4 log10 CFU/g). Bacterial translocation was ameliorated in birds fed the Spirulina LCP diet to levels (1.34 ± 0.4 log10 cfu/g) lower than in the liver of birds fed the SCP control diet.



Circulating Inflammation-, Toll-Like Receptor-, and Antioxidant-Associated Markers

The LCP diet upregulated (P < 0.05) the expression of pro-inflammatory cytokines interleukin-6 (IL-6), interleukin-3 (IL-3), interleukin-18 (IL-18), and tumor necrosis factor-alpha (TNF-α), as indicated by expression of lipopolysaccharide-induced TNF-α factor (Figures 1A–D, 2A) and that of the regulatory cytokine interleukin-10 (IL-10) and interleukin-4 (IL-4) (Figure 2D). Similarly, the LCP diet upregulated the expression of circulating chemokine C-C motif ligand 20CCL-20 (Figure 3A) but not that of C-C motif ligand 4 or C-X-C motif ligand 14 (Figures 3B–D). LCP supplementation increased the messenger RNA (mRNA) abundance of NOD-like receptor family pyrin domain-containing 3 but not NOD-like receptor family CARD domain-containing 3, NOD-like receptor family CARD domain-containing 5, and nucleotide-binding oligomerization domain and leucine-rich repeat-containing X1 inflammasomes (Figures 4A–D). LCP diet upregulated the expression of myeloid differentiation primary response protein 88 (MyD88) but not that of toll-like receptors 3, 4, and 21 (TLR-3, TLR-4, TLR-21, and MyD88) (Figures 5A–D). Spirulina inclusion reversed the expression of all of the markers mentioned earlier to levels being expressed in birds fed with the SCP control diet (Figures 1–4).
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FIGURE 1. Effects of Spirulina on circulating cytokine expression profile. Relative mRNA abundance of circulating IL-6 (A), IL-3 (B), IL-18 (C), and IL-4 (D) in broilers on day (d) 37 were determined by real-time qPCR. Treatments include standard corn/soy (SCP) diet as control and low crude protein without (LCP) or with Spirulina (SP-LCP). Data are presented as mean ± SEM (n = 8/group). Means with different letters are significantly different (P < 0.05).
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FIGURE 2. Effects of Spirulina on circulating TNFα, C3, CRP, and IL-10 expression. Relative mRNA abundance of circulating TNF-α (A), C3 (B), CRP (C), and IL-10 (D) expression in broilers on day (d) 37 were determined by real-time qPCR. Treatments include standard corn/soy (SCP) diet as control and low crude protein without (LCP) or with Spirulina (SP-LCP). Data are presented as mean ± SEM (n = 8/group). Means with different letters are significantly different (P < 0.05).
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FIGURE 3. Effects of Spirulina on circulating chemokine expression profile. Relative mRNA abundance of circulating chemokine (C-C motif) ligand 20 (CCL-20) (A), chemokine-like ligand 4 (CCLL-4) (B), chemokine (C-C motif) ligand 4 (CCL-4) (C), and chemokine (C-X-C motif) ligand 14 (CXCL-14) (D) in broilers on day (d) 37 were determined by real-time qPCR. Treatments include standard corn/soy (SCP) diet as control and low crude protein without (LCP) or with Spirulina (SP-LCP). Data are presented as mean ± SEM (n = 8/group). Means with different letters are significantly different (P < 0.05).
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FIGURE 4. Effects of Spirulina on circulating inflammasome expression. Relative mRNA abundance of NOD-like receptor family pyrin domain-containing 3 (NLRP-3) (A), NOD-like receptor family CARD domain-containing 3 (NLRC-3) (B), NOD-like receptor family CARD domain-containing 5 (NLRC-5) (C), and nucleotide-binding oligomerization domain, leucine-rich repeat-containing X1 (NLRX-1) (D) in broilers on day (d) 37 were determined by real-time qPCR. Treatments include standard corn/soy (SCP) diet as control and low crude protein without (LCP) or with Spirulina (SP-LCP). Data are presented as mean ± SEM (n = 8/group). Means with different letters are significantly different (P < 0.05).
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FIGURE 5. Effects of Spirulina on circulating toll-like receptor expression. Relative mRNA abundance of toll-like receptor 3 (TLR-3) (A), toll-like receptor 4 (TLR-4) (B), toll-like receptor 21 (TLR-21) (C), and myeloid differentiation primary response protein 88 (MyD88) (D) in the blood of broilers on day (d) 37 were determined by real-time qPCR. Treatments include standard corn/soy (SCP) diet as control and low crude protein without (LCP) or with Spirulina (SP-LCP). Data are presented as mean ± SEM (n = 8/group). Means with different letters are significantly different (P < 0.05).


The LCP diet upregulated the blood expression of glutathione peroxidase 1 GPx-1 but not that of GPx-3 or superoxide dismutase 1 and 2 (SOD-1/2) compared with the control (SCP) group (Figures 6A–D). The inclusion of Spirulina reduced GPx-1 mRNA abundance to the control level; however, it non-significantly increased further the expression of GPx-3 and SOD-2 genes (Figures 6A,B,D).
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FIGURE 6. Effects of Spirulina on the expression of circulating antioxidant defense system. Relative mRNA abundance of glutathione peroxidase 1 (GPx-1) (A), glutathione peroxidase 3 (GPx-3) (B), superoxide dismutase 1 (SOD1) (C), and superoxide dismutase 2 (SOD2) (D) in the blood of broilers on day (d) 37 were determined by real-time qPCR. Treatments include standard corn/soy (SCP) diet as control and low crude protein without (LCP) or with Spirulina (SP-LCP). Data are presented as mean ± SEM (n = 8/group). Means with different letters are significantly different (P < 0.05).





DISCUSSION

Inflammation is a response to stress and can occur in multiple levels of severity, from immediate acute responses to long-term chronic conditions. There is an intertwining relationship between inflammatory response and oxidative stress, in which inflammation elevates free radicals to levels exceeding cell threshold, thus inducing oxidative stress (26). Stress-induced inflammation can be associated with a plethora of factors, including dietary nutrient composition, bacterial or viral infection, environmental factors, obesity, aging, and numerous diseases (27–33).

There is limited information on how low CP diets and Spirulina impact inflammatory biomarkers in broiler chickens. It is important to remember that “low” or “high” CP level is relative regarding species, age, environment, and other factors. Excessive dietary protein intake can cause undigested protein or amino acids to enter the hindgut, increasing the amounts of opportunistic bacteria such as Clostridium perfringens in the ileum and ceca of broilers (34). Excess dietary nutrients/metabolites could cause metabolic (meta)-inflammation, which is different from pathological and physiological inflammation, and typically occurs in modern broilers production systems due to several factors such as ingredients used in the diet, nutrient excess in the diet, and high feed intake (35). All forms of inflammation lead to an upregulation of certain inflammatory biomarkers (36). However, the mechanisms mentioned earlier could not be the case in our study, as, surprisingly, the LCP diet led to an increase in basophil concentration and inflammation-associated biomarkers.

Basophil concentrations vary widely between avian species but are more highly concentrated in birds than their mammalian counterparts (37). Basophils are highly granular leukocytes that are chemo-attracted to inflammation sites and undergo degranulation to release histamine and Th2 cytokines and increase expression of toll-like receptors (38). The significant increase in basophil counts in our study indicates a systemic inflammation that might be a result of increased bacterial translocation that was observed in the LCP-fed birds. This is supported by an increase in the expression of inflammatory cytokines and chemokines, including IL-3, IL-4, IL-6, IL-10, CCL-20, and TNF-α in response to the LCP diet. The increase in liver bacterial translocation might be the underlying cause of the observed inflammatory stress. Reducing dietary CP can increase the broiler's intestinal permeability and leakage, which in turn induces bacterial translocation (39–41). Bacterial translocation increases pro-inflammatory cytokine production (42), which adversely impacts growth performance, as nutrients are directed toward immune responses rather than growth (43). This is evidenced in our experimental conditions by lower bodyweight, bodyweight gain, and a 15-point increase in feed conversion ratio in LCP-fed birds compared with their SCP counterparts in unpublished data.

It is worth noting that Kamely et al. (44) reported no differences in inflammatory cytokine TNF-α and IL-1β expression in the abdominal cavity exudate of Ross 708 broilers. The discrepancy between the present study and Kamely et al. (44) suggests that a low protein diet might affect the inflammatory system in a tissue-specific manner [systemic in our experimental conditions vs. local or abdominal cavity in Kamely et al. (44)]. The difference in the experimental approaches (diet formulation, amino acid levels, etc.) might also contribute to the discrepancy mentioned earlier.

Supplementation of Spirulina to LCP diets alleviated these negative effects and reduced inflammation as evidenced by amounts of IL-3, IL-4, IL6, IL-10, CCL-20, C3, and NLRP3 mRNA that were not different from those in the SCP control diet. This was in conjunction with a seven-point increase in feed conversion ratio in algae-LCP fed birds compared with LCP in unpublished data from this trial. Qureshi et al. (19) noted that Spirulina enhances the immune response in chickens fed a standard CP diet, and numerous trials have shown that algae ameliorate the expression of inflammatory molecular signatures in other species (45–47).

Inflammasome-forming NLRP3 and non-inflammasome-forming NLRs (NLRC3, NLRC5, and NLRX1) help mediate inflammatory responses (48), such as the one witnessed in the LCP-fed birds. The NLRs are activated in response to pathogen-associated molecular patterns and damage-associated molecular patterns; however, the exact underlying mechanisms for many NLRs in chicken have yet to be elucidated. In mammals, for instance, it is known that following microbial stimuli, NLR detects molecular patterns in the cytosol and activates the NLRP3 inflammasome, which in turn activates caspase 1, resulting in the production of IL-18 and IL-1β (49). Chen et al. (50) suggested that NLRP3 inflammasome activation occurred via the TLR2-MyD88-nuclear factor-kappa B (NF-κB) signaling pathway when chickens were challenged with Mycoplasma gallisepticum. The upregulation of MyD88 expression in this study supports the involvement of the previously described pathway. MyD88 acts as a downstream signaling adaptor for all TLRs except TLR-3 (51). MyD88 binds to TLRs and IL-1 receptor families to activate mitogen-activated protein kinases, activator protein 1, and NF-κB pathways (52). NF-κB plays an important role in producing pro-inflammatory cytokines after stress induced by gram-negative bacteria infection, reactive oxygen species, oxidized low-density lipoprotein, and multiple other factors (53).

Previous studies in mammals described several additional secondary signals, including plasma membrane disruption for bacterial toxins, lysosome destabilization, and liposome-triggering mitochondrial reactive oxygen species (ROS), leading to inflammasome oligomerization and activation (54–56). Although the mechanisms by which Spirulina reduces bacterial translocation and reverses the pro-inflammatory state induced by LCP are not known at this time point, it is conceivable that Spirulina might enhance gut integrity and merits further in-depth investigations. In addition to enhanced intestinal barrier integrity, Spirulina contains high levels (180 mg/g) of the biliprotein phycocyanin, which has been shown to have antioxidant, antibacterial, and anti-inflammation properties (57–60). Hao et al. (61) recently described a regulatory mechanism by which phycocyanin inhibits NF-κB expression and inflammation in human lung cancer cells through downregulating toll/IL-1 receptor domain-containing adaptor protein. Park et al. (17), on the other hand, showed that Spirulina modulates the antioxidant system in broilers. In our experimental conditions, Spirulina was also shown to modulate the systemic antioxidant defense system by lowering GPx-1 and upregulating GPx-3 and SOD-2, which is quite intriguing. GPx catalyzes the reduction of various hydroperoxides to H2O via oxidation of reduced GSH into its disulfide form (62). SOD2, also known as mitochondrial manganese-dependent SOD, transforms toxic superoxide (a byproduct of the mitochondrial ETC) into hydrogen peroxide and diatomic oxygen (62). The differential expression between GPx-1 and GPx-3 suggests a potential compensatory mechanism; in other words, GPx-3 expression was upregulated by Spirulina to compensate for the lack of GPx-1, which might be depleted due to elevations in ROS production. The upregulation of SOD2 could result from increased xanthophyll content or perhaps suggests enhanced cytoprotection and clearance of mitochondrial ROS by C-phycocyanin derived from Spirulina (63), which might explain at least partly the reduction of inflammation and cytokine expression. Spirulina also has the xanthophyll lutein, which can increase SOD2 irrespective of ROS levels (64). In support of our hypothesis, phycocyanin is considered a principal component responsible for antioxidant activity in algae by scavenging hydroxyl radicals (65). Furthermore, carotenoids such as β-carotene also protect cells from oxidative stress through quenching singlet oxygen damage (66).

In conclusion, this is the first report, to our knowledge, defining potential molecular targets by which Spirulina inclusion reduces systemic inflammatory activity, including cytokines, chemokines, bacterial translocation, and proportions of basophils in broilers fed a low protein diet.
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Two studies were conducted to evaluate the effects of maltol as a postbiotic on innate immunity, gut health, and enteric infection. In the first study, an in vitro culture system was used to evaluate the effects of maltol on the innate immune response of chicken macrophage cells (CMC), gut integrity of chicken intestinal epithelial cells (IEC), anti-parasitic activity against Eimeria maxima, and differentiation of quail muscle cells (QMC) and primary chicken embryonic muscle cells (PMC). All cells seeded in the 24-well plates were treated with maltol at concentrations of 0.1, 1.0, and 10.0 μg. CMC and IEC were stimulated by lipopolysaccharide to induce an innate immune response, and QMC and PMC were treated with 0.5 and 2% fetal bovine serum, respectively. After 18 h of incubation, pro-inflammatory cytokines, tight junction proteins (TJPs), and muscle cell growth markers were measured. In the second study, the dietary effect of maltol was evaluated on disease parameters in broiler chickens infected with E. maxima. Eighty male 1-day-old broiler chickens were allocated into the following four treatment groups: (1) Control group without infection, (2) Basal diet with E. maxima, (3) High maltol (HI; 10.0 mg /kg feed) with E. maxima, and (4) Low maltol (LO; 1.0 mg/kg feed) with E. maxima. Body weights (BW) were measured on days 0, 7, 14, 20, and 22. All chickens except the CON group were orally infected with 104 E. maxima per chicken on day 14. Jejunum samples were collected for gut lesion scoring, and the gene expression of cytokines and TJPs. Data was analyzed using PROC MIXED in SAS. In vitro, maltol not only increased TJPs in IEC and cytokines in the LPS-stimulated CMC but also showed direct cytotoxicity against sporozoites of E. maxima. In vivo, the HI group improved the BW, reduced the gut lesion scores and fecal oocyst shedding, and decreased jejunal TNFSF15 and IL-1β expression in E. maxima-infected chickens. In conclusion, these results demonstrate the beneficial effects of dietary maltol in the enhancement of growth performance, gut health, and coccidiosis resistance and the applicability of maltol as a postbiotic for the replacement of antibiotic growth promoters in commercial poultry production.
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INTRODUCTION

Eimeria spp. are the etiologic agents of avian coccidiosis, an intestinal disease responsible for an economic loss of more than $3 billion per year (1, 2). Increasing implementation of antibiotic-free poultry production system in the U.S. is making the control of some enteric pathogens such as coccidiosis-causing Eimeria species and necrotic enteritis-inducing Clostridium perfringens strains challenging (3). Because coccidiosis is a primary risk factor for necrotic enteritis, it is desirable if alternatives to antibiotics can reduce Eimeria as well as Clostridium perfringens (4). Development of antibiotic alternatives is a priority for the animal agriculture industry to maintain the growth performance and health of food-producing animals without losing productivity in the post-antibiotic era (5). Although the mode of action of antibiotic growth promoters remains debatable, dietary antibiotic growth promoters undoubtedly influence the gut microbiota, host immune status, and other host physiological responses (2–4). Therefore, developing antibiotic alternatives that can manipulate gut microbiota to promote host growth and health is a logical goal for the animal industry (6, 7). Considering this goal, metagenomics has been conducted in several studies to analyze the entire population of gut microbiota based on various research areas such as nutrition, physiology, and immunology (8, 9). Although amplicon sequencing using metagenomics enables comprehensive characterization of the taxonomic composition of the gut microbiome, it is impossible to obtain direct evidence of the microbial functions related to the gut microbial community (10, 11). Hence, the critical next step for gut microbiome studies is a transition from gene/genome-centric analysis to mechanism-centric techniques by integrating omics data with experimental results (12, 13). Thus, mainstream studies on the gut microbiota include adoption of a combination of analytical approaches, such as meta-transcriptomics, meta-proteomics, and metabolomics, together with established metagenomics (14–17). With the development of the “omics” technology related to the investigation of gut health, the term “postbiotics” was coined and defined as a novel class of feed additives that are generally produced by beneficial gut microbes and which exert a positive influence on the host health (18). In our previous study (19), dietary feeding of the Bacillus subtilis 1781 strain induced the alteration of chicken gut metabolites which was associated with the growth- and immune-promoting effects of dietary B. subtilis 1781 strain in chickens. Among the highly altered gut metabolites, maltol was one of the significantly increased metabolites that we selected for further studies since maltol mediates various physiological functions associated with anti-oxidant (20) and anti-carcinogen (21) activities and reduces inflammatory responses (22).

We hypothesized that maltol could be a good candidate as a growth-promoting postbiotic because its expression was highly upregulated in the gut of chickens fed with a diet supplemented with the B. subtilis strain 1781, which influenced the intestinal immune response, gut barrier integrity, and growth-promotion in fast-growing chickens. Therefore, the objectives of the present study were: (1) the in vitro evaluation of effects of maltol on the host innate immune response using chicken macrophage cells (CMC), on the barrier integrity on chicken intestinal epithelial cells (IEC), on anti-coccidial ability against Eimeria maxima, and on myogenic differentiation of quail muscle cells (QMC) and primary chicken embryonic muscle cells (PMC); and (2) the in vivo characterization of the dietary maltol on growth performance, intestinal immunity, and epithelial integrity in young broiler chickens challenged with E. maxima. These studies will provide information on the mechanisms through which the alteration of gut metabolites generated by dietary direct-fed microbes exerts beneficial physiological changes on the host.



MATERIALS AND METHODS


Experiment 1: In vitro Study


Culture of Chicken Intestinal Epithelial Cells (IEC) and Chicken Macrophage Cells (CMC)

IEC (2 × 105/mL, 8E1; MicroMol GmbH, Karlsruhe, Germany) and CMC (2 × 105/mL, HD11) (23) were seeded in 24-well plates and grown in the Dulbecco's modified Eagle medium (DMEM)/F-12 (Hyclone, Logan, UT) supplemented with 1% penicillin/streptomycin (Gibco, Grand Island, NY, USA) and 10% heat-inactivated fetal bovine serum (FBS, Hyclone), and incubated at 41°C in a humidified atmosphere with 5% CO2 for 24 h for cell adhesion. After 24 h, lipopolysaccharide (LPS, Sigma-Aldrich, St. Louis, MO) at a concentration of 1.0 μg/mL and maltol (Sigma-Aldrich) at concentrations of 0.0, 0.1, 1.0, and 10.0 μg/mL were added to each well in the 24-well plates. After 18 h, all cells were harvested in lysis buffer (QIAGEN, Hilden, Germany) with 2-mercaptoethanol (Sigma-Aldrich). RNA was extracted using QIAcube (QIAGEN) for performing quantitative real-time polymerase chain reaction (qRT-PCR) analysis. All experiments were replicated more than three times independently.



Anticoccidial Assay Against E. maxima

Sporozoites of E. maxima were obtained by excystation of sporulated oocysts as described (24). Briefly, fresh sporulated oocysts were disrupted with 0.5-mm glass beads for 10 s using the Mini-Beadbeater (BioSpec Products, Bartlesville, OK). The released sporocysts were washed in chilled Hanks' balanced salt solution (Hyclone) and treated with 0.25% trypsin and 0.014 M taurocholic acid (Sigma-Aldrich) for 1 h to release sporozoites. Sporozoites (2.5 × 105) were added to each well of a 96-well plate. Chicken NK-lysin (Genscript, Piscataway, NJ) at concentrations of 1.0, 10, and 100 μg/mL were used as positive controls. Three different maltol doses, low (0.1 μg/mL), medium (1.0 μg/mL), and high (10 μg/mL), were used to treat freshly prepared live sporozoites and incubated at 41°C for 3 h. Fluorescent dye (AO/PI staining solution, Nexcelom Bioscience LLC, Lawrence, MA) was added to each mixture in a 1:1 ratio, and live sporozoites were counted using a cell counting chamber (Nexcelom Bioscience LLC). All experiments were replicated more than three times independently.



QMC Culture

QMCs (2 × 105/mL) were seeded in 24-well plates, as previously described (20) in Medium 199 (Hyclone) containing 10% FBS and 1% penicillin/streptomycin until 70% confluence was achieved. Media in 12-wells were replaced by Medium 199 containing 0.5% FBS with 1% penicillin/streptomycin to induce cell differentiation, and in the remaining 12-wells of the same plate, media were replaced by a basic Medium 199 containing 10% FBS to maintain cell proliferation. Maltol at concentrations of 0.0, 0.1, 1.0, and 10.0 μg/mL was added to each well in the 24-well plates. After incubation at 41°C in a humidified atmosphere with 5% CO2 for 18 h, all cells were harvested in lysis buffer with 2-mercaptoethanol. RNA was extracted using QIAcube for performing qRT-PCR analysis. All experiments were replicated more than three times independently.



Primary Chicken Embryonic Muscle Cell (PMC) Culture

Eggs for the embryo were obtained from Moyer's hatchery (Quakertown, PA). The PMC culture was modified based on the method described by Hassan et al. (25). Briefly, eggs were incubated at 41°C and 80% humidity. The pectoralis major region of the embryos was extracted at 13 days; it was minced and digested with 0.05% trypsin-EDTA (Sigma-Aldrich) at 37°C for 20 min. The primary cells were washed 2–3 times with Hanks balanced salt solution (Sigma-Aldrich) and seeded (2 × 105/mL) in 24-well plates. Primary muscle cells were incubated in DMEM (Hyclone) containing 10% FBS and 1% penicillin/streptomycin until 70% confluence was achieved. Media in 12-wells were replaced by DMEM containing 2% FBS with 1% penicillin/streptomycin to induce cell differentiation, and in the remaining 12-wells of the same plate, media were replaced by basic DMEM containing 10% FBS to maintain cell proliferation. Maltol at concentrations of 0.0, 0.1, 1.0, and 10.0 μg/mL was added to each well in the 24-well plates. After incubation at 41°C in a humidified atmosphere with 5% CO2 for 18 h, all cells were harvested in lysis buffer with 2-mercaptoethanol. RNA was extracted using QIAcube for qRT-PCR analysis. All experiments were replicated more than three times.



Analysis of Cytokines, Tight Junction (TJ) Proteins, and Markers of Muscle Cell Growth by qRT-PCR

The levels of pro-inflammatory cytokines (IL-1β, IL-6, and IL-8) were determined in IEC and CMC using extracted RNA samples. For analysis of TJ proteins (occludin, ZO-1, and MUC2), qRT-PCR was conducted using RNA samples extracted from IEC without LPS stimulation. Proliferation and differentiation markers of muscle cells, Pax7 and MyoG, were measured using samples obtained from QMC and PMC. Total RNA was extracted using QIAcube. RNA was eluted in 30 μL RNase-free water, and the concentration and yield were determined using the NanoDrop ND-1000 spectrometer (Nano-Drop Technology, Wilmington, DE, USA). A 1-μg aliquot of total RNA was reverse-transcribed to cDNA using the QuantiTect Reverse Transcription Kit (Qiagen), and all cDNA samples were diluted 1:10 with RNase-free water for subsequent analysis. qRT-PCR was performed using the Agilent Mx3000 P QPCR System (Agilent Technologies, Santa Clara, CA) and the Brilliant SYBR Green qRT-PCR Master Mix (Stratagene, La Jolla, CA). Oligonucleotide primer sequences and accession numbers used for chicken cytokines are listed in Table 1. Standard curves were generated using log10 diluted standard samples of RNA to calculate the amplification efficiency, and the levels of individual transcripts were normalized to those of β-actin using the Q-gene software program (26).


Table 1. Oligonucleotide primer sequences for qRT-PCR.
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Experiment 2: In vivo Study

All animal experiments were approved by the Beltsville Agricultural Research Center Institutional Animal Care and Use Committee (# 19–018). Figure 1 depicts the schematic outline of the experimental design used for this study.


[image: Figure 1]
FIGURE 1. Schematic outline of the experimental design in experiment 2.



Chickens and Experimental Design

A total of 80 newly hatched (Ross 708) male broiler chickens at 0 days of age were purchased from Longenecker's hatchery (Elizabethtown, PA). The day after the chickens arrived at the Beltsville ARS facility, they were weighed to perform adjustments to obtain the same body weight (BW) per treatment and allocated to four dietary treatments in a randomized complete block design. The dietary treatments included provision of a corn- and soybean meal-based (basal) diet without infection (CON, Table 2), basal diet with E. maxima infection (NC), maltol (Sigma-Aldrich) at 10.0 mg/kg feed (HI), and maltol at 1.0 mg/kg feed (LO) Each treatment group was allocated into two cages with ten chickens per cage (0.65 × 0.75 m2). The chickens were provided with ad libitum access to water and feed throughout the experimental period. A schematic outline of the experimental design is shown in Figure 1.


Table 2. Ingredient composition of basal diet (as feed? basis, %, unless otherwise indicated).
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Determination of BW

Chickens were weighed on days 1, 7, 14, 20, and 22 for the computation of BW and average daily gain (ADG). Dead chickens were removed and weighed daily to perform adjustments for the growth data.



Oral Infection With E. maxima

All chickens, except for those in the CON group, were orally infected with E. maxima (1.0 × 104 oocysts/bird; Beltsville strain 41A) on day 14 as previously described (27). The purity of the infected E. maxima was confirmed by conducting a DNA genotyping test (28).



Collection of Intestinal Samples

Two chickens from each cage with a medium BW were euthanized by cervical dislocation on day 20, and their intestines were removed for further analysis. From each intestine, a small section (2 cm) of the jejunum without contents was collected aseptically and stored in RNAlater® (Invitrogen, Carlsbad, CA) at −20°C until subsequent analysis.



Gut Lesion Scoring

Using the 15-cm long mid jejunum sample, gut lesion scoring was performed on day 20. Lesions were scored on a scale from 0 (none) to 4 (high) by four independent observers in a blinded manner, as per methods described previously (29).



Fecal Oocyst Shedding

From days 20–22 (6–8 days post-infection: dpi), fecal samples were collected and the number of sporulated oocysts was determined as previously described (30) using the McMaster chamber according to the following formula:

Total oocysts/chicken = [oocyst count × dilution factor × (fecal sample volume/counting chamber volume)]/number of chickens per cage.



Isolation of RNA and Reverse Transcription

Total RNA was isolated from jejunum samples that were stored in RNAlater® according to the manufacturer's recommendations. Approximately 50 mg of the jejunal tissue was homogenized in 1 mL of TRIzol (Invitrogen) using a hand-held homogenizer (TissueRuptor; Qiagen). Chloroform was added to the homogenized sample. The samples were centrifuged at 12,000 × g for 15 min at 4°C for phase separation. RNA present in the colorless upper aqueous phase was then precipitated using 100% isopropanol (Sigma-Aldrich). The RNA pellet was washed with 75% ethanol (Sigma-Aldrich), air-dried, and re-suspended in RNase-free water (Invitrogen). The quantity of RNA was assessed using the NanoDrop (ND-1000) spectrophotometer (NanoDrop Products, Wilmington, DE) according to the absorbance at 260 nm. RNA purity was evaluated based on the OD260/OD280 ratio. Total RNA (1 μg) was then reverse-transcribed to cDNA using the QuantiTect® reverse transcription kit (Qiagen). Briefly, the RNA sample was incubated with genomic DNA wipeout buffer at 42°C for 2 min to remove any genomic DNA contamination. Reverse transcription (RT) of the genomic DNA-depleted sample was performed by the addition of the Quantiscript Reverse Transcriptase, Quantiscript RT buffer, and RT primer mix (Qiagen). The reaction was performed in a thermal cycler (Mastercycler® EP Gradient S; Eppendorf, Hauppauge, NY). The cycling conditions were 42°C for 30 min, followed by reverse transcriptase inactivation at 95°C for 3 min. The cDNA samples were divided into aliquots and stored at – 20°C.



Gene Expression Analysis by qRT-PCR

The oligonucleotide primer sequences used for qRT-PCR are listed in Table 1. The expression of various cytokines and intestinal TJ proteins was evaluated in the jejunum, including IL-1β, IL-6, IL-10, IL-17F, IFN-γ, TNFSF15, JAM2, occludin, ZO-1, and claudin-1. Glyceraldehyde-3-phosphate dehydrogenase was used as the reference gene. Amplification and detection were performed using the Stratagene Mx3000P qPCR system (Agilent Technologies Inc.) and RT2 SYBR Green qPCR master mix (Qiagen). Each sample was analyzed in triplicate, and non-specific primer amplification was assessed via the inclusion of no-template controls. Standard curves were generated using log10 diluted standards of RNA, and the levels of individual transcripts were normalized to those of Glyceraldehyde-3-phosphate dehydrogenase in the Q-gene program (26).



Statistical Analysis

In vitro data for each response were analyzed using the Proc GLM in SAS (SAS Inc., Cary, NC). In vivo data were analyzed using a mixed model (PROC MIXED) in SAS. Each chicken was considered an experimental unit. The results are shown as least squares mean values and pooled standard error of the mean. Probability values <0.05 were considered significantly different. In cases where the overall effect was significant, the mean values were compared in a pairwise manner (PDIFF option).





RESULTS


Experiment 1: In vitro Studies


Effect of Maltol on the Gene Expression of Biomarkers Associated With Inflammation and Gut Integrity in Chicken Epithelial Cells

LPS stimulation of IEC increased (P = 0.041) IL-1β levels (0.9- to 1.4-fold) compared to those in the control without LPS treatment, whereas maltol alone did not change the IL-1β levels (Figure 2A). For IL-6, LPS stimulation increased (P = 0.038) IL-6 levels (1.3- to 4.1-fold) independent of maltol treatment compared to those of the groups without LPS stimulation (Figure 2B). With LPS treatment, maltol increased (P < 0.002) IL-6 levels in a dose-dependent manner from 0.1 (2.32- to 3.7-fold) to 1.0 μg/mL (2.3- to 5.7-fold) compared to those of the LPS control (maltol at 0.0 μg/mL). Maltol increased occludin (Figure 3A, 1.0- to 3.4-fold) and MUC2 (Figure 3C, 1.0- to 1.9-fold) gene expression (P < 0.001) at a dose of 1.0 μg/mL. Maltol also induced higher (P < 0.001) ZO-1 levels (1.0- to 2.6-fold) from 0.1 to 10.0 μg/mL in IEC than those in the control without maltol (Figure 3B).
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FIGURE 2. Secretion of pro-inflammatory cytokines in chicken epithelial cells (IEC) by LPS and maltol. Each bar represents the mean ± SEM (n = 3). Transcript levels of the cytokines were measured using quantitative RT-PCR and normalized to GAPDH transcript levels. Significant results are marked as * (P < 0.05). LPS, lipopolysaccharide.



[image: Figure 3]
FIGURE 3. Alteration of tight junction proteins and mucin in chicken epithelial cells (IEC) by maltol. Each bar represents the mean ± SEM (n = 3). Transcript levels of the tight junction proteins were measured using quantitative RT-PCR and normalized to GAPDH transcript levels. Significant results are marked as * (P < 0.05).




Effect of Maltol on Pro-inflammatory Responses of CMC

LPS stimulation increased (P < 0.001) IL-1β levels (1.5- to 9.1-fold) in CMC compared to those in the groups without LPS treatment, and maltol treatment further increased (P < 0.001) IL-1β levels from 9.1- to 28.4-fold (Figure 4A). In groups without LPS stimulation, maltol increased IL-6 levels from 0.1 to 10.0 μg/mL (P < 0.042) (1.0- to 2.5-fold) compared to those in the control (Figure 4B). LPS stimulation increased (P = 0.038) IL-6 levels (2.1- to 4.5-fold) compared to those of groups without LPS stimulation. Among the LPS groups, maltol at a dose of 0.1 μg/mL increased (P = 0.028) IL-6 levels (4.2- to 5.8-fold) compared to those in the groups with LPS administration without maltol (Figure 4B). Furthermore, LPS stimulation increased (P < 0.001) IL-8 levels (2.4- to 77-fold) in CMC compared to those in non-LPS groups (Figure 4C). Among the LPS groups, maltol at a dose of 0.1 μg/mL increased (P = 0.048) IL-8 levels (77- to 270-fold) compared to those in the LPS control without maltol treatment.


[image: Figure 4]
FIGURE 4. Secretion of pro-inflammatory cytokines in chicken macrophages (CMC) by LPS and maltol. Each bar represents the mean ± SEM (n = 3). Transcript levels of the cytokines were measured using quantitative RT-PCR and normalized to GAPDH transcript levels. Significant results are marked as * (P < 0.05). LPS, lipopolysaccharide.




Anticoccidial Activity of Maltol Against Sporozoites of E. maxima

Chicken NK-lysin which was used as a positive control decreased (P < 0.001) the survival rate of sporozoites of E. maxima in a dose-dependent manner by 12–48% compared to that in the CON group (Figure 5). Maltol showed a dose-dependent decrease of sporozoites of E. maxima by 36–59% compared to that in the CON group.


[image: Figure 5]
FIGURE 5. Anticoccidial effect of maltol on sporozoites of E. maxima in experiment 1. Each bar represents the mean ± SEM (n = 3). Significant results are marked as * (P < 0.05). CON, 2.5 × 105 sporozoites/mL.




Effect of Maltol on the Proliferation and Differentiation of QMCs and PMCs

The treatment using 0.5% FBS without maltol did not change (P > 0.05, 1.0–1.2) Pax7 levels of QMCs compared to those observed after treatment using 10% FBS (Figure 6). However, maltol at a dose of 10.0 μg/mL increased (P < 0.05) Pax7 levels regardless of the FBS concentration compared to those in the corresponding control groups (1.0–1.4 in 10% FBS and 1.2–2.3 in 0.5% FBS). In contrast, in the treatment groups using 0.5% FBS, maltol increased (P < 0.05) the MyoG levels (1.2–3.6) of QMCs regardless of the dose of maltol used compared to those observed after treatment using 10% FBS. In PMC, maltol at a dose of 10.0 μg/mL increased Pax7 levels (1.0–1.6) in the group subjected to a treatment using 10% FBS (P < 0.05) compared to those in the other groups. However, MyoG levels of PMCs did not change (P > 0.05) with respect to the maltol dose or FBS concentration used.


[image: Figure 6]
FIGURE 6. Proliferation and differentiation of quail muscle cells [QMC, (A,B)] and primary chicken embryonic muscle cells [PMC, (C,D)] by FBS concentration and maltol. Each bar represents the mean ± SEM (n = 3). Transcript levels of the cytokines were measured using quantitative RT-PCR and normalized to GAPDH transcript levels. Significant results are marked as follows: * (P < 0.05).





Experiment 2: In vivo Studies


Growth Performance of Chickens

The initial BW did not show significant differences among the experimental groups (P = 0.998; Table 3). In the absence of challenge infection, treatment with dietary maltol did not significantly change (P > 0.05) the BW of chickens until day 14 regardless of the dose of maltol used compared to that of the control group, even though the HI and LO groups increased the BW of chickens numerically compared to those in the CON and NC groups. E. maxima infection decreased (P < 0.001) the BW of chickens at 6 dpi (860–743 g) and 8 dpi (1,017–763 g) compared to that of the CON group. The HI group increased the BW of chickens at 6 dpi (P = 0.040, 743–794 g) and 8 dpi (P < 0.001, 763–934 g) compared to that of the NC group. The LO group also increased (P = 0.015) the BW of chickens (763–842 g) at 8 dpi compared to that of the NC group. Before infection, the ADG of the chickens fed with diets supplemented with maltol did not differ (P > 0.05) from that of the CON group, although the ADGs of chickens fed with diets supplemented with maltol increased numerically regardless of the dose administered. E. maxima-infected chickens (NC group) presented with lower ADG at 0 to 6 dpi (P < 0.001, 66.5–47.7 g) compared to that of the uninfected CON group. The HI group increased the ADG of the infected chickens at 0–6 dpi (P = 0.011, 47.7–53.7 g). During the entire infection period (0–8 dpi), the HI (P < 0.001, 38.2–57.8 g) and LO (P = 0.002, 38.2–46.9 g) groups increased the ADG of chickens compared to that of the NC group, which was decreased by E. maxima infection.


Table 3. Body weight and average daily gain chickens fed a diet supplemented with maltol.
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Intestinal Lesion Scores and Fecal Oocyst Shedding

E. maxima infection increased (P < 0.001) the gut lesion scores (0.4–1.5) of the jejunum compared to that of the control group (Figure 7A). The HI group decreased (P = 0.024) the lesion score of the jejunum (1.5–1.2) compared to that of the NC group. In the NC group, infection increased (P < 0.001) the oocyst numbers (0–5.6 × 107 oocysts/chicken) compared to that of the CON group; however, the HI group decreased (P = 0.002) the fecal oocyst number (5.6 × 107-3.8 × 107 oocysts/chicken) compared to that of the NC group (Figure 7B).


[image: Figure 7]
FIGURE 7. Lesion score and oocyst shedding of chickens fed diet supplemented with maltol during infection with E. maxima. CON, basal diet; NC, basal diet for infected chickens; HI, maltol at 10.0 mg/kg feed; LO, maltol at 1.0 mg/kg feed; all chickens except CON were infected by oral gavage at day 14 with 1.0 × 104 oocysts/chicken of E. maxima. a−cBars with no common letter differ significantly (P < 0.05). Each bar represents the mean ± SEM (n = 4). The lesion score was collected from distal jejunal tissue at day 20 (6 days post-infection: dpi) and fecal sample was collected from 6 to 8 dpi to calculate the oocyst shedding.




Pro-inflammatory Cytokines

In the absence of maltol, infection (NC group) with E. maxima increased (P < 0.05) the gene expression of TNFSF15 (3.4 × 10−3-2.3 × 10−2), IL-1β (1.9 × 10−3-4.9 × 10−3), and IL-6 (3.0 × 10−3-9.9 × 10−3) in the distal jejunum compared to that of the CON group (Figure 8). The HI group decreased (P < 0.05) the expression of TNFSF15 (2.3 × 10−2-8.2 × 10−3), IL-1β (4.9 × 10−3-1.6 × 10−3), IL-6 (9.9 × 10−3-4.4 × 10−3), and IL-17F (1.0 × 10−3-5.0 × 10−5) compared to that of the NC group. The LO group also decreased (P < 0.05) the gene expression of IL-6 (9.9 × 10−3-4.7 × 10−3) and IL-17F (1.0 × 10−3-6.0 × 10−5) compared to that of the NC group.


[image: Figure 8]
FIGURE 8. Transcripts of proinflammatory cytokines in jejunum of chickens fed diet supplemented with maltol during infection with E. maxima in experiment 2. CON, basal diet; NC, basal diet for infected chickens; HI, maltol at 10.0 mg/kg feed; LO, maltol at 1.0 mg/kg feed; all chickens except CON were infected by oral gavage at day 14 with 1.0 × 104 oocysts/chicken of E. maxima. a,bBars with no common letter differ significantly (P < 0.05). Each bar represents the mean ± SEM (n = 4). The data were collected at day 20 (6 days post-infection). Transcript levels of the cytokines were measured using quantitative RT-PCR and normalized to GAPDH transcript levels.




Th1 Cytokines

In the absence of maltol, challenge infection (NC group) with E. maxima increased (P < 0.05) the gene expression of IFN-γ (5.1 × 10−5-2.5 × 10−3) and IL-10 (9.1 × 10−5-1.2 × 10−3) in the distal jejunum compared to that of the CON group (Figure 9). However, the HI and LO groups decreased (P < 0.05) the gene expression of IFN-γ (HI: 2.5 × 10−3-4.1 × 10−4, and LO: 2.5 × 10−3-4.6 × 10−4) and IL-10 (HI: 1.2 × 10−3-2.4 × 10−4 and LO: 1.2 × 10−3-3.5 × 10−4) compared to their respective NC controls.


[image: Figure 9]
FIGURE 9. Transcripts of Th1 cytokines in jejunum of chickens fed diet supplemented with maltol during infection with E. maxima in experiment 2. CON, basal diet; NC, basal diet for infected chickens; HI, maltol at 10.0 mg/kg feed; LO, maltol at 1.0 mg/kg feed; all chickens except CON were infected by oral gavage at day 14 with 1.0 × 104 oocysts/chicken of E. maxima. a,bBars with no common letter differ significantly (P < 0.05). Each bar represents the mean ± SEM (n = 4). The data were collected at day 20 (6 days post-infection). Transcript levels of the cytokines were measured using quantitative RT-PCR and normalized to GAPDH transcript levels.




TJ Proteins

In the absence of maltol, challenge infection (NC group) with E. maxima decreased (P = 0.033) the gene expression of occludin (1.4 × 10−2-8.8 × 10−3) in the distal jejunum compared to that in the CON group (Figure 10). However, the HI (8.8 × 10−3-1.9 × 10−2) and LO (8.8 × 10−3-1.4 × 10−2) groups increased (P < 0.031) occludin gene expression compared to that of the NC group. Other TJ proteins such as claudin-1, JAM2, and ZO-1 did not demonstrate any significant changes in gene expression (P > 0.05) following maltol treatment.


[image: Figure 10]
FIGURE 10. Transcripts of tight junction protein in jejunum of chickens fed diet supplemented with maltol during infection with E. maxima in experiment 2. CON, basal diet; NC, basal diet for infected chickens; HI, maltol at 10.0 mg/kg feed; LO, maltol at 1.0 mg/kg feed; all chickens except CON were infected by oral gavage at day 14 with 1.0 × 104 oocysts/chicken of E. maxima. a,bBars with no common letter differ significantly (P < 0.05). Each bar represents the mean ± SEM (n = 4). The data were collected at day 20 (6 days post-infection). Transcript levels of the tight junction proteins were measured using quantitative RT-PCR and normalized to GAPDH transcript levels.






DISCUSSION

Analysis of metabolites produced by gut microbiota-mediated metabolism of indigestible feed ingredients has provided evidence of profound effects of small molecular weight metabolites on the signal transduction of the host and as regulators of host physiological responses (18, 31, 32). Recently, several metabolites have been named as postbiotics, which are defined as types of feed additives that are generally produced by beneficial gut microbes and exert a positive effect on host health (18). For example, short-chain fatty acids, bacteriocins, functional peptides, and proteins are known as postbiotics (33, 34); therefore, gut metabolites are considered as postbiotics. In our previous study (19), we performed a global metabolomic analysis of gut metabolites associated with growth and immunity enhancement following dietary exposure of young chickens with direct-fed microbes, B. subtilis 1781 and 747, which promote growth and immunity. Of the 361 metabolites that were altered in chickens treated with B. subtilis 1781 and 747, 131 metabolites were increased and 230 metabolites were decreased compared to the non-supplemented control group. Maltol was identified as one of the markedly increased metabolites with potentially beneficial effects on gut health and chicken growth.

In experiment 1, the effects of maltol on the gene expression of pro-inflammatory cytokines in IEC and CMC, TJ proteins in IEC, and anticoccidial ability against sporozoite of E. maxima, were evaluated in vitro. LPS was used to induce inflammatory responses in IEC and CMC, and its treatment elevated levels of all pro-inflammatory cytokines tested. The magnitude of cytokine gene expression was greater in CMC than that in IEC. In IEC, IL-1β and IL-6 levels were increased by 1.4 and 2.3 times, respectively, compared to those in each control without LPS treatment, whereas in CMC, IL-1β, IL-6, and IL-8 levels were increased by 9.1, 4.2, and 7.7 times, respectively, compared to their respective controls. Therefore, CMC was more responsive to the LPS treatment than to the IEC treatment, and the findings were supported by a previous study which showed that macrophages were more sensitive to LPS-induced immune responses than epithelial cells (35). LPS treatment of IEC and CEC in the present study increased expression levels of all cytokines analyzed, and maltol, at doses from 0.1 μg/mL (1.6-fold higher than the LPS control) to 1.0 μg/mL (2.5-fold higher than the LPS control), induced IL-6 levels of IEC in a dose-dependent manner. However, maltol at a dose of 10 μg/mL maintained the same level of IL-6 expression as that observed at doses of 0.1 and 1.0 μg/mL. For CMC, regardless of the dose administered, maltol induced higher IL-1β and IL-8 levels compared to those of the LPS control without maltol addition. IL-6 showed the most remarkable change at the lowest maltol concentration (0.1 μg/mL) among the LPS-treated groups. Other maltol concentrations (1.0 and 10.0 μg/mL) did not affect the LPS-induced IL-6 levels.

Our in vitro studies showed that maltol played a role as an immune modulator during inflammatory responses. Maltol also influences the anti-oxidant activity (22) by scavenging free radicals generated during oxidative stress (20). Oxidative stress incurred during an inflammatory response may trigger the overproduction of reactive oxygen species, which can form a vicious circle resulting in tissue damage in intestinal epithelia and liver tissues (36). Maltol treatment has shown effective protection of nerve cells against oxidative damage caused by reactive oxygen species (33), and maltol-derived organometallic complexes have also been shown to demonstrate potential anti-tumor activity (21). Pro-inflammatory cytokines are involved in mucosal inflammation, disruption of the physiological epithelial TJ structure and composition, and can increase paracellular permeability (37). However, the molecular mechanisms that drive TJ reorganization in such inflammatory states are not well-understood. Only maltol in the absence of LPS upregulated the gene expression of occludin, ZO-1, and MUC2 levels in IEC by more than 2-fold, regardless of the dose administered compared to the control. Based on our observations, maltol may exert a beneficial effect on maintenance of gut integrity and improve the gene expression of TJ proteins. Further studies are warranted to clarify the role of maltol and TJ proteins in IEC.

Maltol also reduced the survival ratio of sporozoites of E. maxima, although the underlying reason for this needs further investigation. A previous study showed that 1-(N-acetyl-6-aminohexyl)-3-hydroxy-2-methylpyridib-one, synthesized from maltol, inhibited the growth of Plasmodium falciparum by interfering with the uptake of exogenous iron or by depleting the intracellular labile iron pool (38). Since both Eimeria and Plasmodia belong to the Apicomplexa phylum, maltol may use a similar mechanism to inhibit the growth of these protozoan parasites. The observed effects of maltol on muscle cells in vitro warrant further study. In the present study, we used different FBS concentrations [0.5% FBS in QMC (39) and 2% FBS in PMC (40)] to induce myogenic differentiation and proliferation. During myoblast proliferation, maltol administration at a dose of 10 μg/mL enhanced Pax7 levels in QMCs and PMCs. However, regardless of the dose administered, maltol treatment did not affect the MyoG levels of QMCs and PMCs during myogenic differentiation. Maltol at a dose of 10 μg/mL also increased Pax7 levels in QMCs during myogenic differentiation. Choi et al. (41) reported that high levels of Pax7 could impair myogenesis formation. According to our observation, QMCs and PMCs present with different cell growth properties because PMCs are undifferentiated primary cells obtained from chicken embryos, whereas QMCs are established muscle cells obtained from quails.

To further study the role of maltol in chickens, we conducted an in vivo feeding trial in young broiler chickens infected with E. maxima. Specifically, the effects of dietary maltol at high and low doses on growth performance, intestinal immune responses, and epithelial barrier integrity of chickens following challenge infection with E. maxima were examined. Regardless of the dose administered, dietary maltol supplementation in young chickens did not affect the BW and ADG before E. maxima infection. Therefore, dietary maltol supplementation in broiler chicken may not influence the growth of chickens by itself. However, in the present study, dietary maltol supplementation up to 10 μg/kg feed did not adversely affect the growth performance of young broiler chickens. After infection with E. maxima, dietary maltol supplementation showed various changes in the physiological responses of broiler chickens. Following E. maxima infection, the growth performance (BW and ADG) of the broiler chickens were decreased compared to that of the CON group regardless of the dietary maltol supplemented. However, at 6 dpi, the BW of chickens were improved when chickens were provided with dietary HI maltol levels of 10.0 μg/kg, and the effects could be observed until the end of the experiment. When chickens were provided with LO maltol levels of 1.0 μg/kg feed, BW showed improvement only at 8 dpi. The effect of dietary maltol supplementation on BW was also investigated to determine changes in the ADG of chickens, with the HI group showing improvements in the ADG between 0 and 8 dpi (the entire infection duration). These results indicate the beneficial effects of dietary maltol on the BW and ADG of chickens following E. maxima infection. The beneficial effect of maltol on muscle growth is an important finding which suggests a potential use of maltol as an alternative to antibiotics. Therefore, further studies are needed to investigate the mechanisms of growth promotion by maltol since the focus of current study was to show the effect of dietary maltol on gut function including local immunity in broiler chickens.

The results of our in vitro and in vivo experiments supported our hypothesis that dietary maltol supplementation could improve the growth of broiler chickens infected with E. maxima and indicated that maltol was a good candidate as a postbiotic antibiotic alternative. To further investigate the effect of dietary maltol on the growth performance of chickens, we determined jejunal lesion score, gene expression of jejunal cytokines and TJ proteins, and fecal oocyst shedding in broiler chickens infected with E. maxima. Dietary maltol supplementation decreased the jejunal lesion score and fecal oocyst production, indicating a potential direct role of dietary maltol on Eimeria fecundity or host cell invasion at the brush border of the intestine. This result was supported by our in vitro results showing the direct action of maltol on the survival of sporozoites of E. maxima in the present study. Another explanation for the decrease in gut lesions and fecal oocyst shedding could be provided by the effects of maltol treatment on cytokine and TJ protein expression in the gut. Expression levels of the cytokines, which are mostly involved in the elicitation of pro-inflammatory and Th1 responses, increased after challenge infection with E. maxima. However, following E. maxima infection, dietary maltol supplementation suppressed the gene expression levels of IL-6, IL-17F, IFN-γ, and IL-10 compared to those of the NC group. These results suggest a role played by dietary maltol in induction of host immune responses and oocyst reduction during E. maxima infection.

Klasing (42) has reported that a cytokine storm induces metabolic changes, including increased protein degradation in skeletal muscle, thereby diverting nutrients from the muscle and other tissues to render their availability for the increased demands of leukocytes and production of protective proteins. Consequently, these responses decrease growth performance and directly influence the success of poultry production. In practice, under equalized feed intake, a vigorous acute phase immune response in chickens has been estimated to account for approximately 10% of the nutrient use (42). Jiang et al. (43) reported that LPS-challenged chickens (dose of 1 mg LPS per kg of BW at 14, 16, 18, and 20 days of age) showed a 22% decrease in BW gain during challenge; 59% of the loss was attributed to a decreased feed intake, and the remaining 41% was attributed to the presence of immune response-related factors (44). Park et al. (3) suggested that cytokines that reduced pro-inflammatory and cellular immune responses could decrease the turnover of feed nutrients utilized for immune protein production, which might lead to exertion of growth-promoting effects on chickens. This concept is also supported by studies and reviews related to nutrition and immunity in poultry (43–45). The intestinal epithelium, composed of a single layer of columnar epithelial cells that are tightly bound by intercellular junctional complexes, serves as a physical barrier against invading pathogens and intraluminal toxins (46, 47). Intestinal junctional complexes maintain the integrity of the epithelial barrier by regulating paracellular permeability and are composed of TJs, gap junctions, adherens junctions, and desmosomes (48). TJs include four integral transmembrane proteins (occludin, claudin-1, JAM, and tricellulin) that interact with cytosolic scaffold proteins, which bind the actin cytoskeleton (46, 49). Jejunal TJ proteins levels, except those for occludin, were not affected by E. maxima infection or dietary maltol supplementation in the present study. However, occludin levels were decreased by E. maxima infection, and the reduction was recovered by dietary maltol supplementation in a dose-dependent manner. Our results were supported by findings reported by Van Itallie et al. (50), who stated that occludin was required for cytokine-induced TJ remodeling, however, dietary maltol did not affect other TJ proteins unlike our in vitro results. Thus, further studies on the effects of maltol on TJ proteins will enhance our understanding of maltol-gut junction protein interaction.

In conclusion, maltol, one of the metabolites whose expression was increased in the gut of young broiler chickens fed with a diet supplemented with B. subtilis 1781 and 747, that promotes host immunity and growth, affected the maintenance of gut integrity and the functions of immunity in vitro and exerted beneficial effects by reducing intestinal damage, parasite fecundity, and inflammatory responses in chickens following E. maxima challenge infection. Therefore, maltol is a good candidate as an antibiotic alternative postbiotic to improve the growth and immunity of chickens presenting with enteric diseases.
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The study investigated the impact of soybean protein from different processing on the performance, dietary nitrogen digestibility, cecal fermentation characteristics, and bacterial community in newly weaned piglets. The piglets were allocated to two dietary treatment and fed with the extruded full-fat soybean diet (EFS group) and enzyme-treated soybean meal diet (ESBM group), respectively. The piglets in ESBM group showed greater nitrogen digestibility and feed efficiency, and lower diarrhea rate in comparison to piglets in EFS group (P < 0.05). Cecal samples from piglets in ESBM group contained greater concentration of acetate, propionate and total SCFAs (P < 0.05), and lower contents of isobutyrate, isovalerate, total BCFAs, NH3-N and putrescine (P < 0.05) than cecal samples from piglets in the EFS group. The cecal samples from piglets in ESBM group contained greater abundances of g_Blautia, g_Coprococcus_3, g_Fusicatenibacter, and g_Bifidobacterium than the cecal sample from piglets in the EFS group, which could promote to protect intestinal health. In summary, enzyme-treated soybean meal may enhance the growth performance of weaned piglets via increasing the dietary nitrogen digestibility, preventing protein fermentation in the hindgut, which shed light on the mechanism in regulating gut health of dietary protein.

Keywords: bacterial community, hindgut fermentation, dietary protein, gut health, weaned piglets


INTRODUCTION

In the pig industry, piglets often suffer from weaning stress, including symptoms such as diarrhea, anorexia, and growth retardation due to immature digestive tract and the change of diets. The reduction of protein fermentation in the large intestine alleviates weaning stress and prevents diarrhea, which is usually achieved by feeding low-protein diets and improving the ileal digestibility of protein (1–3). Soybean is the most widely used protein source in the diets of pigs, but it contains soybean antigens and many other anti-nutritional factors, such as glycinin, β-conglycinin, and trypsin inhibitor, that caused allergic reactions or inhibited the activity of digestive enzymes, thus reducing nutrient digestibility and growth performance of livestock (4, 5). Therefore, improving the utilization of soybean protein in a low-protein diet could have a positive impact on the growth and health for the newly weaned piglets.

Extruded full-fat soybean (EFS) is the soybean treated with extrusion and a common soybean protein source, containing lower toxin, urease, and trypsin inhibitor activity, therefore can improve nutrient digestion and utilization (6). EFS in the diet has been reported to improve growth performance of weaned piglets by increasing the apparent total tract digestibility of crude protein and organic matter, and reducing the rate of diarrhea (7). Enzyme-treated soybean meal (ESBM) is a new type of protein source in piglet diets, which is hydrolyzed from soybean meal by biological enzymes. Compared with soybean meal, ESBM contains higher crude protein, amino acid and small peptide content, and lower anti-nutritional factor content, therefore it has great potential to improve the gut health of weaned piglets (8). Correspondingly, our previous studies have shown that ESBM improved the growth performance, antioxidant index and immune function of weaned piglets (9).

Given that there are only few studies aiming to evaluate the nutritional value of different processed soybean protein in newly weaned piglets, the current study aimed to compare the effects of dietary ESBM and EFS on growth performance, nutrient digestibility, cecal microbiota, and its fermentation characteristics based on a low-protein and AA supplemented diets.



METHODS AND MATERIALS

The animal handling and all procedures of this study received approval from the Animal Care and Use Ethics Committee of the Hunan Agricultural University (Changsha).

The ESBM used in this experiment was provided by Hamlet Protein Company (Horsens, Denmark). The EFS used in this experiment was provided by Hunan Lifeng Biological Technology Co., Ltd. (Changsha, China). Table 1 shows the anti-nutrient factors and nutrient composition of EFS and ESBM.


Table 1. Anti-nutrient factors and nutrient composition in extruded and enzyme-treated soybean meal (%, as-fed basis)*.
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Animals and Dietary Treatments

Thirty-two Duorc × (Landrace × Yorkshire) growing barrows were allotted to 2 dietary treatments in a completely randomized design with 16 repetitions per treatment according to their body weight (BW, 7.91 ± 0.58 kg). The dietary treatments include EFS diet and ESBM diet: the EFS diet was formulated by adding 24% EFS, while the ESBM diet was formulated by adding 12% EFS and 7% ESBM, and corn and soybean oil was increased to balance the energy and protein levels (Table 2). The experimental diets and vitamin-mineral premix were configured to meet the nutritional needs of nursery piglet as recommended by the NRC (10). Chromic oxide was included in all diets at 0.25% as an indigestible marker in the two diets. The experimental period lasted for 7 days. The house, feed trough and drinker were thoroughly cleaned and disinfected before starting the experiment. The temperature of the pig house was kept at 24–28°C, and the relative humidity was controlled at 60–70%. All the pigs were provided ad libitum access to water and feed. A scoring system was applied to indicate the presence and severity of diarrhea as following: 1 = hard feces; 2 = slightly soft feces; 3 = soft, partially formed feces; 4 = loose, semiliquid feces; and 5 =watery, mucous-like feces.


Table 2. Ingredients composition and nutrient levels of the experimental diets (%, as-fed basis).
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Sample Collection and Processing

The daily feed intake and body weight (BW) of each pig were recorded on the d 0 and d 7 to calculate the average daily gain (ADG), average daily feed intake (ADFI) and feed conversion rate (ADG: ADFI, G: F). Six piglets per treatment were humanely killed by intramuscular injection of serazine hydrochloride (Jilin Huamu Animal Health Product Co., Ltd., Changchun, China) at a dosage of 0.5 mL/kg BW on d 7. Pigs were dissected along the belly line, then the ileum and cecum segments were isolated to collect the digesta samples. Cecal digesta samples were stored at −80°C for microbiome and metabolite analysis and ileal digesta samples were stored at −20°C for subsequent chemical composition analysis to calculate nutrient digestibility.

The feed samples and ileal digesta after freeze-drying were weighed in parallel samples for analysis and determination. Dry matter (DM, AOAC 930.15) and CP (AOAC 984.13) contents were determined following the AOAC (11) procedures. The amino acid (AA) profiles were detected by HPLC (Agilent 1200, Agilent Technologies, USA). Lysine and threonine were detected after hydrolyzing with 6 mol/L HCl at 105°C for 24 h. Methionine was analyzed as methionine sulfone after cold performic acid oxidation overnight before hydrolysis. Tryptophan was determined after hydrolyzing with 4 mol/L LiOH at 110°C for 20 h. The apparent ileal digestibility (AID) of amino acids and nitrogen were calculated using the following formula:

[image: image]

Where (Diet component/Chromium) d= ratio of diet component to Chromium in the diet and (Diet component/ Chromium) i = ratio of diet component to Chromium in the ileal digesta (12).



Analysis for Bacterial Microbiota by 16S rDNA

Total genomic DNA of 10 digesta samples were extracted using a Stool DNA Isolation Kit (Tiangen Biotech Co., Ltd., Beijing, China) following the manufacturer's instructions. The quantity and quality of extracted DNAs were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, USA) and agarose gel electrophoresis, respectively. One sample from each treatment group was abandoned after DNA extraction failed. The genes of bacteria 16S ribosomal RNA in the region of V4–V5 were amplified by using polymerase chain reaction (PCR) with primers (515F 5′-barcode- GTGCCAGCMGCCGCGG-3′) and (907R 5′-120CCGTCAATTCMTTTRAGTTT-3′). Electrophoresis was applied to analyze the integrity of PCR amplicons by using a Tapestation Instruction (Agilent technologies, USA). AxyPrep DNA Gel 122Extraction Kit was chosen to extract and purify PCR amplicons using 2% agarose gels (Axygen 123Biosciences, Union City, CA, USA) and then the production was quantified using QuantiFluor™ -ST and sequenced on an Illumina MiSeq system. QIIME software was used to demultiplex and quality-filtered raw Illumina fastq files. Operational taxonomic units (OTUs) were defined as a similarity threshold of 0.97 using UPARSE. Then UCHIME was applied to identify and delete the unnormal gene sequences. RDP database (http://rdp.cme.msu.edu/) was also referenced to take the taxonomy-based analysis for OTUs using RDP classifier at a 90% confidence level. The original contributions presented in the study are publicly available. This data can be found here: NCBI SRA database (sequence number: PRJNA720093).



Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (pICRUSt) Analysis for Predicted Metabolic Functions of Microbial Communities

The result of 16S rRNA gene sequencing was applied by PICRUSt analysis to predict metabolic functions of the bacterial community in the cecal samples of piglets. The resultant OTU table was then used to predict metabolic functions by referencing the Kyoto Encyclopedia of Genes and Genome (KEGG) orthology (KO) database.



Analysis of Cecal Fermentation Characteristics

The concentration of volatile fatty acids (VFAs) including short chain fatty acids (SCFAs) and branched chain fatty acids (BCFAs) in digesta were analyzed using a gas chromatographic method. Briefly, ~1.0 g of feces were first homogenized in the 1.5 mL deionized water. After centrifuged at 15,000 × g at 4 °C for 10 min, supernatants (1 mL of each) were acidified with 25% metaphosphoric acid at a 1: 5 ratio (1 volume of acid for 5 volumes of sample) for 30 min on ice. The sample was injected into a GC 2010 series gas chromatograph (Shimadzu, Japan) equipped with a CP-Wax 52 CB column 30.0 m × 0.53 mm i.d (Chrompack, Netherlands). The injector and detector temperatures were 75 and 280°C, respectively. All procedures were performed in triplicate and total VFAs were determined as the sum of analyzed SCFAs (acetate, propionate, butyrate, and valerate) and BCFAs (isobutyrate and isovalerate).

The fresh cecal digesta samples were collected on d 7 for the analysis of the NH3-N and biogenic amine contents, including Putrescine (PUT), cadaverin (CAD), spermine (SPD), and spermidine (SPM). The NH3-N was measured by colorimetry according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). The biogenic amine was measured using HPLC as the main instrument. Weigh about 0.5 g of samples, add pre-cooled 5% perchloric acid, and homogenize for 300 s. Then ultrasonic extraction in a low temperature water bath for 1 h. Centrifuge at 5,000 r/min for 10 min, remove 0.5 ml of supernatant to a 15 ml centrifuge tube. Then, add 1 mL NaOH solution and 20 μl benzoyl chloride, vortex for 30 s in a liquid mixer, place in a 37°Cwater bath for 20 min, and vortex for 30 s every 5 min. After the derivatization is completed, add 2 ml saturated sodium chloride solution, 2 ml anhydrous ether, shake and mix, pipette the supernatant liquid, use nitrogen to blow it to dryness, add 1 ml methanol (HPLC grade) to dissolve, and pass the 0.22 μm filter membrane before the measurement. The test conditions were as following: wavelength: 254 nm; flow rate: 1 ml/min; column temperature: elution at 40°C; Acetonitrile: 0.02 mol/L; Ammonium formate = 30:70 (V: V).



Statistical Analysis

All data were analyzed by the GLM procedure of SPSS 21.0 (SPSS Inc., Chicago, IL, USA), and each piglet was regarded as a statistical unit. Data are showed as Mean values + standard error of the total mean (SEM). For all tests, P < 0.05 was considered as significant difference, while 0.05 < P <0.10 as a tendency.




RESULTS


Growth Performance

No differences were observed in final BW and ADFI between the two dietary treatments (Table 3). Compared to the EFS diet, ESBM increased the G/F (P < 0.05) and tended to improve the ADG of piglets (0.05 < P < 0.10). The ESBM diet also decreased the diarrhea incidence throughout the trial period compared to EFS (Table 3).


Table 3. Effects of protein source on performance of weaned pigs.
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Nitrogen Digestibility

As shown in Table 4, the ESBM diet had higher AID of total nitrogen especially Histidine and Tryptophan compared to EFS diet (P < 0.05). However, there were no differences in AID of the other essential amino acids or the non-essential amino acid between two diets (P > 0.05).


Table 4. Effects of protein source on apparent ileal digestibility of amino acids and nitrogen of weaned pigs (%).
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Fermentation Characteristics

As shown at Table 5, piglets in the ESBM group had higher concentrations of total SCFA, acetate and propionate than in the EFS group (P < 0.05). And the concentrations of total BCFA, isobutyrate and isovalerate showed a significant decrease (P < 0.05) in the ESBM group compared with the EFS group. As shown at Table 6, there were higher concentrations of NH3-N and putrescine in the EFS group than ESBM group (P < 0.05).


Table 5. Effects of protein source on volatile fatty acid composition in cecal digesta of weaned pigs (mg/g digesta).
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Table 6. Effects of protein source on NH3-N and biogenic amine contents in cecal digesta of weaned pigs (μg /g digesta).
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Bacterial Community Richness and Biodiversity

The OTUs of the cecal digesta from EFS group and ESBM group were 597 and 567, respectively, wherein 410 common OTUs have been identified (Figure 1C). The α-diversity of microbiota including Shannon index and Chao index were presented in Figures 1A,B. The ESBM diet induced higher Shannon index than the EFS (P < 0.05) whereas no difference was shown in Chao index between the two dietary treatments (P < 0.10). The β-diversity of bacterial community between EFS and ESBM was presented with PCoA, showing a different clustering of microbial communities (Figure 1D).


[image: Figure 1]
FIGURE 1. Effects of protein source on the cecal microbes at the OTU (A), β-diversity (B) and α-diversity indexes including Shannon index (C) and Chao index (D) in piglets. The individual minipig was regarded as the experimental unit, n = 5 for EFS, n = 5 for ESBM. EFS, extruded full-fat soybean; ESBM, enzyme-treated soybean meal. *P < 0.05.


At the phylum level, Firmicutes and Bacteroidetes were the dominant bacteria and their relative abundance accounted for about 95%. However, there was no difference in microbiota at the phylum level between the two treatment groups (Figure 2A, Supplementary Table 1). A total of 17 families were detected in two dietary treatments, wherein ESBM increased the relative abundance of f_Lachnospiraceae and f_unclassified_p_Firmicutes but decreased the relative abundance of f_Rikenellaceae compared to the EFS diet (Figure 2B, Supplementary Table 2, P < 0.05).


[image: Figure 2]
FIGURE 2. Effects of protein source on the cecal microbial composition at the phylum level (A) and the family level (B) (at least one sample relative abundance ≥0.1%) in piglets (%). The individual minipig was regarded as the experimental unit, n = 5 for EFS, n = 5 for ESBM. EFS, extruded full-fat soybean; ESBM, enzyme-treated soybean meal.


The lefse analysis was used to identify the significantly different bacteria between the two treatment groups at the genus level. A total of 19 genera were identified to be significantly different between the two groups, including 11 genera from EFS and 8 genera from ESBM, respectively (Figure 3). The relative abundance of g_Ruminococcaceae_UCG_005, g_Pseudomonas, g_unclassified_c_Bacteroidia g_Lachnoclostridium, g_unclassified_f_Ruminococcaceae, g_Romboutsia, g_Family_XIII_AD3011_group, g_Ruminiclostridium, g_Terrisporobacter, g_Rikenellaceae_RC9_gut_group, and g_Turicibacter were increased in piglets fed with the EFS diet, whereas the relative abundance of g_Blautia, g_unclassified_p_Firmicutes, g_Coprococcus_3, g_Fusicatenibacter, g_Anaeroplasma, g_Bifidobacterium, g_Candidatus_Saccharimonas, and g_Acetatifactor were increased in piglets fed with the ESBM diet.


[image: Figure 3]
FIGURE 3. Identification of the most differentially abundant genera in cecum of the two dietary treatments. The plot was generated from Linear Discriminant Analysis Effect Size (LEfSe) analysis with CSS-normalized OTU table and displays taxa with LDA scores above 2.5 and P-values below 0.05. Genera enriched in the samples with EFS diet are indicated with red bars, and genera enriched in the samples with ESBM diet are indicated with blue bars. The individual minipig was regarded as the experimental unit, n = 5 for EFS, n = 5 for ESBM. EFS, extruded full-fat soybean; ESBM, enzyme-treated soybean meal.




Predicted Functional Profiles of Microbial Communities Using PICRUSt

To predict the potential function of gut bacteria on nutrient metabolism or health in piglets after feeding EFS or ESBM diets, KEGG pathways were analyzed by the PICRUSt program. A total of 285 KEGG pathways were identified and the top 50 were shown at Supplementary Figure 1. Eight pathways related to amino acid metabolism were enhanced in the ESBM group, including aromatic AA (phenylalanine, tyrosine and tryptophan) biosynthesis, branched chain AA (valine, leucine and isoleucine) biosynthesis, lysine biosynthesis, arginine biosynthesis, metabolism of glycine-serine-threonine, arginine and proline metabolism, d-arginine and d-ornithine metabolism, and cyanoamino acid metabolism (Figure 4). In the ESBM group, seven pathways related to cofactors and vitamins metabolism including folate biosynthesis, pantothenate and CoA biosynthesis, thiamine metabolism, porphyrin and chlorophyll metabolism, biotin metabolism, nicotinate and nicotinamide metabolism, and riboflavin metabolism were increased (Figure 5).


[image: Figure 4]
FIGURE 4. Prediction on amino acid metabolism of bacterial communities using the PICRUSt program. The individual minipig was regarded as the experimental unit, n = 5 for EFS, n = 5 for ESBM. EFS, extruded full-fat soybean; ESBM, enzyme-treated soybean meal. *P < 0.05; #P < 0.10.



[image: Figure 5]
FIGURE 5. Prediction on vitamins and coenzymes metabolism of bacterial communities using the PICRUSt program. The individual minipig was regarded as the experimental unit, n = 5 for EFS, n = 5 for ESBM. EFS, extruded full-fat soybean; ESBM, enzyme-treated soybean meal. *P < 0.05.





DISCUSSION

In the current study, the nutritional value was evaluated for soybean protein after two different processed treatments in the newly weaned piglets. Among them, the AID of crude protein in EFS and ESBM diets were 74.52 and 77.57%, respectively, which were close to the findings of previous studies (6, 9, 13). The improved crude protein digestibility of the ESBM diet could be partly explained by the lower ANFs content especially Glycinin and β-conglycinin than the EFS diet. In addition, enzyme treatment to the soybean may increase the content of small peptides, making it easy to be absorbed, which is also beneficial for improving digestibility (9). Therefore, ESBM diet significantly increased the AID of crude protein and several amino acids compared with EFS diets, which contributed to the improved the utilization of nitrogen in piglets, thereby increased the growth performance of piglets.

More importantly, the reduction in the incidence of diarrhea means that the weaning stress of piglets in the ESBM group has been better alleviated compared with the EFS group. It should be noted that reducing the protein fermentation in the hindgut can help alleviate the weaning stress of piglets (14, 15). Proteins easier to be digested tend to have better digestibility in the small intestine, which reduces the amount of protein flowing into the large intestine (16, 17). In this study, a higher AID of crude protein of the ESBM diet indicated less protein entered the hindgut and used for fermentation than the EFS diet.

Moreover, ESBM diet showed better cecal fermentation characteristics than EFS diet. The protein fermentation metabolites in the hindgut are amines, SCFAs and BCFAs wherein amines must be converted from nitrogen-containing groups, while BCFAs are only produced from the fermentation of three branched chain amino acids, leucine, isoleucine and valine (17, 18). Therefore, the concentration of amines and BCFAs could reflect the fermentation of proteins in the hindgut (18). The concentration of BCFAs, NH3-N and biogenic amine were lower in the ESBM group than in the EFS group, suggesting that the protein fermentation in the hindgut of the ESBM group was relatively alleviated. Notably, the ESBM group also had a higher concentration of SCFAs than the EFS group. SCFAs in the large intestine are mainly derived from the fermentation of dietary fiber, the component of plant cell wall (19). A previous study has reported that the main fermentation site of higher molecular weight insoluble non-starch polysaccharides is in the colon, while lower molecular weight anti-digestible oligosaccharides and soluble non-starch polysaccharides are fermented in the back of the small intestine and cecum (20). Enzyme treatment may damage the structure of the cell wall in a higher extent compared to extrusion, so the macromolecular non-starch polysaccharides were preliminarily degraded into more fermentable polysaccharides with lower polymerization degree, inducing increased SCFA production in pigs fed with the ESBM diet (21). This was further supported by the changes in NDF and ADF contents between ESBM and EFS.

The interaction and connection between diet, gut microbe and host have received increasing attention. As the main nitrogen source of the intestinal microbe, dietary protein has been proven to significantly change the bacterial community. Wang et al. reported that low protein diets improved hindgut health by preventing the proliferation of pathogenic bacteria (22). A better digestible protein source also reduced the risk of colitis under the same protein level (23, 24). In this experiment, f_Lachnospiraceae is the dominant family of bacteria in the cecum of piglets, second only to f_Lactobacillaceae. The relative abundance of f_Lachnospiraceae in the cecum of piglets was significantly increased with the ESBM diet and closely related to intestinal health (25). Moreover, g_Blautia belonging to f_Lachnospiraceae was the dominant genus second only to g_Lactobacillus in the cecum of piglets and significantly increased in the ESBM group, which could help clear gas in the intestinal lumen and relieve enteritis (26). Similarly, the relative abundance of g_Fusicatenibacter (a genus from f_Lachnospiraceae) in the piglet fed with the ESBM diet was also significantly higher than those fed EFS diet and has been found to be negatively related to human colitis and can relieve colitis in mice (27). Another child taxon of f_Lachnospiraceae, the g_Coprococcus_3 was highly enriched in the ESBM group. Since g_Coprococcus is one of the common acetic acid and butyric acid producing bacteria, the higher relative abundance of g_Coprococcus could correspond with the change of butyrate production (28). In correspondence with the current study, Zhou et al. (14) reported that low-protein diets reduced protein flow into the hindgut and increased the relative abundance of g_Coprococcus in a pig model. However, g_Lachnoclostridium from the family f_Lachnospiraceae was found to increase in the EFS group, and it could be attributed to the shedding of intestinal epithelial cells (29).

Except to f_Lachnospiraceae, the change of other different bacteria related to intestinal health cannot be ignored. For instance, the relative abundance of Bifidobacterium has also increased significantly in the cecum of ESBM feeding piglets, which in most cases was recognized as beneficial for the gut health (30). Additionally, compared with the ESBM group, the EFS group had a higher relative abundance of f_Rikenellaceae, which was reported to positively correlate with the inflammation-mediated factors of colonic epithelial cells, including IL-6 and inflammatory chemokines in mice (31). However, it was worth mentioning that EFS also increased the relative abundance of specific beneficial bacteria such as g_Terrisporobacter related to immune enhancement and g_Ruminiclostridium related to improved intestinal barrier function, indicating that EFS also had the potentiality to improve intestinal health (32, 33). Taken together, ESBM may have higher potentiality to improve the intestinal health of piglets than EFS, as inferred from the improved microbial profile and higher protein digestibility.

Microbiota in the hindgut influence the growth and health of the host by regulating the metabolism of nutrients and energy (34). To predict the potential function of gut bacteria on nutrient metabolism or health in piglets after feeding EFS or ESBM diets, KEGG pathways were analyzed by the PICRUSt program. Our results indicated that the functional differences existed in aspects of amino acid synthesis, coenzyme and vitamin metabolism between two dietary group. Zhao et al. (19) reported that dietary fiber regulated energy metabolism of piglets by affecting butyrate producing bacteria. Similarly, PICRUSt analysis revealed the metabolic pathways such as carbohydrate and amino acid metabolism were overrepresented in all-grass-fed geese (35). Our results were similar to previous studies in that dietary protein altered the function of intestinal microbiota. However, given the fact that the functional prediction based on 16S rRNA gene sequencing does not fully reflect the functional characteristics of the bacterial community compared with the metagenome, therefore, it should be noted that the results of our functional prediction have limited reference value.

In conclusion, ESBM had higher protein ileal digestibility than EFS, which not only resulted in improved nitrogen utilization, but also inhibited protein fermentation in the hindgut of weaned piglets. Importantly, the relative abundance of beneficial bacteria (mainly f_Lachnospiraceae, including g_Blautia, g_Fusicatenibacter, and Coprococcus_3) were increased and some pathogenic bacteria (g_Lachnoclostridium and f_Rikenellaceae) was reduced in the cecum of piglets fed with ESBM diet, which may contribute to the improvement of intestinal health and attenuation of weaning stress of piglets. Therefore, our results supported the hypothesis that ESBM can be a better protein source than EFS for the application in weaned piglet diets.
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High-concentrate diets are continually used in ruminants to meet the needs of milk yield, which can lead to the occurrence of subacute rumen acidosis in ruminants. This study investigated the protective effects of dietary thiamine supplementation on the damage of the ruminal epithelium barrier function in goats fed a high-concentrate diet. Twenty-four healthy Boer goats (live weight of 35.62 ± 2.4 kg; age, 1 year) were randomly assigned into three treatments, with eight goats in each treatment, consuming one of three diets: a low-concentrate diet (CON; concentrate/forage, 30:70), a high-concentrate diet (HC; concentrate/forage, 70:30), or a high-concentrate diet with 200 mg of thiamine/kg of dry matter intake (HCT; concentrate/forage, 70:30) for 12 weeks. The additional dose of thiamine was based on our previous study wherein thiamine ameliorates inflammation. Compared with HC treatment, the HCT treatment had markedly higher concentrations of glutathione, superoxide dismutase, and glutathione peroxidase and total antioxidant capacity (P < 0.05) in plasma and rumen epithelium. The results showed that the apoptosis index was lower (P < 0.05) in the HCT treatment than in that of the HC treatment. Compared with the HC treatment, permeability and the electrophysiology parameter short circuit current for ruminal epithelial tissue were significantly decreased (P < 0.05) in the HCT treatment. The immunohistochemical results showed that the expression distribution of tight junctions including claudin-1, claudin-4, occludin, and zonula occludin-1 (ZO-1) was greater (P < 0.05) in the HCT treatments than in the HC treatment. The mRNA expression in the rumen epithelium of ZO-1, occludin, claudin-1, B-cell lymphoma/leukemia 2, nuclear factor erythroid-2 related factor 2 (Nrf2), superoxide dismutase 2 (SOD2), glutathione peroxidase 1, and the phase II metabolizing enzymes quinone oxidoreductase and heme oxygenase in the HCT group was significantly increased in comparison with the HC diet treatment (P < 0.05), whereas the mRNA expression of caspase 3, caspase 8, caspase 9, bcl-2 associated X protein, lipopolysaccharide binding protein, toll-like receptor 4, nuclear factor kappa-B (NFκB), tumor necrosis factor alpha, interleukin-1β, interleukin, and tumor necrosis factor receptor-associated factor 6 decreased significantly in the HCT treatment (P < 0.05). Compared with the HC treatment, the HCT diet significantly increased the protein expression of ZO-1, occludin, claudin-1, NQO1, HO-1, SOD2, serine/threonine kinase, p-Akt, Nrf2, and p-Nrf2; conversely, the expression of NFκB-related proteins p65 and pp65 was significantly decreased (P < 0.05). In addition, thiamine relieved the damage on the ruminal epithelium caused by the HC diet. The results show that dietary thiamine supplementation improves the rumen epithelial barrier function by regulating Nrf2–NFκB signaling pathways during high-concentrate-diet feeding.

Keywords: thiamine, goats, subacute rumen acidosis, apoptosis, oxidative stress, immune function, tight junction proteins


INTRODUCTION

In the intensive ruminant production industry, high-concentrate diets are used to feed goats or dairy to meet the global meat and milk demand (1). Although the richness in fermentable carbohydrate diets can improve ruminant production efficiency in the short term, it can also cause subacute rumen acidosis (SARA), a common metabolic disorder, when administered for long periods (2). The feeding of excessive high-concentrate diets caused an increase in short-chain fatty acids and lactate and resulted in a high reduction in ruminal pH (3, 4). This decline in ruminal pH can enhance the lysis of gram-negative bacteria and release lipopolysaccharide (LPS) that translocate into the bloodstream, which results in damage of the ruminal epithelium (5). Several studies have demonstrated that low pH can affect the integrity and permeability of the rumen epithelium (6–8). Moreover, the negative changes in barrier function of the rumen epithelium facilitate the translocation of LPS, spreading it into the circulatory system and resulting in systemic inflammation (9). Oxidative stress is related to the pathogenesis of many pathological conditions, including sepsis, mastitis, enteritis, and pneumonia (10). Therefore, it is a novel thought to consider the relationship between inflammation and oxidative stress in ruminal epithelial barrier function protection.

The tight junctions (TJs) are composed of transmembrane proteins that play a crucial role in regulating the permeability of the epithelial barrier and mediate adhesive function (11, 12), including the transmembrane proteins claudins and the adaptor proteins ZO-1, zonula occludin-2 (ZO-2), and zonula occludin-3 (ZO-3) (13–15). Previous studies have determined that the variation of TJ protein expression and distribution is the dominant reason for the disruption of the epithelial TJ barrier (16, 17), whereas the impairment of TJs causes a “leaky” epithelial barrier and then invasion of susceptible LPS, resulting in inflammatory responses (18). Occludin and ZO-1 are relevant to various junctional functions (19). The change of expression for occludin and ZO-1 induces an increase in transepithelial electrical resistance (20), resulting in an increase in paracellular permeability (21).

The damage in the epithelial barrier is closely linked with the trigger of inflammation and oxidative stress. Previous studies have demonstrated that excess feeding of a high-concentrate diet intensifies the activation of NFκB via LPS/TLR4 signaling (4, 22). Meanwhile, the transcription factor NFκB can be activated by oxidative stress and causes cytotoxicity and recruitment of apoptotic machinery (23–25). The suppression of the antioxidant system was caused by the high-grain diet through the influx of LPS concentration in peripheral blood (26). The gene Nrf2 takes a significant role in regulating the activation of the defense system, which leads to the protection of cells against the adverse impacts of oxidative stress and suppresses apoptosis (27). Accumulation of LPS causes the lower expression of Nrf2, resulting in suppression of the antioxidant system (28). The coordination between Nrf2 and NFκB is indispensable to enhance body health (29).

Thiamine is also known as vitamin B1 and plays a crucial role in carbohydrate metabolism by participating in the pentose phosphate pathway and tricarboxylic acid cycle. Thiamine also increases antioxidant formation and NADPH levels (30). Some researchers showed that thiamine might act as a potent antioxidant by scavenging free radicals to apoptotic inhibition (31). Simultaneously, exogenous thiamine supplementation reduced inflammation in ruminal epithelium during high-concentrate feeding via the suppression of NFκB activation (4, 32). A careful review of literature revealed that there are no data on the protective effect of thiamine on the rumen epithelium oxidative damage induced by a high-concentrate diet. Therefore, this present study aimed to investigate whether thiamine feeding increases TJ expression in rumen epithelium by modulating the Nrf2–NF-κB pathways, thereby protecting the rumen epithelial barrier function.



MATERIALS AND METHODS

All trial plans and methods have been authorized by the Animal Ethics Committee of Yangzhou University, China. The study was conducted under the Care and Use of Laboratory Animals guidelines (SXXY 2015-0054).


Animals, Diet, and Experimental Design

There were 24 healthy Boer goats with no clinical sign, averaging 35.62 ± 2.4 kg in body weight (BW), at the beginning of the trial. The goats were randomly assigned into three treatments, with eight goats in each treatment, consuming one of three diets: (1) low-concentrate diet (CON; concentrate/forage, 30:70), (2) high-concentrate diet (HC; concentrate/forage, 70:30), and (3) high-concentrate diet with 200 mg of thiamine/kg of dry matter intake (DMI) (HCT; concentrate/forage, 70:30) for 12 weeks. The dietary composition is presented in Table 1. The added dose of thiamine was based on our previous study wherein thiamine ameliorates inflammation (4).


Table 1. Ingredient and nutrient composition of the experimental diets.
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The goats were housed in small individual pens. The goats were fed at 0700 h and 1,800 h, at one-half of the allowed amount daily at each feeding, and had free access to freshwater during the trial period. Thiamine was mixed with the concentrate to be licked by the goats. The feed ingestion and physical condition of the animals were observed daily. All goats were slaughtered at the end of the trial, at 3 h following the final feeding.



Sample Collection and Analysis

After the goats were slaughtered, a representative sample of ~50 ml rumen fluid was collected to calculate the pH value instantly with a pH meter (Sartorius, Goettingen, Germany). The ruminal fluid was filtered through a four-layer cheesecloth, centrifuged at 10,000 × g for 15 min at 4°C, and stored at −20°C for later analysis. Blood samples were collected from the jugular vein using 5-ml vacuum tubes with sodium heparin (Lab Anim Tech Develp Co., Ltd., Beijing, China). Plasma was obtained via centrifugation at 3,000 × g at 4°C for 15 min and then stored at −20°C until further analysis. Within 5 min of slaughter, representative ventral epithelial tissues were exteriorized from the rumen and washed three times in precooled phosphate-buffered saline. A part of the sample (~50 cm2) was used for the Ussing chamber measurement. Approximately 10 g epithelium tissue was dissected into smaller pieces and transferred into liquid nitrogen for protein and RNA analysis. For histological analysis, the whole ventral sac rumen tissues were also fixed in either 4% paraformaldehyde or 2.5% glutaraldehyde (Sigma, St. Louis, MO) for histomorphometric microscopic analysis.



Measurements of Physiological Parameters in Rumen Fluid Analysis

Free LPS in the preprocessed rumen fluid was measured (33) by a chromogenic end-point Tachypleus amebocyte lysate assay kit (Rongbai Biological Technology Co., Ltd., Shanghai, China) with a minimum detection limit value of 0.01 endotoxin units (EU)/ml. Briefly, the rumen fluid was centrifuged at 10,000 × g for 45 min, and then the collected rumen fluid was diluted 100,000-fold for measurement of LPS. The detailed determination methods refer to Dai's previous studies (34). The thiamine concentration in ruminal fluid was tested with a micro method ELISA kit (Xin Yu Biotech Co., Ltd. Shanghai, China) following the manufacturer's explanatory memorandum. For the determination of volatile fatty acid (VFA), the rumen fluid mixtures were centrifuged at 3,000 g for 15 min, and then 25% (w/v) metaphosphoric acid was added into the collected supernatants. The VFA concentration was measured by gas chromatography (GC-14B, Shimadzu, Kyoto, Japan; Qin, 1982).



The Concentration Analyses of Thiamine, LPS, LBP, Cytokine, and IgA in the Blood

Thiamine and LPS in plasma were determined using similar methods as described above for rumen fluid and a lower measurement limit of LPS as 0.1 endotoxin units/ml. The LBP concentrations were performed using an ELISA kit test (Chinese Horseshoe Crab Reagent Manufactory, Xiamen, China) with a detection range of 15.6–1,000 ng/ml. The determination of IgA in serum was via an immunoturbidimetry assay kit (Bethyl Lab., Inc., Montgomery, USA). The cytokine in plasma was determined using the following commercial kits according to the manufacturer's instructions: TNF-α (Bio Source/Med Probe, Camarillo, CA), IL-1β (MyBioSource Inc., San Diego, CA), IL6 (MyBioSource Inc., San Diego, CA), and IL10 (Bethyl Lab., Inc., Montgomery, USA). The absorbance of all samples was read at 450 nm using a microplate reader (BioTek Instruments, Winooski, VT). The concentrations of TNF-α, IL-1β, IL6, and IL-10 had a detection range of 15.6–500 ng/ml, 31.25–2,000 pg/ml, 15.6–500 ng/ml, and 5–1,000 pg/ml, respectively, and the variation coefficients for inter- and intra-assay were no more than 10%.



Oxidative Enzyme Activities in Rumen Epithelial Tissue Measurement

The oxidative enzyme activities in rumen epithelial tissue were measured using commercial kits (Jiehuigao Biological Technology Co., Ltd., Beijing, China) according to the manufacturer's test specification for the following indicators: malondialdehyde (MDA), GSH and oxidized glutathione, glutathione reductase, GSH-Px, SOD, and T-AOC. All estimated values were standardized to the concentration of the total protein. BCA Protein Assay Kit (Beyotime Biotechnology Institute, Shanghai, China) was used to assess the protein concentrations.



Oxidative Enzyme Activities in Plasma Measurement

The oxidative enzyme activities in plasma were determined using the same assay kit described above for rumen epithelial tissue according to the manufacturer's instructions. The absorbance of all samples was read at 550 nm using a microplate reader (BioTek Instruments, Winooski, VT). The coefficient of variation was <2%.



Ussing Chamber Measurements in Ruminal Epithelial Sample

According to Klevenhusen's methods (8), the Ussing chamber technique was used to measure electrophysiological properties and the permeability of rumen epithelium tissue. Briefly, an ~50-cm2 ruminal epithelium tissue in ventral sac was isolated, the ventral rumen epithelium tissues was cleaned by immersion in buffer solution firstly, and then the epithelium was peeled away from the muscle layer. The isolated epithelium tissues were picked to pieces of about 2 cm2 and mounted between the two halves of the incubation chambers. Both halves of the chambers were instantly filled with buffer solution (8) and were gassed with carbogen gas (95% O2 and 5% CO2). Buffer temperature was maintained stationary at 39°C during the measurement process. Fluorescein 5(6)-isothiocyanate (FITC) and horseradish peroxidase (HRP) (Sigma-Aldrich, Schnelldorf, Austria) as markers were used to evaluate permeability. FITC and HRP were added to the mucosal side of each chamber, and hourly samples were taken from the serosal side to measure the flux through the epithelium. The electrophysiological parameters for Isc, tissue conductance (Gt), and transmembrane potential difference (PD) were determined by the Ussing chamber system and Acquire and Analyze 2.3 software.



Histological and Microscopic Analysis

Exemplars of the rumen wall were fixed via 4% paraformaldehyde solution and then embedded in paraffin, sectioned, and dyed by hematoxylin and eosin (H&E) for histological observation. A scoring criterion was adopted for determining histological damage as described previously (35). Briefly, the damage score was translated into three levels from 0 to 3, including superficial epithelial injury, moderate including focal erosions, and severe including multifocal erosions. Microscopic analysis via scanning electron microscopy (SEM) was adapted from Liu et al. (36). Briefly, the washed rumen tissue was immediately fixed in 2.5% glutaraldehyde for 24 h, transferred to 1% osmium for 1 h, then dehydrated via ethanol solutions, and coated with gold after having been kept under critical-point drying. The sample went through a series of treatments, cut into ultrathin sections (70–90 nm), and observed using transmission electron microscopy (Hitachi H-7650, Hitachi Technologies, Tokyo, Japan).



TUNEL Analysis

Apoptotic epithelial cells in rumen epithelium tissue were analyzed using TUNEL staining kits (Abcam, Shanghai, China) according to manufacturer's test specification. In TUNEL staining, the nucleotides attached by TdT were tagged either directly with a fluorescent label or with a chemical label that can be indirectly linked to either a fluorescent label or an enzyme. TUNEL-positive nuclei were dyed as brown-stained nuclei, which stated the existence of DNA fragmentation as a result of apoptosis. The positive rate was determined in randomly selected fields adapted from Tao's method (37).



Immunohistochemistry of Ruminal Epithelium Tight Junction Protein Analysis

The expression and distribution of ruminal epithelium tight junction proteins were performed via immunohistochemistry. The following antibodies were used in the immunohistochemistry analysis: claudin-1 (ab211737; Abcam), claudin-4 (ab210796; Abcam), occludin (ab167161, Abcam), and ZO-1 (ab214228, Abcam). Specimens were embedded in paraffin after having been fixed via 4% paraformaldehyde solution, sectioned and incubated with antibodies, and dyed by hematein for light microscope observation. Image Pro Plus v.6.0 software was used to choose the same brown color as the consistent criterion for estimating all photos. Each photo was determined to acquire the cumulative optical density of each image.



Total RNA Extraction and Real-Time PCR Analysis

Total RNA was extracted from 100 mg of rumen epithelium tissue via Tissue Total RNA Isolation Kit V2 (Vazyme Biotech Co., Ltd. Nanjing, China) according to the manufacturer's instructions. RNA integrity was quantified on A260/A280 ratio by Nano Drop 2000 (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Only those samples with ratio A260 to A280 between 1.8 and 2.1 were subsequently adopted for cDNA trials. Then, cDNA synthesis was performed using 500 ng of the total RNA template by HiScript III RT SuperMix for qPCR (+gDNA wiper) (Vazyme Biotech Co., Ltd). Target primers were designed using Primer Premier Software 5.0 and synthesized by Sangon Biotech (Shanghai, China). The primer details are presented in Table 2. Real-time PCR was performed using ChamQTM SYBR® qPCR Master Mix Kit (Vazyme, Nanjing, China) with 7500 Fast Real-Time PCR System (Applied Bio-systems, CA, USA) according to the manufacturer's instructions. All processes were measured in triplicate. The quantitative PCR results were analyzed using the 2−ΔΔCt method (38). GAPDH gene expression was constant and was the only internal control gene in all samples.


Table 2. Primers for quantitative real-time PCR.
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Western Blotting Analysis

The total protein was fetched from the ruminal epithelium in all samples by mercantile kit (Thermofisher Scientific, New York, USA) based on the manufacturer's protocol. After that, the concentration of protein was measured via a special protein assay kit (Beyotime Biotechnology, Jiangsu, China). In this study, information on primary antibodies is shown in the following: anti-ZO-1 (diluted at 1:1,000, Abcam), anti-occludin (diluted at 1:1,000, Abcam), anti-claudin-1 (diluted at 1:1,000, Abcam), anti-catalase (anti-CAT, diluted at 1:2,000, Protein Tech), anti-heme oxygenase-1 (anti-HO-1, diluted at 1:1,000, Abcam), anti-superoxide dismutase 2 (anti-SOD2, diluted at 1:5,000, Novus), anti-p65 (diluted at 1:300, Cell Signaling), anti-pp65 (diluted at 1:300, Cell Signaling), anti-Akt (diluted at 1:2,000, Santa Cruz Biotechnology), anti-pAkt (diluted at 1:2,000, Santa Cruz Biotechnology), anti-nuclear factor erythroid-2 related factor 2 (anti-Nrf2, diluted at 1:2,000, Protein Tech), anti-pNrf2 (diluted at 1:2,000, Protein Tech), and anti-β-actin (diluted at 1:1,500, Santa Cruz). Thereafter, the protein was incubated for 45 min via the secondary antibody horseradish peroxidase (HRP-conjugated goat anti-rabbit IgG, 1:1,000, Beyotime), and then signals were visualized using the enhanced chemiluminescence kit (Thermofisher Scientific, USA) followed by a Bio-Rad imaging detection system. The data were analyzed via Image J software. All gray values were quantified to β-actin and were expressed relative to the control (39). Each trial was repeated six times.



Statistical Analysis

Data were analyzed using SPSS 21.0 software (SPSS Inc., Chicago, IL). The sex effect was involved in the original statistical model, giving no significant result (P > 0.05). Thus, the sex effect was eliminated from the final model in which treatment was only the fixed effect. Statistical significance was assessed using one-way analysis of variance and Tukey's post hoc test between different treatments. Data were deemed statistically significant when P < 0.05.




RESULTS


Ruminal pH, Metabolite Content, Cytokine, and IgA

As shown in Table 3, Boer goat had a markedly decreased ruminal pH value in the HC treatment compared with the HCT treatment (p < 0.05). The HC diet feeding induced the increase of free LPS and the decrease of thiamine in rumen fluid and plasma, while thiamine supplementation reversed the results, and the same trend as LPS has happened to LPB in plasma (p < 0.05). Furthermore, the contents of butyrate, propionate, and total VFA were significantly lower, whereas the acetate content was significantly higher in the HCT treatment than in the HC treatment (p < 0.05).


Table 3. Effects of thiamine supplementation on metabolites in the rumen and contents of thiamine, lipopolysaccharide, cytokine, and IgA in the blood of goats fed with a high-concentrate diet.
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Goats fed with the HCT treatment had lower concentrations of cytokines TNF-α, IL-1β, IL6, and IL10 in blood than those in the HC treatment (p < 0.05). Moreover, the IgA concentration in the HCT treatment was significantly higher than in the HC treatment (p < 0.05).



Morphological and Ultrastructural Analysis of Rumen Papillae

Representative light micrographs of rumen papillae cross-sections are shown in Figure 1. The result showed that the rumen papillae of the CON and HCT treatments remained intact, whereas the stratum corneum of the epithelium papillae was injured seriously in the HC treatment. Meanwhile, the histological damage score was significantly higher in the HC treatment compared with the CON and HCT treatment (p < 0.05).


[image: Figure 1]
FIGURE 1. Representative histology sections of the rumen papillae of goats from the low-concentrate diet (CON), high-concentrate diet (HC), and high-concentrate diet with thiamine (HCT) treatment. Representative photomicrographs with H&E staining are shown. (A) The rumen papillae in the CON group were intact and showed no disruption. (B) In the HC treatment, the stratum corneum of the rumen papillae was severely damaged. (C) The rumen papillae showed a slight damage in the HCT treatment. (D) Rumen papillae injury score. All sections were stained with H&E and measured at ×400 magnification (n = 8 goats/treatment). The mean values in the figure without a common superscript letter differ (P < 0.05).


Scanning electron micrographs of rumen papillae demonstrated that the HC diet feeding caused desquamation, indentations, and dead keratinized cells throughout the surface of the papillae, where profound cellular injury also appeared. Nevertheless, the CON and the HCT treatments showed normal histological morphology (Figure 2).


[image: Figure 2]
FIGURE 2. Comparisons of rumen papillae ultrastructure from the low-concentrate diet (CON), high-concentrate diet (HC), and high-concentrate diet with thiamine (HCT) treatments. Scanning electron microscopy (SEM) of the papillae surface in the three treatments with different scale bars (scale bar = 1.00 mm, 100 μm, and 50 μm, respectively).




Ussing Chamber Experiment

The HC diet treatment showed a significant up-regulation in Isc and Gt value and a significant down-regulation in PD values, whereas the HCT had a significant decrease in Isc and a significant increase in PD than the treatment only feeding a high-concentrate diet (p < 0.05; Figure 3). There remained no significant difference for Gt between the HC and HCT treatments. For the changing trend of permeability in ruminal epithelium, the HRP and FITC were found to be significantly lower in the HCT treatment than that in the HC treatment (p < 0.05), while their value was similar in the HCT and the CON treatments.


[image: Figure 3]
FIGURE 3. Effects of dietary thiamine supplementation on the electrophysiological properties: (A) short-circuit current (Isc), (B) tissue conductance (Gt), (C) transmembrane potential difference and tissue permeability measured as flux rate of (D) horseradish peroxidase and (E) fluorescein 5(6)-isothiocyanate. CON, low-concentrate diet; HC, high-concentrate diet; HCT, high-concentrate diet supplemented with 200 mg of thiamine/kg of dry matter intake (n = 8 goats/treatment). The mean values in columns without a common superscript letter differ (P < 0.05).




Apoptotic Index

As shown in Figure 4, the apoptotic percentage in the HC treatment was greater than that of the CON treatment (p < 0.05). In contrast, the apoptotic percentage was significantly down-regulated after feeding an HCT diet (p < 0.05).


[image: Figure 4]
FIGURE 4. TUNEL comparison of the ruminal epithelium from the low-concentrate diet (CON), high-concentrate diet (HC), and high-concentrate diet with thiamine (HCT) treatments. Ruminal epithelium samples from each treatment were processed for evaluation of TUNEL-positive apoptotic cells. (A) Representative sections of rumen from the different treatments (CON, HC, and HCT treatments). (B) Apoptosis index analysis. All scale bars represent 25 μm (n = 8 goats/treatment). The mean values in columns without a common superscript letter differ (P < 0.05).




Oxidative Stress Status

The plasma MDA enzyme activity was significantly higher, whereas GSH, GSH-PX, SOD, and T-AOC enzyme activities were significantly lower in the HC treatment than in the CON treatment (p < 0.05; Table 4), while there was no significant variation between the HC and the HCT treatments (p < 0.05). These indicators remained at a trend nearly similar to that observed in the plasma.


Table 4. Effects of thiamine supplementation on concentration of oxidative status index of plasma and rumen epithelium in goats with high concentrate diet.
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Immunohistochemistry of Ruminal Epithelium Tight Junction

To investigate the differences in ruminal epithelium physical barrier with thiamine supplementation, we examined the expression and distribution of TJs (ZO-1, occludin, claudin-1, and claudin-4). The immunohistochemical analysis results showed that the protein expression levels of ZO-1, occludin, claudin-1, and claudin-4 were significantly lower in the HC diet compared with the CON treatment. The expression levels of ZO-1, occludin, claudin-1, and claudin-4 were also higher (p < 0.05; Figure 5) in the HCT diet than in the HC.


[image: Figure 5]
FIGURE 5. Effects of dietary thiamine supplementation on the expression and distribution of tight junction proteins during HC diet feeding. (A) Immunohistochemistry analysis of ZO-1, claudin-1, claudin-4, and occludin in the ruminal epithelium. (B) Positive rate analysis. All scale bars represent 100 μm (n = 8 goats/treatment). CON, low-concentrate diet; HC, high-concentrate diet; HCT, high-concentrate diet supplemented with 200 mg of thiamine/kg of dry matter intake. The mean values in columns without a common superscript letter differ (P < 0.05).




Gene Expression

The mRNA expression of ZO-1, occludin, claudin-1, Bcl-2, Nrf2, SOD2, GPX1, NQO1, and HO-1 in the HCT treatment significantly increased in comparison with the HC diet treatment (p < 0.05; Figure 6). Meanwhile, the mRNA expression of caspase 3, caspase 8, caspase 9, Bax, LBP, TLR-4, NFκB, TNF-α, IL-1β, IL-6, and TNF receptor-associated factor six had a significant decrease in the HCT treatment in comparison with the HC diet treatment (p < 0.05; Figure 6).


[image: Figure 6]
FIGURE 6. Effects of dietary thiamine supplementation on the mRNA abundance of genes during HC diet feeding. (A) Expression abundance of the tight junction-related gene. (B) Expression abundance of apoptosis-related genes. (C) Expression abundance of immune-related genes. (D) Expression abundance of oxidation-related genes (n = 8 goats/treatment). CON, low-concentrate diet; HC, high-concentrate diet; HCT, high-concentrate diet supplemented with 200 mg of thiamine/kg of dry matter intake. The mean values in columns without a common superscript letter differ (P < 0.05).




Protein Expression

Compared with the CON, the HC diet significantly reduced the protein expression of ZO-1, occludin, claudin-1, NQO1, HO-1, SOD2, Akt, p-Akt, Nrf2, and p-Nrf2; conversely, the expression of NFκB-related proteins p65 and pp65 was significantly increased (p < 0.05; Figures 7–9). Compared with the HC treatment, dietary thiamine supplementation reversed this change for those indicators (p < 0.05).


[image: Figure 7]
FIGURE 7. Effects of thiamine supplementation on the tight junction relative protein (A) ZO-1, (B) Occludin and (C) Claudin-1 expression levels in the ruminal epithelium of goats during the HC diet feeding (n = 8 goats/treatment). CON, low-concentrate diet; HC, high-concentrate diet; HCT, high-concentrate diet supplemented with 200 mg of thiamine/kg of dry matter intake. The mean values in columns without a common superscript letter differ (P < 0.05).



[image: Figure 8]
FIGURE 8. Effects of thiamine supplementation on the immune relative protein (A) p65, (B) p-p65, (C) Akt, and (D) p-Akt expression levels in the ruminal epithelium of goats during the HC diet feeding (n = 8 goats/treatment). CON, low-concentrate diet; HC, high-concentrate diet; HCT, high-concentrate diet supplemented with 200 mg of thiamine/kg of dry matter intake. The mean values in columns without a common superscript letter differ (P < 0.05).



[image: Figure 9]
FIGURE 9. Effects of thiamine supplementation on the oxidative relative protein (A) Nrf2, (B) p-Nrf2, (C) SOD2, (D) NQO1 and (E) HO-1 expression levels in the ruminal epithelium of goats during the HC diet feeding (n = 8 goats/treatment). CON, low-concentrate diet; HC, high-concentrate diet; HCT, high-concentrate diet supplemented with 200 mg of thiamine/kg of dry matter intake. The mean values in columns without a common superscript letter differ (P < 0.05).





DISCUSSION

Although the excessive amounts of high-concentrate diet in ruminants can enhance growth and milk yield for the short term, the accumulation of organic acids and plummeting of ruminal pH generate translocation of LPS, resulting in the damage of the rumen epithelium barrier (40, 41). In the current study, the HC diet feeding for 12 weeks exhibited a low pH and high VFA content compared to the CON treatment, which are characteristics of SARA. We found that the HCT diet induced a higher ruminal pH than that in the HC diet and reversed the negative change of VFA and LPS. The results indicated that thiamine supplementation changed the rumen fermentation state, which could be partially attributed to the evolution in microbial composition. Thiamine is indispensable for the proliferation of some ruminal bacteria strains of Ruminococcus, such as Ruminococcus albus and Ruminococcus flavefasciens (42). Meanwhile, relevant studies also uncovered that greater ruminal thiamine concentration could facilitate the increase in pH, which helped the growth of Succinivibrio (43). These results may provide more indirect clues for us to study the protective effect of thiamine on the epithelial barrier.

Correlative research has demonstrated that ruminal barrier function in ruminants has a molecular adaptation mechanism for HC diet feeding in the short term (44), and no impairment can be detected in cell layers during a short exposure (did not exceed 21 days) to the HC diet (6, 45). Thus, we fed the goats with the HC diet (70% grain) lasting for 12 weeks to monitor the structure of the rumen epithelium. The histological analysis indicated that the HC diet with thiamine supplementation for a long-term feeding regime protects the ruminal barrier. Furthermore, the thiamine effectiveness evidence in ruminal barrier function protection was demonstrated by SEM of the papillae surface.

Epithelial tight junction proteins are highly dynamic structures that contribute to the physical barrier function and play an important role in maintaining cell–cell interactions and stabilizing the paracellular and transcellular pathways (46). Occludin contributes to the maintenance of the TJ barrier as the large-channel TJ pathway, the pathway responsible for the macromolecule flux (47), with ZO-1 as an organizing component of the tight junction link occludin to the cortical actin cytoskeleton (11). Therefore, the coordination of occludin and ZO-1 plays a crucial role in maintaining the epithelium barrier. Claudins consist of multiple gene families, which have the ability to regulate cell proliferation (48). Our immunohistochemistry results demonstrated that the HCT diet defended the rumen epithelial physical barrier function compared to the HC diet as evidenced by the significantly altered expression and distribution of rumen epithelial tight junction proteins (ZO-1, occludin, claudin-1, and claudin-4). The expression of TJ gene and protein was also in accordance with the results of immunohistochemistry. Recent studies showed that the HC diet increased the ruminal epithelial permeability in goats by affecting the expression of tight junction proteins (36, 49). Thus, the Ussing chamber trial was chosen in this study for analysis of permeability and electrophysiology with thiamine supplementation.

Electrophysiology is associated with a balanced ruminal concentration of total VFA. Klevenhusen et al. indicated that a drop in pH causes an increase in the capacity of Isc (8). An excess of butyrate is toxic and can cause hyperkeratosis (50). Our study demonstrates that the HC diet increased Isc and Gt as well as decreased PD of the ruminal epithelium of goats and increased the permeability through the ruminal wall of the marker molecules FITC and HRP. Paracellular permeability can be estimated by the transepithelial transport of molecules, which usually are not present in the extracellular domain. Therefore, the value rise in Isc and PD, coupled with lower permeability to FITC and HRP, indicates an increased epithelial barrier function with thiamine supplementation. Thiamine supplementation changed the components of VFA as described above, which could be ascribed to the improvement in microbial community.

Apoptosis and damage of rumen epithelium are simultaneous during long-term high-concentrate diet feeding (51). Apoptosis plays a vital role in tissue homeostasis and development. Nevertheless, excessive apoptosis harms the barrier equilibrium of epithelium (52). Apoptosis may be triggered through the death receptor pathway, and the intrinsic apoptosis pathway depends on the mitochondria (53). In the present study, the HCT diet downregulated the proapoptotic genes such as Bax, caspase 3, caspase 8, and caspase 9 but upregulated the antiapoptotic gene Bcl2. The expression of Fas tends to decline, although the change was not statistically significant, which indicates a close relationship between apoptosis mediated by both the Fas and mitochondria. The change in the expression of caspase family members genes indicated a decrease in apoptosis rate with thiamine. The result of TUNEL analysis is also evidence that supports the change of gene expression. It has been reported that oxidative stress has great effects on mediating apoptosis (54). The ability of oxidative stress to trigger apoptosis as a result of a large number of cellular damages has been related to lipid peroxidation and alterations in proteins and nuclei (55). The fact has been revealed that thiamine deficiency caused an upregulation of apoptosis, inducing factor gene expression and leading to caspase 3-mediated apoptosis (56), while supplementation of thiamine ameliorated apoptosis by increasing the levels of GPX, SOD, and GSH (57). All these shreds of evidence point to the link between epithelial barrier function and oxidative stress with thiamine supplementation.

Our results have suggested that feeding a high-concentrate diet to goats for a long period results in the accumulation of LPS and VFA in the rumen. Previous studies have uncovered that suppression of the antioxidant system and activation of the immune system were caused by the high-concentrate diet through an accumulated LPS concentration in peripheral blood (4, 28), which is consistent with our findings for the expression of inflammatory and oxidative genes. We have previously reported that thiamine activates the immune system during high-concentrate feeding (4, 32). The increase of inflammatory factors in plasma indicates the occurrence of inflammation; regulation of IL-6 release by IgA may be among the anti-inflammatory mechanisms preventing the uncontrolled release of potentially noxious levels of inflammatory cytokines during acute or chronic responses (58). The NFkB pathway is known to regulate the expression of TJ proteins. It has been shown that decreases of TJ proteins produced chronic inflammation, in which NFkB activation plays a critical role (59).

Although oxidative reactions are crucial for animals, an excess of this reaction may cause tissue damage, while the occurrences of ROS exceeding the capacity of antioxidant defenses may cause oxidative stress (60). In the current study, we observed that MDA activity in the HCT treatment was significantly lower and that GSH, GSH-PX, SOD, and T-AOC were significantly higher than those in the HC treatment. These responses were similar for these indicators in epithelial tissue. Abaker et al. (61) demonstrated that a high-concentrate diet caused low levels of GPX and T-AOC and high levels of MDA in plasma. Watson et al. (26) proved the decreased SOD and GPX activities in male rats following endotoxin administration. Sokołowska et al. (62) also discovered that LPS induced oxidative stress and inflammatory reaction in the rat striatum. These studies give us an implication that LPS may induce oxidative stress through increasing of LPS in a high-concentrate feeding period. Previous research has shown that oxidative damage occurs along with oxidative stress caused by an increased level of MDA in serum (63). Multifarious antioxidant enzymes like SOD and GSH-PX play a vitally important role in protecting organisms from oxidative damage (64). The deficiency of thiamine may significantly impair the activity of transketolase, which is indispensable for the maintenance of GSH activity, a crucial antioxidant and free radical scavenger. Meanwhile, a previous study also showed that thiamine normalizes lipid peroxidation levels and elevates glutathione reductase activity (65).

Nrf2 acts as a sensor for oxidative stress, which regulates antioxidant defense systems (66). Nrf2 is restrained by Kelch-like ECH-associated protein 1 (keap1) in the cytoplasm under a situation of normal physiology; keap1 inhibits the function of Nrf2 by retaining Nrf2 in the cytoplasm under normal physiological situations. Nrf2 forms heterodimers with small Maf proteins and binds to the antioxidant response elements of target genes including GSH-Px, CAT, and SOD together with NQO1 and HO-1 (51) when cells are exposed in stress conditions (67). As a gene of anti-inflammatory and antioxidant properties, HO-1 is an Nrf2 target gene in the public eye (68). NQO1 can cope with oxidative lesions by weakening the activity of NADPH oxidase as well as the secretion of ROS, which is an Nrf2-mediated phase II metabolizing enzyme (69). The redox-regulated ubiquitous transcription factor NFκB can be activated by oxidative stress and inhibited by various antioxidants (23). The equilibrium state of both Nrf2 and NFκB regulation is vitally important to maintain the redox homeostasis in the health and performance of the body (29). Chen et al. revealed that Nrf2 deficiency impairs barrier function by disrupting the integrity of energy-dependent TJ (70), while the Nrf2 activator, quercetin, significantly enhanced intestinal barrier function through upregulation of claudin-4 in Caco-2 cells (71). Previous research has also shown that NFκB can damage barrier function through motivating the release of inflammatory factors (72).

The NFκB and Nrf2 pathways interface at several points to regulate transcription or the function of their downstream targets. On one hand, Nrf2 and NFκB can be functionally antagonistic. The down-regulated expression of Nrf2 induces more intense inflammation through activation of NFκB and down-stream proinflammatory cytokines (73). On the other hand, NFκB and Nrf2 both regulate a subset of target genes such as HO1 and IL-8. In the present study, thiamine increased the Nrf2 protein level and up-regulated the levels of antioxidant enzymes such as SOD2 together with phase II metabolizing enzymes (like NQO1 as well as HO-1), all of which were conducive to relieve oxidative lesions in the ruminal epithelium for high-concentrate diet feeding. At the same time, our research also showed the decline of NFκB-associated proteins p65 and pp65 as well as the increase of Akt and pAkt during thiamine supplement. Some studies also point out that NFκB-p65 and Nrf2 had synergy in regulating the antioxidative response in these cells (74). Moreover, the PI3K/AKT pathway is involved in the induction of Nrf2-driven gene expression (75). These studies all point to one piece of evidence that thiamine reduces oxidative stress by regulating the Nrf2–NFκB pathways during a high-concentrate feeding.

In conclusion, the current study results revealed that the rumen epithelial barrier function and the immune function were impaired, which are associated with the apoptotic and oxidative status that occurred during 12 weeks of feeding with the high-concentrate diet. Dietary thiamine supplementation was able to alleviate those harmful effects through the NFκB and Nrf2 signaling pathways. Thus, these findings provide that thiamine could potentially serve as a dietary supplementation to help in the alleviation of the negative effects of SARA in high-grain, intensive ruminant production.
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In pigs and broiler chickens, the gastrointestinal tract or gut is subjected to many challenges which alter performance, animal health, welfare and livability. Preventive strategies are needed to mitigate the impacts of these challenges on gut health while reducing the need to use antimicrobials. In the first part of the review, we propose a common definition of gut health for pig and chickens relying on four pillars, which correspond to the main functions of the digestive tract: (i) epithelial barrier and digestion, (ii) immune fitness, (iii) microbiota balance and (iv) oxidative stress homeostasis. For each pillar, we describe the most commonly associated indicators. In the second part of the review, we present the potential of functional amino acid supplementation to preserve and improve gut health in piglets and chickens. We highlight that amino acid supplementation strategies, based on their roles as precursors of energy and functional molecules, as signaling molecules and as microbiota modulators can positively contribute to gut health by supporting or restoring its four intertwined pillars. Additional work is still needed in order to determine the effective dose of supplementation and mode of administration that ensure the full benefits of amino acids. For this purpose, synergy between amino acids, effects of amino acid-derived metabolites and differences in the metabolic fate between free and protein-bound amino acids are research topics that need to be furtherly investigated.

Keywords: functional amino acids, oxidative stress, immunity, epithelial barrier, gut microbiota, weaning, coccidiosis


INTRODUCTION

The main functions of the gut are to ingest, digest, and absorb nutrients to support animal growth and physiological functions while protecting the organism against luminal harmful compounds (toxins, microorganisms, dietary antigens, etc.) (1). This dual function as a filter and a rampart explains the complexity of the organization of the digestive mucosa that is covered by a single layer of epithelial cells. The intestinal epithelium is constantly renewed by cell turnover mediated by stem cells located at the bottom of the crypts. During the migration along the crypt-villus axis, epithelial cells differentiate into absorptive (enterocytes) or secretory (goblet, paneth, enteroendocrine cells) lineages. This cellular complexity supports the two main functions of the intestinal epithelium: nutrition (e.g., secretion of digestive enzyme, nutrient absorption, hormone secretion) and barrier function (e.g., formation of tight junctions, secretion of antimicrobial peptides and mucus). Epithelial cells also communicate with immune cells located in the lamina propria that constitute a key component of the defensive system of the digestive mucosa, notably through the secretion of immunoglobulins. This complex organization of the digestive mucosa allows the establishment of a symbiotic relationship with the microbiota that colonizes the gut lumen. This consortium of bacteria, yeasts and protozoa collectively provide benefits to their animal host (2) notably through complex carbohydrate digestion, immune system tuning, and pathogens fighting (3, 4).

In livestock, both pigs and chickens are particularly subjected to digestive disturbances especially during the early life because of the immaturity of their digestive tract. Antimicrobial molecules have been massively used to control digestive diseases but increasing concerns on antibioresistance and environmental issues have urged to find non-antimicrobial disease control strategies. During the last decade, there was a significant reduction in the use of antimicrobial but further strategies are needed to maintain or improve the gut health status of pigs and poultry.

Amino acids (AA) are major energy substrates in the intestinal mucosa, limiting constituents of key proteins of the gut barrier and they can regulate immune responses and oxidative stress (5). In this context, the aim of the present review is to summarize the potential of functional AA supplementation to preserve and restore gut health of pigs and chickens. Topic on which a large number of studies is available for both species. The first requirement to evaluate the effects of AA is a clear definition of gut health that could be applied to pigs and chickens and of its indicators (6) similarly to what has been done in humans (7). In line with the definition of gut health provided by Kogut and Arsenault (6) and Pluske et al. (1, 6), we consider that gut health provides resistance and resilience of the animals to respond and adapt to the challenges that they can encounter, allowing optimal performance, low mortality and morbidity and good overall health. According to our definition, gut health is characterized by four interconnected pillars: (1) epithelial barrier function and absorption (2) intestinal immune fitness (3) oxidative stress homeostasis and (4) microbiota balance as presented in Figure 1. Herein, we first detail the key components of these pillars and define related indicators in pigs and chickens. Then, we review the effects of dietary AA supplementation on gut health indicators providing, when available, a description of the potential mode of actions. Finally, we propose future directions of research to optimize the use of AA supplementation to ameliorate gut health in pigs and chickens.
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FIGURE 1. definition of gut health for farm animals.




THE FOUR PILLARS OF GUT HEALTH AND ASSOCIATED INDICATOR

Pigs and chickens differ in terms of intestinal physiology and organization. To be able to generalize our definition of gut health to both species, we focus in this part on markers and indicators that are considered valid for both pigs and chickens.


Epithelial Barrier, Digestion, and Nutrient Absorption

Function of digestion and absorption of the nutrients is realized through the coordinated actions of digestive enzymes and nutrient transporters. These digestion and absorption processes are directly related to the surface of the epithelium. This surface is a function of the height of the villus and the ratio between villus height and crypt depth which are key indicators of absorptive capacity and performance (8). Even a slight villus atrophy due to distress or illness can induce a consequent reduction of the digestive capacity by a reduction of the enzyme secretion from the apical part of the villi (9).

The mucus layer overlying the monolayer of intestinal epithelial cells is the first physical barrier of the gut. This mucus forms a gel and is composed by mucins which are glycoproteins secreted by goblet cells. It prevents the direct contact of toxins and pathogens with the epithelium (10). The number of goblet cells, the thickness of mucus layer as well as the level of expression of genes encoding for mucins are regarded as key indicators related of this barrier function (11, 12).

In addition, epithelial cell shedding (so called “anoikis”) and the fast renewal of the intestinal epithelium (3–5 days) is another mechanism providing protection against pathogens by limiting their adherence to epithelial cells. Rapid renewal of damaged enterocytes is supported by a high protein turnover and cell proliferation, and maintenance of functional enterocytes can therefore be considered as a marker of good intestinal function (13, 14). Low expression of caspase-3 in enterocytes indicates decreased apoptosis whereas increased proliferating cell nuclear antigen (protein which enhances DNA polymerase activity), mitotic index (number of cells undergoing mitosis divided by the total number of cells), and ornithine decarboxylase (protein involved in the first step of polyamine synthesis) activity are described as indicators of cellular proliferation (15).

This barrier function also relies on the sealing of epithelial cells which depends on the organization of tight junctions. Tight junctions, located at the apical side of the enterocytes, are multi protein complexes consisting of transmembrane proteins, such as occludin, claudins (claudin-1, claudin 2, claudin 3), tricellulin, and junctional adhesion molecules anchored with cytosolic molecules like zonula occludens proteins (ZO-1, ZO-2, and ZO-3). The abundance of these molecules is directly linked to a decrease in intestinal permeability (16). Disruption in gut barrier function increases gut permeability, occurrence of diarrhea and leaky gut syndrome.

In summary, the following parameters are considered good markers to monitor epithelial barrier and digestion: villous height, gene expression and/or protein levels of tight junctions, abundance of goblet cells or mucins, digestive enzyme activity, nutrient transporters, cell proliferation, diarrhea occurrence, intestinal permeability, cell apoptosis.



Intestinal Immune Fitness

The physical barrier function of the gut is completed by innate and acquired immunity which constitutes two additional lines of defense. The gut is an important site of immunity in the body and can be subjected to inflammatory process. Inflammation activates immunity in order to fight against an infection and/or repair tissue damage. Inflammation is related to increased demand in energy and nutrients to synthesize cytokines and acute phase protein and activate the proliferation of the immune cells (17–19). Therefore, an excessive immune response, which could be defined as an imbalance between the level of inflammation and the challenge faced by the animal, can lead to an excessive and unnecessary use of energy and nutrients.

Immune fitness could be defined as “the capacity of the host immune system to respond in an appropriate manner to a challenge and to return or stay in immune homeostatic state in the case of the absence of a challenge.”

Low plasma circulating and/or low intestinal gut mucosa gene expression of proinflammatory cytokines (TNF-a, IFN-g, IL-1, IL-4, IL-6, IL-8) in the absence of a challenge and high secretion of immunoglobulins are indicators related to immune fitness. In addition, the intestinal concentration of secretory IgA which are a key component of mucosal defenses is an indicator of the adaptive immune response (20). Another key marker of immune fitness and inflammation is related to lymphocytes proliferation in the mucosa and their phenotype. For instance, high proportion of regulatory T cells in the gut mucosa (Tregs) expressing Foxp3 indicates an immunoregulatory phenotype (21).

In summary, the following parameters are considered good markers to monitor immune fitness: immunoglobulin concentrations, cytokines concentration, lymphocytes proliferation.



Oxidative Stress Homeostasis

Oxidative stress occurs when the production of reactive oxygen species (ROS) such as superoxide is not balanced by the antioxidant defense (22). In that case, ROS may cause alteration of macromolecules including lipids (marked by increased malondialdehyde), proteins and DNA leading to cellular and tissue damages. The production of ROS is a physiological mechanism, these molecules being generated in the mitochondria during aerobic cellular metabolism (22). Besides, these molecules are synthesized by the cells of the innate immune system, like granulocytes and macrophages, and the epithelial cells to defend against pathogens (23). In the intestine, the main ROS generating enzymes are NOX1 and DUOX2 produced respectively by the epithelial cells and the neutrophils (24).

A tight control of ROS concentration is of primary importance and requires a delicate balance of systems involved in their generation and degradation. Oxidative stress homeostasis is defined as a “situation where the concentration of reactive oxygen is sufficient to transduce signal and counteract pathogens but insufficient to trigger cell damages to the host.”

Antioxidant system relies on the action of antioxidant molecules including vitamins such as vitamins E and C and metabolites like glutathione (GSH) in the oxidized form, and enzymes including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px) and heme oxygenase (HO-1) which expression is under the control of the transcription factor Nuclear factor erythroid 2-related factor 2 (Nrf2) (25). Chaperone proteins such as HSP70 play also a role in the response to oxidative stress being involved in the removing of non-functional and potentially harmful proteins (26). Both the measurements of antioxidant molecules concentrations and antioxidant enzyme activities in the gut mucosa can be used as markers to assess oxidative status.

In summary, the following parameters are considered good markers to monitor oxidative stress at the gut level: total glutathione concentration, antioxidative enzyme expression or activity, antioxidative capacity, concentration of malondialdehyde, oxidized glutathione concentration.



Microbiota Balance

In pigs and broilers, the intestine of healthy individuals is colonized by over than 500 species of bacteria, but also by fungi and protozoans (27, 28). Focusing on bacteria, for which the literature is more exhaustive, is a first approach to encompass microbiota complexity. In caecum and colon, microbial species belong essentially to the phyla Firmicutes (including Clostridium, Enterococcus, Lactobacillus, and Ruminococcus genera) and Bacteroidetes (including Bacteroides and Prevotella genera) (29, 30). These bacteria are in a homeostatic balance with the host and guarantee the protection of the gut. Indeed, commensal bacteria potentially prevent the overgrowth of pathogenic ones by competing for nutrients and adhesion sites and by synthesizing short chain fatty acids (SCFA) or antimicrobial peptides. The microbiota also plays a pivotal role to degrade the non-digestible compounds producing SCFA as source of energy as well as noxious compound like ammonia or polyamines when the substrates are indigestible proteins.

Microbial ecology is a new frontier for animal science and in some way mirrors what has been done in humans. Among the approaches proposed by Vangay et al. (31) to study the microbiota, the dysbiosis-centric view can fit with the livestock science. The authors defined four changes associated with dysbiosis: loss of keystone taxa, loss of biodiversity, blooms of pathogens and pathobionts and shift in functional capability. These changes can occur independently or altogether, which is most often the case (32). Microbiota balance could therefore be defined as the opposite of dysbiosis meaning “a bacterial population abundant and diverse with a high contribution of beneficial bacteria (Lactobacillus, Bifidobacterium, SCFA producers) at the expense of pathogenic ones” such as enterotoxigenic Escherichia coli (ETEC), Campylobacter and Salmonella enteritidis.

In summary, the following parameters are considered good markers to monitor microbiota: microbiota diversity, abundance of beneficial bacteria, abundance of parasites, abundance of harmful bacteria.




EFFECT OF GUT HEALTH CHALLENGES IN PIGS AND BROILER CHICKENS ON AMINO ACID METABOLISM


Early Weaning and Diarrhea in Piglets

In intensive pig farms, piglets are usually weaned between 2 and 5 weeks of age, when the gut and immune system are immature. Early weaning is a critical period during which they are separated from the sow and mixed with those of other litters in a new environment (33). These changes generate a stress which usually decreases water and feed intake and in turn affects negatively the gut health (33, 34). It was reported that piglets, in the immediate post-weaning, exhibit intestinal villous atrophy, crypt hyperplasia and lower number of goblet cells. Altered transepithelial resistance and depressed digestive enzymatic activities are also observed in association with immune cells infiltration, upregulation of pro-inflammatory cytokines and decrease in nutrient absorption (35). Intestinal oxidative stress indicators are also increased due to a reduction of the activity or gene expression of antioxidative enzymes (36). All these changes can decrease the ability of the host to digest and absorb nutrients (37) contribute to dysbiosis and translate into the occurrence of post-weaning diarrhea (38).

In addition, both protein content and protein synthesis in the gut increase after weaning indicating a high need to support the tissue development and adaptation to this period (39). Weaning is also believed to reshape AA metabolism especially at the gut level. Indeed, at weaning, the endogenous production of arginine is blunted in enterocytes which could lead to a shortage of arginine (40). Bacterial infection involving E coli, the major pathogenic bacterium involved in post-weaning diarrhea, is known to impair feed intake, modulate AA, gut and body metabolism because of the systemic inflammation induced by this infection. Two studies reported higher tryptophan requirement in piglets challenged with enterotoxigenic E. coli (41, 42). Accordingly, weaning under poor sanitary conditions induced a systemic inflammation that affected whole body tryptophan metabolism (43). Similar results were reported with threonine in piglets housed under challenged conditions and fed antibiotic-free diets (44–46). A recent study also revealed that immune stimulation induced by bacterial endotoxin (LPS) injection also led to an increase in the fluxes of GSH synthesis together with a decrease in plasma concentration of sulfur AA cysteine, one of the three AA constituting GSH, and methionine (47). Taking together, these results suggest that weaning may increase the need for AA and that weaned piglets could particularly benefit from increased supply of arginine, sulfur AA (SAA), tryptophan and threonine.



Coccidiosis Challenge in Broiler Chickens

In broiler chickens, coccidiosis is the main challenge at the gut level, generating more than 3 billion dollars of loss every year in poultry industry (48). This challenge is caused by the infection of Eimeria species which colonize different parts of the intestinal tract. This coccidiosis decreases feed intake and growth and increases the susceptibility of necrotic enteritis leading to a further decrease in performance and increase in mortality (49).

The response of the host to the infection could be described in two phases: a damaging phase and a repairing and defense phase. As part of the damaging phase, coccidiosis is associated with decreased villus height, number of goblet cells, AA transporters and digestive enzymes leading to a lower AA availability as well as a decrease in transepithelial resistance and mucin expression (50). In addition, infection with any of the major Eimeria species leads to reduced plasma carotenoid thereby impairing protection against oxidative stress (51).

As part of the repairing and defense phase, it can be observed during coccidiosis an increase in inflammation as indicated by the increase of cytokines, nitric oxide and IgA production used to fight the parasites (50, 52). In addition, crypt cell proliferation occurs to replace damaged enterocytes and mucus production is enhanced to form a physical barrier against the pathogens (53). This latter effect could potentiate Clostridium perfringens colonization and necrotic enteritis as this bacteria can use intestinal mucus as a source of nutrients (49).

It has been reported that coccidiosis condition modulates AA metabolism. Indeed, it was shown that coccidiosis decreases the digestibility of nearly all AA (54). In the same study, Rochel et al. reported that coccidiosis-challenged birds had decreased plasma concentration of arginine, asparagine, glutamine, aspartate and increased concentration of ornithine, branched-chain AA (BCAA) and lysine. Interestingly, re-analysis of existing transcriptomic data from chicken cecal epithelia upon infection by Eimeria tenella (55) revealed that the expression of genes encoding for enzymes involved in threonine and arginine catabolism were increased during coccidiosis infection in the cecum (data not published) suggesting decreased availability of these amino acids for protein synthesis. To summarize, when broilers are facing coccidial or bacterial challenge, feed intake and digestibility of AA are reduced while they are showing a higher need for some of those functional AA, leading to an imbalance between supply and demand of AA in fast-growing broiler diets.




ROLES OF AMINO ACIDS IN INTESTINAL HOMEOSTASIS

As suggested in the previous part, AA seem to have an important role in the maintenance of gut health as their demand can be increased during periods of challenge in both piglets and chickens. Based on the published literature on functional AA supplementation in piglets and broilers, we summarize below how AA could support and restore the four pillars of gut health previously described. By “support,” we refer to the way that AA can reinforce a pillar of gut health in the absence of challenge or prepare the function before a challenge. By “restore,” we refer to the way that AA can help the functions to recover and go back to homeostasis after a challenge like weaning in piglets and coccidiosis in broiler chickens. By “support and restore,” we refer to the way that AA prepare to a challenge and help the animal to recover. For each of the four pillars, a list of key indicators mentioned in the previous part was listed as shown in Tables 1, 2. The AA that influence these indicators related to the four pillars of gut health are listed in Table 1 by summarizing the evidence in piglets and in Table 2 by summarizing the evidence in broilers.


Table 1. Amino acids influencing the indicators related to the 4 pillars of gut health in piglets.
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Table 2. Amino acids influencing the indicators related to the 4 pillars of gut health in broiler chickens.
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These two tables suggest that investigations about AA effects on gut health are scarcer in broilers than piglets. Most broiler studies are focusing on arginine, glutamine and threonine, while piglet studies are investigating a broader scope of AA. It is difficult to clearly identify different effects of AA supplementation across the two species while it is known that AA requirements and metabolism might differ in pigs and chickens. Furthermore, it is interesting to note that in both the species most studies tested very high doses of supplementation of AA (between 0.5 and 1.0% as-fed basis) which lead to level of AA far above the recommendation for growth in pigs and chickens. This could be due to the fact that studies aimed to reveal the functional properties of amino acids.

It is interesting to note that some AA, especially aspartate, arginine, cysteine, glutamate or mono sodium glutamate (MSG), and glutamine for piglets and arginine, glutamine, threonine and tryptophan for broilers are involved in three out of the four pillars of gut health confirming two main aspects: (1) these pillars are strongly interconnected and interdependent; (2) AA have different functions and can modulate several metabolic pathways and functions depending to the specific conditions.

These functional properties have been well-described in the literature and rely on the following functional properties of AA: (1) AA are energy sources and precursors of functional molecules and proteins, (2) AA modulate gene expression and protein phosphorylation and finally, (3) AA can serve as microbiota modulators.


Amino Acids Are Energy Sources and Precursors of Functional Molecules and Proteins

Several AA can serve as a source of energy for the gut epithelium and are therefore considered to favor gut development and epithelial barrier. Indeed, it has been reported that most of dietary glutamine and glutamate (>90%) after conversion into α-ketoglutarate fuel the Krebs cycle and are used as a source of energy by enterocytes (137). Accordingly, in piglets, the supplementation of feed with asparagine, aspartate, glutamine, alanyl-glutamine and MSG are associated with an increase of energy availability in the intestine as shown by higher intestinal levels of ATP, adenylate energy charge (AEC) and lower AMP:ATP ratio (57, 58, 77, 92). Similarly, the roles of glutamate and glutamine as substrate for ATP production has been reported in vitro using chicken enterocytes, glutamate being the most potent source of energy (138).

The importance of AA for gut health also relies on the abundance of particular AAs in functional proteins. For example, threonine is critical for epithelial barrier function being the most abundant indispensable AA in mucins (53). Finally, AAs are also pivotal for gut health as precursors of functional molecules. For example, glycine, glutamate and cysteine are the three AAs composing glutathione (GSH), a tripeptide synthesized in the cytosol that play a key role in the regulation of the oxidative stress through its scavenging effect on free radicals (72). The concentrations in glutathione in the small intestine (jejunum and ileum) was decreased by 50% in piglets fed a SAA-free diet compared to those fed a well-balanced diet (139).



Amino Acids Can Modulate Gene Expression and Protein Phosphorylation

In addition to being precursors of energy and functional molecules and proteins, AAs are signaling molecules; their abundance in cells directly modulates some metabolic pathways by modifying gene expression and protein phosphorylation. In piglets, leucine and glutamate supplementations in feed in vivo were able to increase the level of phosphorylation of mTOR, a major regulator of protein synthesis, and some of its downstream targets (4-EBP1, S6K) in the different parts of the gut (75, 78, 101, 140). In line with these results, Corl et al. (141) reported that arginine and BCAA increased the phosphorylation level of p70S6k, a downstream target of mTOR, in rotavirus-infected piglets' jejunal segments. Similarly, increasing the glycine level triggers cell proliferation, protein synthesis, phosphorylation of mTOR, 4EBP-1 and p70S6K in intestinal porcine IPEC-1 cells (142). In broiler chickens, evidence is scarce but a key role of arginine as a regulator of protein synthesis in the gut is suggested. Indeed, Tan et al. reported that supplemental dietary arginine attenuates intestinal mucosal disruption in broiler chickens during a coccidial vaccine challenge through an increase of mRNA expression of jejunal genes related to kinase activity, such as mTOR, Raptor and RP6KB1 (50). The effect of AA supplementation in feed on gene expression is well-described. For example, the expression of AA and glucose transporters responds to AA supplementation, particularly to branched-chain amino acids and lysine in piglets (103) and to lysine, methionine and threonine in broiler (143) suggesting that AA supplementation could mitigate the effects of challenge and support gut health by improving nutrient absorption (144). Supplementation of glutamine to weanling diet can promote the expression of genes related with the reduction of oxidative stress (88). Similarly, SAAs can control Nrf2 expression in the liver, a transcription factor controlling the expression of antioxidant redox buffering enzymes and the production of other scavenging systems for reactive oxygen species like methionine sulphoxide reductases (145).



Amino Acids Are Microbiota Modulators

In vitro studies, based on single strains and mixed community derived by intestinal content of piglets have shown that AAs can contribute in influencing the metabolism and the development of bacteria (146–148). This suggests that AAs can regulate the gut microbiota composition and activity. This microbiota-modulating effect of AAs has already been investigated with a main focus on tryptophan and arginine.

Indeed, in weaned pigs, 0.4% tryptophan supplementation for 4 weeks increased Lactobacillus and Clostridium XI in the jejunum (111). Alpha diversity indices were enhanced in response to tryptophan supplementation in both weaned piglets (111) and fattening pigs susceptible to intestinal adhesion of ETEC F4 (149). 1.0% arginine supplementation for 60 days in fattening pigs increased Canobacteria and in combination with 1.0% Leucine (Leu) it increased Bacteriodes and reduced Clostridium sensu stricto, Terrisporobacter and Escherichia-Shigella in the colon (150). In sows, arginine supplementation increased both the Bacteroidaceae family and the Bacteroides genus in feces (151).

In broilers, it has been reported that arginine supplementation can alleviate gut injury and normalize the ileal microbiota of C. perfringens-challenged chickens (117). Furthermore, in broiler chickens facing a 2 h-transportation stress, tryptophan supplementation increased the population of beneficial bacteria (Enterococci, Bifidobacteria and Lactobacilli) and reduced the population of pathogenic ones (Clostridia, Enterobacteria and Campylobacter) in the cecum digesta suggesting a positive effect of this AA on microbial balance (136). Similarly, a total SAAs supply exerted a beneficial effect in broiler cecal microbial community by increasing the alpha diversity of the microbiota and by promoting the microbial metabolisms related to carbohydrate, AA, nucleotide, and lipid (152).

The metabolism of AA by the gut microbiota releases numerous metabolites in the intestinal lumen (153). These bioactive compounds are key molecular intermediates between the microbiota and its host. Similarly to carbohydrates, AA can serve as precursors for the production of the main SCFA including acetate and butyrate that are well-known regulators of gut health (154). Moreover, some SCFA are produced exclusively from AA (isobutyrate, isovalerate, 2-methylbutyrate) but their effect on gut health has not been extensively studied (153). Recent research has highlighted the beneficial role on gut health of bacterial metabolites derived from tryptophan (indolic compounds) (155). Catabolism of AA by the gut microbiota also produces amines and polyamines such as putrescine, cadaverine and 5-aminovalerate. The effects on gut health of these metabolites are not clear yet since both beneficial and detrimental effects were described according to the studies and concentration tested (153). It is also worth noting that AA degradation by the microbiota can release toxic compounds such as deamination-derived ammonia, cysteine-derived hydrogen sulfide and tyrosine derived p-cresol (153). In Table 3, we summarized the main metabolites yielded by bacterial metabolism of the AA that were tested in the in vivo trial that included in the present review. We also listed the direct effects of these AA-derived metabolites on gut health. Overall, it is clear that metabolites derived from the s yielded by bacterial catabolism of the AA can mediate part of the action of AA on the four pillar of gut health and more work is needed to validate this hypothesis in pigs and poultry.


Table 3. Main metabolites produced by amino acid metabolism by the in the gut microbiota and associated effect on gut health.
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CONCLUDING REMARKS

This work confirms that supplementation of free AA, based on their roles as precursors of energy and functional molecules, as signaling molecules and as microbiota modulators, can contribute to gut health of monogastric animals by supporting or restoring its four intertwined pillars. The fact that piglet and broiler gut health positively benefit from AA supplementation indicates that under challenging conditions, those AA may become indispensable for optimal performance and health. Additional work is still needed in order to take the full benefits of AA functions while decreasing the effective dose of supplementation. For this purpose, synergy between AA, effects of AA derived metabolites, difference in the metabolic fate between free and protein-bound AA are research topics that need to be furtherly investigated.
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Probiotics serving as an alternative to the criticized antibiotics mainly focus on improving animal's growth and health. After realizing the dangers posed by diseases that have led to lots of economic losses, aquaculture scientists have sought the usage of probiotics. However, most probiotics are ineffective in eliciting aquatic animals' preferred effects, since they are from non-fish sources. Again, there are even a few marine aquatic probiotics. Given this, a study was conducted to investigate the probiotic potential of the bacteria species isolated from the digestive tract of hybrid grouper (Epinephelus fuscoguttatus♀ × Epinephelus lanceolatus♂). Based on the morphological, biochemical, 16S rRNA sequencing analysis and evolutionary relationships, the isolated species were identified as Bacillus tequilensis GPSAK2 (MW548630), Bacillus velezensis GPSAK4 (MW548635), and Bacillus subtilis GPSAK9 (MW548634), which were designated as GPSAK2, GPSAK4, and GPSAK9 strains, respectively. Their probiotic potentials including their ability to tolerate high bile salt concentration, low pH, high temperatures, adhesion ability (auto-aggregation and cell-surface hydrophobicity), antimicrobial activity and biosafety test, compatibility test, hemolytic activity, and antibiotic susceptibility test were evaluated. While GPSAK2 and GPSAK9 strains were γ-hemolytic, that of GPSAK4 was α-hemolytic. All the isolates were resistant to low pH (1) and higher bile salt concentration (0.5%), showed higher viability ability after higher temperature exposure (80, 90, and 100°C), as well as higher cell-surface percentage hydrophobicity and auto-aggregation. All isolates exhibited positive compatibility with each other, signifying their ability to be used as multispecies. The three strains were susceptible to ampicillin (except GPSAK9, which was resistant), penicillin, kanamycin, ceftriaxone, chloramphenicol, erythromycin, clindamycin, furazolidone (except GPSAK2 and GPSAK9, which were moderately susceptible and resistant, respectively), polymyxin B, vancomycin (except GPSAK9, which was resistant), sulfamethoxazole (except GPSAK9, which was moderately susceptible), amikacin, minocycline, ofloxacin, norfloxacin, doxycycline, neomycin, gentamicin, tetracycline, carbenicillin, midecamycin (except GPSAK9, which was moderately susceptible), ciprofloxacin, piperacillin, and cefoperazone. All isolates demonstrated good antimicrobial activity against four pathogens, viz. Streptococcus agalactiae, Streptococcus iniae, Vibrio harveyi, and Vibrio alginolyticus. The results collectively suggest that Bacillus strains GPSAK2, GPSAK4, and GPSAK9 could serve as potential probiotic candidates that can be used to improve the growth and health status of aquatic animals, especially grouper.

Keywords: Bacillus tequilensis, Bacillus velezensis, Bacillus subtilis, probiotics, hybrid grouper (Epinephelus fuscoguttatus ♀ × Epinephelus lanceolatus ♂), antibiotic resistance


INTRODUCTION

With the incessant pressure on governments and the international communities in ensuring sufficient food supply for the ever-growing population, aquaculture has emerged as one of the promising industries to fight this global food insecurity crisis, since it provides food at a relatively cheaper price without sacrificing its nutritional value. Food and Agriculture Organization (1) in its report stated that the global production for aquaculture, which was 73.8 million tons (MT) (first sale estimated at $160.2 billion) in 2014, increased to 110.2 MT (first sale estimated at $243.5 billion) in 2016, signifying how the populace has accepted aquaculture food. Hulong grouper, a novel hybrid of brown-marbled and giant grouper (Epinephelus fuscoguttatus♀ × Epinephelus lanceolatus♂), is a new fish species first produced in 2007 by the Universiti Malaysia Sabah (2) and currently noted as one of the most economically valuable grouper species farmed in Southeast Asia. It is a typical carnivores species that is a perfect candidate species for highly intensive aquaculture due to its ability to withstand high population density, faster growth, high disease resistance, efficient feed conversion (3, 4), and high nutritional and economic value (5, 6). Nonetheless, the rapid development of this fish's intensive and super-intensive culture has led to diverse incidences of poor growth performance and disease infections (7). For example, while Qin et al. (8) revealed the infection of iridovirus in the greasy grouper (E. tauvina), Shen et al. (9) in their work also reported that the causal agent of skin ulcer disease in juvenile hybrid grouper (E. fuscoguttatus♀ × E. lanceolatus♂) was Vibrio harveyi. This high infection rate has resulted in higher economic losses in the grouper farms and hatcheries. Farmers have adopted vaccines, antibiotics, and other prophylactic control mechanisms to help control such diseases, but their usage has brought numerous side effects (10, 11). Antibiotic usage, for example, has been criticized, since they cause serious ecological and biological effects, as they have led to the emergence of antibiotic-resistant bacteria and genes, as well as residual antibiotics in cultured organisms posing health risks to animals and humans (12–14). Reports have it that there are at least 2.8 million people suffering from serious infections with antibiotic-resistant bacteria, which result in a yearly death of at least 35,000 people in the United States (15), suggesting the need for a quick response in combating such threat.

Probiotics, which are defined as “live microorganisms which, when administered in adequate amounts, confer a health benefit to the host” (1), are currently proposed as the effective and eco-friendly alternative to antibiotics (16) due to (i) their antagonistic activities against pathogenic bacteria (17, 18), which is generally because of their ability to secrete bacteriocins (19) and other compounds; (ii) their ability to alleviate allergic symptoms and inflammation; and (iii) their ability to improve growth and keep a positive balance of intestinal microbial composition (20, 21). Grand View Research in its work has reported that the global market size of probiotics was estimated at $48.38 billion in 2018 and is projected to reach $77.09 billion by 2025 with a compound annual growth rate (CAGR) of 6.9% (https://www.grandviewresearch.com/industry-analysis/probiotics-market), and this calls for more research to be conducted to unearth new strains of importance to meet the target. Given the significance of probiotics in maintaining the health of fish, with respect to their involvement on immunocompetence and disease resistance, in addition to its role in stress mediation, there is a growing trend toward exploring new species and strains with more endowed features as a novel probiotic candidate (22). The digestive tract of fish offers an enabling environment for the growth and survival of bacteria, which aids the bacterial community in exhibiting numerous enzymatic potentials, which successively helps in digestion (23, 24). The digestive tract microorganisms are noted to synthesize numerous enzymes such as lipolytic, proteolytic, amylolytic, and cellulolytic enzymes involved in the digestion of lipids, proteins, carbohydrates, and cellulose, respectively (25, 26). Nonetheless, the production of the above-listed enzymes is premised on the bacteria's ability to survive in the gastrointestinal condition, including resisting low pH and gastric juice (27, 28). Again, for the usage of an identified probiotic in feed making, the bacteria should have the ability to withstand high temperatures to stay viable after feed processing, since most food processes require heat (29). Bacteria positive for hemolysis are regarded as unsafe for use as probiotics due to their virulence causing edema and anemia. Also, a chosen probiotic bacterium should be able to synthesize bacteriocins that aid in the inhibition of pathogens, thus, for sustainable aquaculture operations, the screening and selection of the probiotics to be used should be key (30).

Among the several probiotics discovered, Bacillus spp. have over the years proven to be one of the most commonly applied probiotics in aquaculture production due to their enormous attributes such as their ability to stay viable (sporulation capacity) for a more extended period in harsh conditions (heat and pH tolerant), ability to produce non-pathogenic and non-toxic compounds but instead produce a massive range of extracellular substances including lipase, amylase, trypsin, and antimicrobial peptide (20, 31–35), which thereby translates into proving positive results for growth and health enhancement, as well as disease resistance in animals and humans. Again, among the various sources of Bacillus spp. that include water, soil, decaying matter, and other commercial sources (36–38), those isolated from the fish intestinal tract are more effective on their host compared to others (39–42). Hence, the isolation of probiotics from fish will be commendable in enhancing aquaculture development.

Accordingly, this work's objective was to isolate potential Bacillus strains from the intestine of hybrid grouper (E. fuscoguttatus♀ × E. lanceolatus♂). For that reason, we have isolated three Bacillus species, and their probiotic properties are characterized based on their safety to host, their benefits to host (biofilm formation, cellulase production, non-hemolytic nature), and their abilities to be used as feed (sporulation, resistance to heat, low pH, bile tolerance, adhesions to epithelial cells), and we hope for its usage as potential probiotics and immunoadjuvant for fish culture.



MATERIALS AND METHODS


Animal Sample Collection

Healthy samples of hybrid grouper (E. fuscoguttatus♀ × E. lanceolatus♂) without symptoms of infection [i.e., gross examination of hemorrhage, edema, lethargic, lesions, and detachment of scales (43)] with an average weight of 85 ± 2.77 g were obtained from a local farm situated close to the South China sea (Zhanjiang, Guangdong Province, China) and kept in aerated tanks that were later transported to the laboratory for the immediate commencement of the experiment.



Strain Isolation and Identification
 
Strain Isolation and Growth Conditions

Fish were anesthetized by immersion in a tank containing tricaine methane-sulfonate (MS-222; Sigma-Aldrich) at 150 mg/L and then killed by a blow to the head. With the help of cotton dipped into 75% ethanol, fish were cleaned externally to remove or kill bacteria on their bodies to avoid bacterial contamination. Under sterile conditions, the fish guts were dissected using sterile scissors and tweezers, stripped carefully to remove all digesta content, and washed using a sterile physiological saline solution (PSS). The intestinal weight was taken, and equal proportions of PSS by volume were added. Under sterile conditions, the gut content was then homogenized using 15 ml borosilicate glass tissue homogenizer (Shanghai Lenggu Instrument Company, Shanghai, China) in ice, of which 0.5 ml of the gut homogenate was diluted with 5 ml PSS. The mixture was serially diluted using PSS, and 0.1 ml aliquot was spread on Luria–Bertani (LB) (Beijing Land Bridge Tech. Co., Ltd.) agar plates followed by incubation at 30°C for 24 h. Discrete bacterial colonies were randomly picked and inoculated into LB media for mass culture under the same culture conditions but with agitation at 180 rpm/min. Streaking of the isolates was repeatedly done to obtain very pure colonies. All the experiments, including this part, were conducted under sterile conditions.



Strain Identification

Potential probiotic strains were characterized based on their morphology, biochemical tests, antimicrobial tests against some pathogenic bacteria, and antibiotic resistance and identified by molecular 16S rRNA gene sequence analysis using universal bacterial primers 27F (AGAGTTTGATCCTG GCTCAG) and 1492R (GGTTACCTTGTTACGACTT) through polymerase chain reaction (PCR) (44). The PCR reaction system contained 1 μl template of each isolate genomic DNA, 1 μl of each primer, 12.5 μl of 10 × Extaq buffer, and 9.5 μl of double-distilled water (ddH2O). For negative control, ddH2O was used as a template, whereas that of the positive control was a previously isolated bacteria from V. harveyi (45). The PCR amplification was initiated with denaturation at 96°C for 5 min followed by 33 cycles of denaturation at 96°C for 30 s, annealing at 55°C for 45 s, and extension at 72°C for 1 min 30 s; the amplification was completed by holding the reaction mixture at 72°C for 10 min. The PCR products were analyzed by agarose gel (1% w/v) electrophoresis. Amplicons were eluted, and the purified DNA products were later sent to Sangon Biotech Co., Ltd. (Guangzhou, China) for sequencing. The nucleotide sequences were subsequently compared with the available sequences in the database of the National Center for Biotechnology Information (NCBI) using Basic Local Alignment Search Tool (BLASTn) program. Similarity analysis was conducted to best identify the probiotic strain types. The phylogenetic tree was generated by neighbor-joining (NJ) method using NCBI Distance tree online tool. All selected strains were stored in equivalent mixed solution of 40% (v/v) glycerol and LB until use.




Characterization of Isolated Strains Based on Biochemical Tests

Biochemical characterization tests are conducted to examine the agreement of genetic analysis and phylogenetic studies of the isolates. As illustrated in Table 2, the selected probiotic strains' biochemical characterization was performed using commercial kits procured from Guangdong Huankai Microbial Sci. and Tech. Co., Ltd. (Guangdong, China) following the company's instruction. With the help of a Bacillus cereus identification bar (HBIG07-1) purchased from the Qingdao Hope Bio-Tech. Co., Ltd. (Qingdao, China), the biochemical tests conducted were confirmed.



Growth Pattern of the Selected Strains in Luria–Bertani Broth

A selected single colony of probiotic bacteria strain from LB agar (pH 7.2) was first incubated overnight in 5 ml LB broth (37°C). One (1) milliliter of the overnight culture was inoculated into 100 ml LB broth (pH 7.2) in 500-ml Erlenmeyer flasks of which were incubated in a shaken incubator (150 rpm/min at 37°C for 24 h). During the culturing period, the bacteria growth was measured at 2-h intervals until reaching the 24-h stipulated time using a spectrophotometer (Evolution™ 220 UV-Visible Spectrophotometer, Thermo Scientific™, USA) at an absorbance optical density (OD) of 600 nm (46). Finally, the growth curve of the different strains was plotted. All the experiments were repeated in triplicate with the reading of the profiles being averaged.



Biosafety Test

This experiment was conducted to ascertain the possible harmful effects of the selected probiotic strains in healthy hybrid grouper. Healthy hybrid grouper fish (E. fuscoguttatus♀ × E. lanceolatus♂) weighing 90–100 g were purchased from a local fish farm (Zhanjiang, China). They were thus maintained in aerated cement pools [4.5 m (l) × 3.45 m (w) × 1.8 m (h)] for an acclimatization period of 2 weeks and were daily hand-fed twice (08:00 and 16:30) at 5% of their body weight with commercial diets (procured from Zhanjiang Aohua Feed Co. Ltd., Guangdong, China). After adaptation, a total of 90 fish (average weight 97 ± 1.34 g) after 24-h starvation were weighed and randomly distributed into nine fiberglass tanks (0.3 m3) at 10 fish-density per tank (i.e., divided into three groups for the three isolated probiotic strains (GPSAK2, GPSAK9, and GPSAK4 groups) with three replications each. The biosafety experiment, which lasted 21 days, was conducted in an indoor facility of the Marine Biological Research Base of Guangdong Ocean University (situated close to the South China Sea) under a photoperiod of natural 12-h light/12-h dark regime with a 2-day interval of 50% water exchange. Single airstones provided aeration, and the water quality of dissolved oxygen, temperature, pH, and salinity maintained as ≥6 mg L−1, 28–30°C, 7.8–8.2, and 28.5–32%, respectively (YSI 556 multiprobe system, YSI Inc., USA). The isolates' suspension was prepared as stated above (see section Growth Pattern of the Selected Strains in Luria–Bertani Broth). Afterward, 0.1 ml [108 colony-forming unit (CFU)/ml] of each isolated bacteria was injected intraperitoneally into their respective grouped fish. An additional 30 fish were kept in three different fiberglass tanks (10 fish/tank) of which were injected with the same volume of sterile phosphate-buffered saline (PBS) (pH 7.2) to serve as the control group. The steps used in acquiring the isolated bacteria's concentration (i.e., 108 CFU/ml) followed a previously described process (20). Fish were then monitored daily to ascertain whether there were any clinical signs, and their mortality was recorded until the 21st day.



Antibiotic Susceptibility Test

The susceptibility of the isolated Bacillus strains was assessed by the disc diffusion method against 24 antibiotics including ampicillin (10 μg), penicillin (10 μg), kanamycin (30 μg), ceftriaxone (30 μg), chloramphenicol (30 μg), erythromycin (15 μg), clindamycin (2 μg), furazolidone (300 μg), polymyxin B (300 μg), vancomycin (30 μg), sulfamethoxazole (27.5 μg), amikacin (30 μg), minocycline (30 μg), ofloxacin (5 μg), norfloxacin (10 μg), doxycycline (30 μg), neomycin (30 μg), gentamicin (10 μg), tetracycline (30 μg), carbenicillin (100 μg), midecamycin (30 μg), ciprofloxacin (5 μg), piperacillin (100 μg), and cefoperazone (75 μg) (Hangzhou Microbial Reagent Co., Ltd., Hangzhou, China). Briefly, 0.1 ml (at an OD adjusted to No. 0.5 McFarland standard 1.5 × 108 CFU/ml) of cultured isolated probiotics was spread on 20 ml Mueller–Hinton agar (Beijing Land Bridge Tech. Co., Ltd.) plates. Subsequently, the antibiotic plates were carefully placed on the surface of the agar plates and incubated at 37°C for 24 h. After incubation, the probiotics' susceptibility was analyzed by measuring (mm) the zone of inhibition as described previously (47).



Bile Salt Tolerance

The bile salt tolerance was determined following the modified methods of Argyri et al. (48). Tolerance was examined by checking bacterial growth. In brief, bacteria cells from overnight culture after harvesting (9,000 × g for 5 min at 4°C) were washed twice with PBS (pH 7.4) and resuspended in 10 ml PBS (pH 7.4) containing 0.5% (w/v) of bile salts (Sangong Biotech Co., Ltd., Shanghai, China). Additional overnight cultures of isolates after harvesting and washing that served as the control were resuspended in PBS void of bile salt. Subsequently, 0.1 ml of the control and the exposed (after 0.5% bile salt exposure) bacteria at different time points (1, 2, 3, and 4 h) were taken and spread onto LB agar plates which was later incubated for 12 h. Viable colonies of the isolates that survived with or without 0.5% bile salt exposure were counted, and the percentage survival of isolates was calculated using the following formula: survival (%) = (Bt/B0) × 100, where Bt represented the viable counts or the number of survived cells after incubation when bacterial isolates were exposed to PBS with 0.5% bile salt for 1, 2, 3, or 4 h, and B0 is the viable counts or number of survived cells obtained after incubation when bacterial isolates were exposed to PBS with no bile salt (control). Evaluation of the isolated strains' tolerance to bile salt was conducted in triplicate.



High-Temperature Resistance Test

Following Guo et al. (29) methodology with slight modification, the isolated bacterial strains' resistive capacity to different temperatures was evaluated. Since the processing of fish feed and other animal feeds at times requires high temperature, it is essential to know the isolated bacteria's resistive capacity to understand their survival in such harsh conditions. In doing this, the isolates' overnight cultures, after washing twice with 40 ml PBS (pH 7.4), were then exposed to 80, 90, and 100°C temperature using the Med-L-Hh 6 Electrothermal Thermostatic water-bath heater (Guangzhou Med Equipment Co. Ltd.) for 2, 5, and 10 min. Subsequently, an equal volume of LB broth was added to the heat-treated isolates to determine their ability to grow after treatment with heat. Growth was observed by measuring the absorbance at 600 nm after 12 h of incubation (37°C) with continuous shaking at 150 rpm/min. The high temperature-resistant assay was performed in triplicate.



Compatibility of the Three Isolates

Following the methodologies of Rajyalakshmi et al. (49), the test of compatibility of the three isolates was conducted. Briefly, the three probiotic isolates were vertically streaked on an LB agar plate 5 mm apart, followed by a perpendicular streaking of 10 mm apart from each other. The plates were afterward incubated (24 h at 37°C), and the compatibility was assessed by observing the zone of inhibition among the isolates.



Antimicrobial Properties

The selected Bacillus strains were evaluated for antimicrobial activity against four pathogenic bacteria, namely; Streptococcus agalactiae, S. iniae, Vibrio harveyi, and V. alginolyticus, which were provided by the Guangdong Key Laboratory of Control for Diseases of Aquatic Economic Animals, Zhanjiang, China. The culturing process and the concentration of the disease bacteria used followed our previously described procedure (20). Briefly, 0.1 ml of each disease bacterium was added to 100 ml of LB in a 250-ml Erlenmeyer flask and cultured in a shaken incubator (180 rpm for 16 h at 37°C). After obtaining the cell pellets through centrifugation (4,930 × g at 4°C for 10 min), they were washed twice using PBS, and their concentration was adjusted at 600 nm wavelength. Through the serial dilution and spread plate technique, the supernatants were resuspended in PBS to get graded doses (106, 107, 108, and 109 CFU/ml). A prior cross streaking and agar well-diffusion experiment was conducted using the graded doses (three repeats each) with the isolated strains to determine which of the concentrations was best for the experiment, and 1 × 108 CFU/ml was chosen. Finally, following the cross streaking and agar well-diffusion method of (50) using the chosen concentration, the pathogens were tested against the selected Bacillus strains isolated. The antimicrobial experiment was conducted in triplicate.



Screening of Bacillus Strains for Auto-Aggregation and Cell Surface Hydrophobicity Properties

Auto-aggregation assays were performed as defined by Shin et al. (51) with slight modification. Briefly, Bacillus strains were grown overnight at 37°C in LB broth. Their bacterial cells were centrifuged (9,000 × g, 3 min), washed twice with sterile PBS (pH, 7.2), resuspended in the supernatant, and then vortexed for 30 s. The absorbance was measured at different times (0, 1, 2, 3, and 24 h) using a UV/visible spectrophotometer at a wavelength of 600 nm. The auto-aggregation percentage was calculated using the following formula: auto-aggregation (%) = (1–[At/A0]) × 100, where At represented the absorbance at time t = 1, 2, 3, or 4, and A0 represented the absorbance at t = 0 h.

The degree of cell surface hydrophobicity of the carefully chosen Bacillus strains was determined by employing the method described by Lee et al. (52) based on adhesion of cells to organic solvents with slight modification. Briefly, bacteria from a 24-h culture were harvested by centrifugation (9,400 × g, 3 min), washed twice with PBS (pH 7.2), and resuspended in 5 ml of the same buffer. The absorbance of the cell suspension was measured at 600 nm and used as the value A0 to determine hydrophobicity (%). The cell suspension was then mixed with the same volume of solvent and mixed thoroughly by vortexing for 5 min, wherein ethyl acetate (a basic solvent), chloroform (an acidic solvent), and xylene (a non-polar solvent) were used. The suspension was incubated at room temperature for 30 min to allow two-phase separation. The aqueous phase removed was read at an absorbance wavelength of 600 nm and was subsequently labeled At. The percentage of bacterial cell adhesion to solvent was calculated using the following formula: hydrophobicity (%) = 1– (At/A0) × 100, where At represented the absorbance of the aqueous phase after the two-phase separation, whereas that of the A0 represented the absorbance before mixing with solvent.



Hemolytic Activity

The three isolated Bacillus species were subjected to a hemolytic test by streaking them onto agar plates supplemented with 7% sheep blood. The hemolytic zones were observed after incubation of plates at 37°C for 48 h. The isolates were then classified as α-, β-, and γ-hemolysis. The isolates having a green zone around the colony were recorded as α-hemolysis, while those with a clear zone were designated as β-hemolysis. Also, those that did not produce any zone around the colony were referred to as no- or γ-hemolysis (52, 53).



Determination of Optimal Growth and pH of the Three Isolated Probiotics

The optimal growth and pH were evaluated in conformity to Kavitha et al. (33). Briefly, the three bacterial isolates' fresh overnight cultures were inoculated in LB broth with varying pH levels (1–10), which was adjusted with acetic acid (99%) and 5 N NaOH. Subsequently, the inoculated broths were incubated at 37°C for 24 h, and growth was monitored with a spectrophotometer (Evolution™ 220 UV-Visible Spectrophotometer, Thermo Scientific™, USA) at 600 nm wavelength against uninoculated broth.



Biofilm Formation Detection Using the Congo Red Agar Method

The production of biofilm was analyzed according to previously described methods (33). In brief, the isolated probiotic strains were streaked on Mueller–Hinton agar supplemented with 0.8 g/L of Congo red dye (Shanghai Macklin Biochemical Co., Ltd.) and incubated later on at 37°C for 48 h. Black colony presence with dry crystalline consistency showed biofilm production, whereas those with red colonies showed non-biofilm-producing strains.



Statistical Analysis

All the experiments were conducted in triplicate, and the results obtained were subjected to a one-way analysis of variance (ANOVA) using the Statistical Package for Social Sciences (SPSS) software for Windows (IBM SPSS v20.0, Inc., 2010, Chicago, USA). Differences between means were tested by Tukey's honestly significant difference (HSD) test. A difference was considered to be statistically significant (P < 0.05), and the results are presented as mean ± standard error (SE).




RESULTS


Identification of Probiotic Bacillus Strains

The three isolated probiotic strains were designated as GPSAK2, GPSAK9, and GPSAK4. These probiotic strains were selected based on their morphological and biochemical characterization as described (see section Morphological and Biochemical Characterization of Isolates). The three isolated strains, GPSAK2, GPSAK4, and GPSAK9, showed close sequence homology (98–99%) to Bacillus tequilensis, Bacillus velezensis, and Bacillus subtilis, respectively. The phylogenetic tree generated by the NJ method using NCBI Distance tree online tool, as illustrated in Figure 1, established that the isolates GPSAK2, GPSAK4, and GPSAK9 were closest to B. tequilensis, B. velezensis, and B. subtilis, respectively. The nucleotide sequences obtained for these three strains have been deposited in the NCBI GenBank database under accession numbers MW548630 (B. tequilensis GPSAK2), MW548635 (B. velezensis GPSAK4), and MW548634 (B. subtilis GPSAK9).


[image: Figure 1]
FIGURE 1. The phylogenetic tree generated by the neighbor-joining method using the NCBI distance tree based on their 16S rRNA sequences. The relationships between three isolated strains (GPSAK2, GPSAK4, and GPSAK9) and other closely related Bacillus species are shown. Numbers before the bacteria species are the accession number in NCBI GenBank.




Morphological and Biochemical Characterization of Isolates

The morphological and biochemical identification results are summarized in Tables 1, 2, respectively. It showed that all the isolates had an almost similar biochemical characteristics and thus were positive for Gram staining, rhamnose, inositol, sorbitol, adonitol, Simon's citrate, Vorges Proskauer (VP), arginine dihydrolase, spore formation, gelatin liquefaction; capable of producing catalase; aiding in the reduction of nitrate; able to metabolize lactose, starch, and glucose; and able to grow in lysozyme broth. All isolates were noted to reveal negative results for methyl red, urease, hippuric acid, and biofilm production test. GPSAK2 and GPSAK9 showed negative results for mannitol in contrast to the results observed for the GPSAK4 strain. GPSAK4 strain was thereby noted to be halophilic, since it could grow in lysozyme broth and was mannitol positive (Table 2). Figure 2 L1 shows the different morphological characteristics of the isolated strains.


Table 1. The morphological characterization of the three probiotic strains isolated from the gut of the hybrid grouper.
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Table 2. The biochemical characterization of three probiotic strains isolated from the gut of the hybrid grouper.
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FIGURE 2. A pictorial overview of the morphological and biochemical characteristics of the three isolated Bacillus strains. Lane 1 (L1): morphology of GPSAK2, GPSAK4, and GPSAK9 strains; Lane 2 (L2): biofilm formation detection of isolates (GPSAK2, GPSAK4, and GPSAK9) using congo red agar method; Lane 3 (L3): results of the biochemical test of isolates (3i: citrated reduction test, 3ii: adonitol test, 3iii: arginine dihydrolase test, 3iv: a confirmatory test using Bacillus cereus identification bar).




The Growth Pattern of the Three Isolated Strains

The bacterial growth pattern of the three isolated strains (GPSAK2, GPSAK4, and GPSAK9) is presented in Figure 3. Although the log phase of strains GPSAK4 and GPSAK9 started approximately at 2 h, that of the GPSAK2 strain started at ~ 6 h after incubation (37°C) with continuous shaking (150 rpm) (Figure 3). In the culture process, the count of the vegetative cells for the GPSAK4 strain was higher within the 24-h culture period than the GPSAK2 and GPSAK9 strains. GPSAK2 strain attained its stationary phase earlier than the others.


[image: Figure 3]
FIGURE 3. The growth pattern of the three isolated strains measured at an absorbance wavelength of 600 nm.




Biosafety Test

Regarding the in vivo biosafety test, no pathological symptoms (i.e., gross examination of hemorrhage, edema, lethargic, lesions, and detachment of scales) were observed in the control and experimental fish. Furthermore, there were no recordings of mortalities confirming the non-pathogenic property of the three isolates.



Antibiotic Susceptibility Test

Table 3 illustrates the results of the antibiotic susceptibility of the selected isolates. Twenty-four (24) antibiotics were tested in this current study. It was observed that all the isolates were highly susceptible (S) to most (19) of the antibiotics. GPSAK9 strain showed resistance (R) to clindamycin, furazolidone, vancomycin, and ampicillin and again showed moderate susceptibility (MS) to sulfamethoxazole and medecamycin antibiotics, whereas that of GPSAK2 showed MS to only furazolidone.


Table 3. Susceptibility of isolates (mm) to antibiotics.
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Bile Salt Tolerance

The three isolated strains' tolerance and survivability to 0.5% bile salt were monitored by counting the number of CFUs after 1, 2, 3, and 4 h of exposure, which was then expressed in percentage. The results demonstrated that more than 50% of the isolates survived after 4 h of exposure (Figure 4). It was observed that increasing the culture hours during bile salt exposure revealed a decreasing trend concerning the survival percentages of the isolated strains' CFU count. There were significant reductions (P < 0.05) in percentage survival of all isolates after 1 h bile salt exposure. While no significant differences (P > 0.05) were observed between the hours (1, 2, 3, and 4 h) exposed to bile salt in the GPSAK4 strain, that of the GPSAK2 and GPSAK9 strains revealed significant reductions (P < 0.05) in the percentage survival of the CFU counts.


[image: Figure 4]
FIGURE 4. Bile tolerance of the three Bacillus strains isolated from the gut of hybrid grouper. Values are presented as mean ± SE. Significant differences are indicated by different letters (P < 0.05). Ct represents the control or time at 0 h.




High-Temperature Resistance Test

Figure 5 illustrates the results obtained after isolates were exposed to different temperature conditions (80, 90, and 100°C) at different time points (2, 5, and 10 min) of which the three isolates gave promising results. After the trial, higher OD growth signifying higher growth of vegetative cell counts was observed in all the isolates exposed to the varying temperatures compared to the control (isolates without exposure to the higher temperatures). There were significant differences (P < 0.05) at the different times of exposure among the different temperatures (Figure 5). In the GPSAK2 strain, there were significantly high (P < 0.05) OD values witnessed when heated at (i) 80°C for 2 min compared to when heated at 90 and 100°C; (ii) 100°C for 5 min compared to when heated at 80 and 90°C; and (iii) both 90 and 100°C for 10 min compared to when heated at 80°C. For the GPSAK4 strain, a significant increase (P < 0.05) in the OD values was observed when heated at (i) both 90 and 100°C for 2 min compared to when heated at 80°C; (ii) 90°C for 5 min compared to when heated at 80 and 100°C; and (iii) 90°C for 10 min compared to when heated at 80 and 100°C. The GPSAK9 strain, on the other hand, showed significantly high (P < 0.05) OD values when heated at i) 90°C for 2 min compared to when heated at 80 and 100°C; (ii) 100°C for 5 min compared to when heated at 80 and 90°C; and (iii) 80°C for 10 min compared to when heated at 90 and 100°C.
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FIGURE 5. The resistance of the three strains isolated from the gut of the hybrid grouper to high temperature. Values are presented as mean ± SE. Significant differences are indicated by different letters (P < 0.05).




Compatibility of the Three Isolates

In the current study, when the isolated strains were characterized for their compatibility, no definite sign of suppression of the three bacterial isolates was observed on each other, suggesting that they were compatible.



Antimicrobial Properties

In the current study, the three isolated bacteria were assessed for their antimicrobial properties against the four fish pathogens, viz. S. agalactiae, S. iniae, V. harveyi, and V. alginolyticus. There were promising results for the isolates in the cross streaking and agar well-diffusion method (Figure 6). It was revealed at the end of the trial that the three isolates showed inhibition against the four pathogenic strains (Table 4). The GPSAK9 strain exhibited higher antimicrobial activity compared with the GPSAK2 and GPSAK4 strains.
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FIGURE 6. Pictorial view showing the growth inhibition zones of the isolated strains GPSAK2, GPSAK4, and GPSAK9 against the four pathogens (SA, Streptococcus agalactiae, SI, Streptococcus iniae, VH, Vibrio harveyi, and VA, Vibrio alginolyticus) using the (A) agar well-diffusion method and (B) cross streak method.



Table 4. Antimicrobial activity of the three isolates against the selected fish pathogens.
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Screening of Bacillus Strains for Auto-Aggregation and Cell Surface Hydrophobicity Properties

Figure 7A shows the auto-aggregation ability of the three isolates. Auto-aggregation ability assays strongly correlate with cell adhesions to the digestive tract. The results revealed that all the isolates (GPSAK2, GPSAK4, and GPSAK9) witnessed low cell adhesion ability (< 40%) at the first 3 h. Nonetheless, after 24 h, the cell adhesion of the GPSAK2, GPSAK4, and GPSAK9 strains increased significantly (P < 0.05) to 83.7, 90.8, and 83.5%, respectively.
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FIGURE 7. (A) Auto-aggregation ability of the isolates after 24 h, and (B) Cell surface hydrophobicity (%) of the isolated Bacillus strains with ethyl acetate, chloroform, and xylene solvents.


The adhesion of the isolated strains (GPSAK2, GPSAK4, and GPSAK9) to ethyl acetate, chloroform, and xylene solvents was again tested to determine adhesion capabilities of bacteria to cell surfaces of which the results are illustrated in Figure 7B. It was observed that the cell surface hydrophobicity of the GPSAK2 and GPSAK4 isolates to ethyl acetate and xylene was significantly lower (P < 0.05) than that of chloroform. The GPSAK2 strain showed much higher hydrophobicity (90.8 and 98%) with ethyl acetate and chloroform, illustrating that its bacterial adhesion to hydrocarbon compound is better than that of GPSAK4 (77.4 and 92.9%) and GPSAK9 (88.4 and 93.4%). However, concerning the results of xylene, the GPSAK9 strain revealed the highest hydrophobicity percentage (87.5%) compared to the GPSAK2 (79.6%) and the GPSAK4 (73.4%) strains. No significant difference (P > 0.05) was witnessed in the solvents of the GPSAK9 strains.



Hemolytic Activity

Concerning the hemolytic activities, GPSAK2 and GPSAK9 exhibited γ-hemolysis, whereas that of the GPSAK4 strain exhibited α-hemolysis (see Table 2 in section Morphological and Biochemical Characterization of Isolates).



Determination of Optimal Growth and pH of the Three Isolated Probiotics

All isolates, after different pH exposures, gave promising tolerance results. Although there was an irregular growth pattern, there was a gradual increase in vegetative cell growth within the pH range of 1.0–7.0 (GPSAK2 and GPSAK4 strains, optimum growth found to be at 7.0 pH) and 1.0–8.0 (GPSAK9 strain, optimum growth found between 6.0 and 8.0 pH). No significant difference (P > 0.05) in vegetative cell growth of strain GPSAK9 was observed between pH 6.0 and 8.0. Decreased growth was observed as pH increased from 7.0 to 10.0 (for both GPSAK2 and GPSAK4 strains) and 8.0 to 10.0 (for GPSAK9 strain), implying that the isolates could survive in extreme alkaline and acidic conditions. There were significant differences (P < 0.05) displayed in the isolates at different pH levels (Figure 8).
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FIGURE 8. Bacterial growth at different pH (1.0–10.0) levels measured at an absorbance wavelength of 600 nm. Values are presented as mean ± SE. Significant differences are indicated by different letters (P < 0.05).




Biofilm Formation Detection Using the Congo Red Agar Method

Biofilm formation detection was conducted using the Congo red agar method. All the isolates indicated negative biofilm production at the end of the test, as none of them formed black colonies [Table 2 and Figure 2 (L2)].




DISCUSSION

The management of diseases efficiently in aquaculture is crucial for the fruitful production of aquatic animals and the aquaculture industry's sustainability (31, 54). The wide and inappropriate usage of antibiotics has resulted in severe biological and ecological concerns, especially resulting in the emergence of antibiotic-resistant bacteria (13, 14). Probiotics, known as beneficial microbes, are proposed as an effective and eco-friendly alternative to antibiotics due to their enormous health benefits to host organisms and their resistive abilities against pathogens (55). Bacillus spp. have been reported as one of the most outstanding probiotics due to the very encouraging properties they have compared to others (20, 31–35). Correspondingly, several reports have highlighted the beneficial effects of Bacillus spp. in grouper aquaculture production (56–59). Ramesh et al. (40), in their work, asserted that Bacillus spp. isolated from the intestine of healthy fish are regarded as the best source for bacterial isolation to help control fish diseases consistent with our source of isolated strains.

In the current study, three Bacillus species viz. B. tequilensis GPSAK2 (MW548630), B. velezensis GPSAK4 (MW548635), and B. subtilis GPSAK9 (MW548634) were isolated from the intestine of hybrid grouper and their potential probiotic abilities assessed using in vitro methods. The identification of the isolated strains (GPSAK2, GPSAK4, and GPSAK9) was achieved using morphological characteristics and biochemical tests and further confirmation tests done by 16S rRNA gene sequencing. It was found that all isolates showed properties of utilizing a wide range of carbon sources such as rhamnose, inositol, sorbitol, adonitol, citrate, gelatin, lactose, starch, and glucose, in addition to amino acid arginine. Having these properties suggests that the isolates could be helpful in the digestion and hydrolysis of carbohydrates and amino acid, respectively, thus could be used as probiotics and for the production of value-added products in the food industries as previously reported in other researches (33, 40, 52, 60).

For a bacterium to be regarded as having probiotic properties, it must not cause any adverse effects, which can lead to disease infections; thus, it must be safe to the host organism. Again, it must have the ability of not harboring acquired and transferable antibiotic resistance genes (13, 61). In this study, the biosafety test conducted revealed that all the isolates were safe for hybrid grouper. Also, the antibiotic susceptibility test illustrated that out of the 24 antibiotics tested; all the isolates were highly susceptible to 19 of them, namely, penicillin, kanamycin, ceftriaxone, chloramphenicol, erythromycin, clindamycin, polymyxin B, amikacin, minocycline, ofloxacin, norfloxacin, doxycycline, neomycin, gentamicin, tetracycline, carbenicillin, ciprofloxacin, piperacillin, and cefoperazone, similar to previously reported works (29, 60). GPSAK9 strain showed resistance to clindamycin, furazolidone, vancomycin, and ampicillin and again showed moderate susceptibility to sulfamethoxazole and medecamycin antibiotics, whereas that of GPSAK2 showed moderate susceptibility to only furazolidone. The resistance of B. subtilis strains to clindamycin, vancomycin, and ampicillin antibiotics reported previously was attributed to the presence of a naturally resistant gene of the isolated strains (62). Thus, although we did not evaluate such naturally occurring resistant genes, we believe that the presence of such genes might have caused the discrepancies of antibiotic resistance tests among the isolated Bacillus strains in the current study.

Bacillus spp. unlike other probiotics are spore formers, making them more tolerant to extreme heat (29, 63) and tolerant to low pH and a high percentage of bile concentration (64), making them survive and grow in the fish gut (65). To survive and colonize the host organism's gut to release beneficial effects, a probiotic bacterium must possess the ability to tolerate low pH (gastric) and a high percentage of bile concentration (66, 67). According to Garcia-Ruiz et al. (68), as the bile concentration ranges from 0.3 to 0.5% in the intestine of humans, it will be very beneficial to have isolated species survive in such percentage range of bile. As a good biotechnological attribute, the probiotic must also have the ability to withstand extreme heat conditions to stay viable, such as after feed making, since animal feed mostly depends on heat to attain high palatability and kill pathogenic cells (29). It is worth mentioning that all strains (GPSAK2, GPSAK4, and GPSAK9) isolated in the current study displayed good sporulation efficiency, which metamorphosed into their capacity to withstand 0.5% bile concentration, tolerate pH as low as 1, and survive highly after heat treatment in comparison to the control. It could consequently be presumed that the higher temperatures (80, 90, and 100°C) activated the bacterial strains (69), hence observing the increase in growth after heat treatment. Correspondingly, other studies support the sporulation efficiency of B. tequilensis (70, 71), B. velezensis (60, 72, 73), and B. subtilis (39, 41, 60, 63). The higher viability efficiency exhibited by the isolated strains in the present study depicts the good potentials they have when it comes to being used as probiotics in the feed.

The most substantial evidence in favoring an isolated bacterium for it to be chosen as a probiotic hinges on its antagonistic properties against pathogens. Earlier reports have demonstrated the antimicrobial properties of Bacillus species against pathogenic bacteria. In this study, all the isolated strains showed great antagonistic effects against the four selected pathogenic bacteria, viz. S. agalactiae, S. iniae, V. harveyi, and V. alginolyticus. There were clear zones of inhibition appearing in the pathogenic culture broth, which meant that the isolated bacterial strains' secretion could constrain potential pathogens' growth. Several fish diseases reported to be hampering fish production are noted to be caused by Streptococcus spp. (74) and Vibrio spp. (75, 76). For example, in 2012, there was severe S. agalactiae infection in giant grouper (E. lanceolatus) and other wild fish in Australia (77). Hence, the results obtained suggest that the three isolated Bacillus strains GPSAK2, GPSAK4, and GPSAK9 could help fight against such fish diseases and in turn aid in the sustenance of the aquaculture industry.

Another useful probiotic attribute commonly included as an in vitro test is colonizing the intestinal mucosa. That is, the purported potential bacteria must have the ability to adhere to the mucosal surface and epithelial cells (78) and also block the adhesion of the pathogenic bacteria, so that the work of balancing the intestinal microbial composition (79) and the enhancement of the host's immune system can be achieved (80). The use of auto-aggregation and hydrophobicity are indirect methods for testing probiotics' cell adhesion ability (81). It was revealed that the GPSAK2 strain showed much higher percentage hydrophobicity (90.8 and 98%) with ethyl acetate and chloroform, illustrating high bacterial adhesion to hydrocarbon compound than GPSAK4 (77.4 and 92.9%) and GPSAK9 (88.4 and 93.4%). However, concerning the results of xylene, the GPSAK9 strain revealed the highest hydrophobicity percentage (87.5%) compared to the GPSAK2 (79.6%) and the GPSAK4 (73.4%). No significant difference (P > 0.05) was witnessed in the solvents of the GPSAK9 strains. The observations of the percentage hydrophobicity were comparatively higher than the results obtained by Patel et al. (47) and Lee et al. (52) but was quite similar to previous work (60), which illustrates higher electron acceptance (ethyl acetate) and donation (chloroform) (82). Moreover, a strong correlation exists between auto-aggregation and the adhesion of cells to the digestive tract, which is an indispensable characteristic for a good bacterium (83). Our study demonstrated that the isolated strains GPSAK2, GPSAK4, and GPSAK9 witnessed high auto-aggregation of 83.7%, 90.8%, and 83.5%, respectively, corroborating with previous findings (60, 84).

Hemolytic, compatibility, and biofilm formation tests are also considered very important in identifying a potential probiotic bacterium in vitro. Hemolysin produced by a pathogen is noted to lyse host cells to release iron-containing compounds such as hemoglobin, which is beneficial for the growth of bacteria in the host organism (48, 85). While the test results of β-hemolysis are considered harmful, no- or γ-hemolysis and α-hemolysis are regarded safe (51). In the current study, γ-hemolysis was exhibited by the GPSAK2 and GPSAK9 strains, whereas α-hemolysis was the result obtained for the GPSAK4 strain. The findings corroborated with those of Kavitha et al. (33) and Lee et al. (52). Compatibility tests are mostly conducted to ascertain whether the isolated strains can be used as multispecies probiotics or not. Saarela et al. (86) in their findings demonstrated that food produced from mono-species probiotics had an acidic and sour taste. The present study illustrated that all three isolates were compatible with each other to be used as multispecies, agreeing with the work of Rajyalakshmi et al. (49). Regardless of the benefits linked with biofilm formation (87, 88), biofilm tests for bacteria are vital to public health, since biofilm-forming bacteria are noted to display reduced susceptibility to antimicrobial agents (89). The current study showed that all isolates (GPSAK2, GPSAK4, and GPSAK9) were negative for forming biofilm tests, similar to the findings of Kuebutornye et al. (60). The experiment conducted by Kavitha et al. (33) sought to suggest that only one was positive for biofilm out of the three isolates obtained.



CONCLUSION

The study demonstrated that all the three strains, GPSAK2, GPSAK4, and GPSAK9, isolated from the intestine of hybrid grouper (E. fuscoguttatus♀ × E. lanceolatus♂), possess desirable potential probiotic characteristics based on their high survivability after treatment with heat, broad antimicrobial activity, non-hemolytic nature, as well as their safety confidence such as their antibiotic susceptibility. Taking all of the results into account, these bacterial strains demonstrate that they could serve as great probiotic potential for use in aquaculture. Nevertheless, additional in vitro or in vivo experiments should be performed to ascertain whether they can be approved for application in the aquaculture environment, especially in grouper culture.
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Antibiotic use in swine production contributes to the emergence and spread of resistant bacteria, which poses a threat on human health. Therefore, alternative approaches must be developed. The objective of this work was the characterization of the probiotic properties of a Ligilactobacillus salivarius strain isolated from sow's milk and its application as an inoculated fermented feed to pregnant sows and piglets. The study was carried in a farm in which metaphylactic use of antimicrobials (including zinc oxide) was eliminated at the time of starting the probiotic intervention, which lasted for 2 years. Feces from 8-week-old piglets were collected before and after the treatment and microbiological and biochemical analyses were performed. The procedure led to an increase in the concentrations of clostridia and lactobacilli-related bacteria. Parallel, an increase in the concentration of butyrate, propionate and acetate was observed and a notable reduction in the presence of antibiotic resistant lactobacilli became apparent. In conclusion, replacement of antimicrobials by a microbiota-friendly approach was feasible and led to positive microbiological and biochemical changes in the enteric environment.
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INTRODUCTION

During the last decades, antibiotic-(multi)resistant bacteria have become a global threat for human health. The overuse, abuse and misuse of antibiotics in humans and animals have accelerated the development and spread of resistances. It has been suggested that the current “antibiotic resistance crisis” may lead us back to a “pre-antibiotic era” if effective actions to significantly decrease antibiotic use are not undertaken rapidly (1–4).

Prolonged prophylactic and metaphylactic use of antibiotics is widespread in intensive food animal management systems worldwide as low-cost growth promoters (5). The addition of sub-therapeutic levels of antibiotics in feed or water can improve growth rates by reducing the morbidity and mortality burden associated to bacterial diseases (6). However, such practice has notably contributed to the emergence and spread of resistant bacteria, both by direct contact with antibiotic-resistant bacteria from livestock or by indirect contact through food, water, and animal waste (7, 8). Swine production is responsible for a high proportion of the antimicrobials used in food animal production (6). Despite of the EU ban regarding the use of antibiotics as growth promoters, these antimicrobials have been frequently employed in the last years in swine farming as either prophylactic or metaphylactic agents. The spread of resistance to antibiotics will probably limit the therapeutic choices and increase morbidity and mortality rates due to porcine or human infections caused by resistant bacteria (3). A worrying example was the emergence of an Escherichia coli strain carrying a plasmid-mediated colistin-resistance gene in both people and pigs in China (9) and its rapid spread to these and other host species in Europe and North America (10–13). In addition to antibiotics, zinc oxide is another antimicrobial substance generally employed in swine production to try to prevent or minimize post-weaning diarrhea. Several alternatives have been suggested in order to replace routine use of prophylactic or metaphylactic antimicrobials in pig production, including acidifiers, prebiotics and probiotics.

In this context, the objectives of this work were, first, to isolate and characterize a probiotic candidate from milk of an in-house sow with a good record of reproductive outcomes; second, to apply the strain as strategy to replace routine metaphylactic use of antibiotics in the farm where the strain was isolated; third, to evaluate the microbiological and biochemical impact of that replacement strategy.



MATERIALS AND METHODS


Isolation and Identification of L. salivarius MP100 From Porcine Milk

Milk was collected as previously described (14) at day 14 after delivery from a healthy 7-years-old in-house sow with a good record of reproductive outcomes. The sample was kept frozen (−20°C) until delivery to the laboratory. The sample was diluted in peptone water, 100 μL of the dilutions were spread on Man, Rogosa, and Sharpe (MRS; Oxoid, Basingstoke, United Kingdom) agar plates supplemented with L-cysteine (0.5 g/L) (MRS-Cys) and incubated aerobically at 37°C for 48 h. Only two colony morphologies were observed on the plates; one representative of each was selected and transferred to MRS broth tubes, which were incubated overnight under the same conditions without agitation. The isolate that reached the highest density (~9 log10 CFU/mL) was identified as L. salivarius by 16S rRNA gene sequencing following the procedure described by Kullen et al. (15).



Survival of L. salivarius MP100 After Exposition to Conditions Similar to Those of the Porcine GIT

L. salivarius MP100 was tested using portions of a commercial antibiotic-free swine feed (50 g) containing ~109 CFU/mL of the strain in an in vitro model simulating passage through the oral cavity, the stomach and the small intestine, as described by Marteau et al. (16) with the modifications included by Martín et al. (17), using porcine gastric juice (5 mL; chloride: 129 mmol/L; sodium: 68 mmol/L; pH 3.4) obtained in an abattoir (Madrid Norte, San Agustín de Guadalix, Madrid, Spain). The pH curve in the stomach-resembling compartment was controlled as described for monogastric mammals (18). After 120 min of total exposition, bacterial survival was determined by plating the samples onto MRS agar plates, which were anaerobically incubated at 37°C for 48 h. Lacticaseibacillus rhamnosus GG, a well-characterized probiotic strain was used as a control because of its high survival rate in the same in vitro model (17).



Determination of the Antimicrobial Activity and Antimicrobial Compounds Produced by L. salivarius MP100

An overlay method (19) was used to determine the ability of L. salivarius MP100 to inhibit the growth of various bacterial species. The strain was inoculated (~2-cm-long lines) on MRS agar plates and incubated at 32°C for 48 h in anaerobic jars (Oxoid). Then, the indicator microorganisms (~104 CFU) vehiculated in 10 mL of soft (0.7% agar) BHI (Oxoid) were inoculated on top. The bacteria employed as indicator organisms (our own culture collection) were originally isolated from feces of pigs or piglets with gastroenteritis (mainly diarrhea), septicemia, arthritis or meningitis symptoms, and included Clostridium perfringens MP34, Enterococcus faecalis MP42, Staphylococcus aureus MP83, Streptococcus suis MP205, Trueperella pyogenes MP214, Escherichia coli MP73 (F4) and MP77 (F18), Salmonella enterica serovar Typhimurium MP55, and Klebsiella pneumoniae MP87. The plates overlaid with bacterial indicators were further incubated according to the optimal growth temperature of the indicator microorganism (32 or 37°C) for 48 h. Finally, the clear zones of inhibition (>2 mm) around the strain streaks were measured. All experiments assaying inhibitory activity were performed in triplicate.

Subsequently, the concentrations of L- and D-lactic acid in the supernatants obtained from MRS cultures (incubated for 16 h at 37°C) of L. salivarius MP100 were determined with an enzymatic kit (Roche Diagnostics, Mannheim, Germany), following the manufacturer's instructions. The pH values of the supernatants were also measured. The ability of L. salivarius MP100 to produce bacteriocins was determined in culture supernatants by the agar well diffusion assay described by Dodd et al. (20) and modified by Martín et al. (21), using as indicator bacteria the Gram-positive strains employed for the overlay method. The Gram-positive strains listed above for the initial screening for antimicrobial activity were employed as indicators of bacteriocinogenic activity. Since L. salivarius MP100 showed bacteriocinogenic activity against some of the indicators, PCR assays were performed to detect the structural genes corresponding to the L. salivarius bacteriocins salivaricin B and bacteriocin Abp-118 produced by this bacterial species, following the procedures described by Çataloluk (22) and Flynn et al. (23), respectively.



Adherence to Epithelial Cells and Porcine Mucin

The adherence of L. salivarius MP100 to HT-29 and Caco-2 cells was examined as described by Coconnier et al. (24). The adhesion of bacterial cells of this strain to porcine mucin was determined according to the procedure reported by Cohen and Laux (25) and the modifications of Olivares et al. (26). The assays were performed in triplicate and the values were expressed as the mean (±SD) number of adherent cells in 20 random microscopic fields. L. rhamnosus GG was used as a control strain in these assays because of its high adherence to these epithelial cells and to porcine mucin (17).



Safety-Related Characterization of L. salivarius MP100

The sensitivity of L. salivarius MP100 to antibiotics was determined by the E-test (BioMèrieux) using the cut-off levels established by EFSA for the antibiotics indicated for this species (27). The potential of L. salivarius MP100 to degrade partially purified porcine gastric mucin (HGM; Sigma) in vitro was evaluated following the plate procedure developed by Zhou et al. (28). Other safety-related analysis included the study of potential hemolysis using fresh horse blood agar plates (29), and the ability of the strain to produce biogenic amines (cadaverine, putrescine, histamine, and tyramine) from their respective precursor amino acids (30). These assays were performed in triplicate.



Suppression of Metaphylactic Antibiotherapy in an Intensive Swine Farm and Replacement by Oral Administration of L. salivarius MP100


General Design and Sampling

The trial was conducted in an industrial closed cycle pig farm with a farrow-to-finish herd of 210 genetically similar Large White × Landrace sows. Sows, weaning piglets and fattening pigs were kept in high-investment indoor facilities following the UE standards requirements for animal welfare. Strict biosecurity protocols are followed on the farm, so that any animal or outsider is prevented from entering the production areas. Production farm management includes a 3-week batch system with an “all-in, all-out” procedure, with extensive cleaning followed by a sanitary break dry period of seven days between different batches. Piglets are weaned at 4 weeks of age. Until a few months before the starting of the assay, the farm had applied routine metaphylactic treatment during the perinatal period, consisting of the feed administration of zinc oxide, amoxicillin and colistin at the doses and for the periods of time prescribed by the veterinarian and recommended in the marketing authorization of authorized premixes for medicated feeding stuffs. Following the recommendations of the health authorities, the use of antimicrobials was eliminated gradually, starting with colistin and finishing with zinc oxide. The assay described below started once all the antimicrobials had been withdrawn.

From day 0 (sampling time T1), the diet of the animals was exactly the same that they were receiving before with the only exception that all antimicrobials (including zinc oxide) were completely removed from the feed. In addition, the strain L. salivarius MP100 was orally administered (~9 log10 CFU daily) to pregnant sows (during the week previous to farrowing and throughout the lactation period) and, also, to piglets continuously from 12 days after birth to the start of the fattening stage, through an inoculated fermented feed (IFF). This specific strain dose was selected because it has been shown to be efficient to modulate the host microbiota in previous clinical trials involving other L. salivarius strains (31, 32). This probiotic supplementation was carried out continuously in the farm for 2 years (sampling time T2). No control or placebo batches were included during the assay to avoid unintentionally transfer of the strain from treated to untreated animals. At sampling times T1 and T2, fecal samples from 15 different randomly-selected 8-week-old piglets were collected in sterile containers directly from the rectum with the aid of sterile gloves and spatula, aliquoted (2 aliquots of ~10 g), and stored at −20°C until processed as described below.

All animals were treated in strict accordance with the guidelines of the European Directive 2010/63/UE on the protection of animals used for scientific purposes. The study was approved by Ethical Committee on Animal Experimentation of the Faculty of Veterinary of the Universidad Complutense de Madrid (Spain), under protocol 33/17.



Analysis of SCFAs

Analysis of SCFAs (acetate, propionate, and butyrate) was performed using a dilution gas chromatography-mass spectrometry (GC-MS) assay as previously described (33, 34).



Assessment of the Fecal Lactobacillus Population by Culture-Dependent Methods

Fecal samples collected during the trial were serially diluted, plated onto MRS-Cys plates and incubated anaerobically (85% nitrogen, 10% hydrogen, 5% carbon dioxide) in an anaerobic workstation (DW Scientific, Shipley, UK) for up to 72 h at 37°C. After incubation, the number of colonies were recorded and at least one representative of each colony morphology was selected from the agar plates. The isolates were identified by Matrix Assisted Laser Desorption Ionization-Time of Flight (MALDI-TOF) mass spectrometry (Bruker, Germany). When the identification by MALDI-TOF was not possible at the species level (particularly in the case of lactobacilli isolates), the identification was carried out by 16S ribosomal RNA (rRNA) gene sequencing as described by Mediano et al. (35).

The isolates identified as Limosilactobacillus reuteri, Lactobacillus johnsonii, and Lactobacillus amylovorus were genotyped by RAPD profiling as described (36). The sensitivity of one representative of each different genotype to antibiotics was determined by the E-test (BioMèrieux) using the cut-off levels established by the EFSA for the antibiotics indicated for these species (27). Finally, a subset of 14 strains was assessed for the presence of genes conferring transmissible resistance to erythromycin (ermB) and tetracycline (tetW and tetL) as described in previous works (37, 38).



DNA Extraction From the Samples

Approximately 1 g of each fecal sample was used for DNA extraction following a method described previously (39). Extracted DNA was eluted in 22 μL of nuclease-free water and stored at −20°C until further analysis. Purity and concentration of each extracted DNA was initially estimated using a NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Inc., Rockland, USA). Negative controls (blanks) were processed in parallel.



Real-Time Quantitative PCR Assays for the Specific Detection and Quantification of L. salivarius and L. reuteri DNA

Quantification of L. salivarius and L. reuteri DNA was carried using the procedures described by Harrow et al. (40) and Haarman and Knol (41), respectively. The DNA concentration of all samples was adjusted to 5 ng/μL. A commercial real-time PCR thermocycler (CFX96™, Biorad Laboratories, Hercules, CA, USA) was used for all experiments. Standard curves using 1:10 DNA dilutions (ranging from 2 ng to 0.2 pg) from L. salivarius CECT5713 and L. reuteri MP07 (our own collection) were used to calculate the concentrations of the unknown bacterial genomic targets. Threshold cycle (Ct) values between 15.29 and 20.07 were obtained for this range of bacterial DNA (R2 ≥ 0.992). The Ct values measured for DNA extracted from a non-target species (Lactiplantibacillus plantarum MP02; our own collection) was ≥39.27 ± 0.64. This control strain was selected because it is closely related, from a taxonomical point of view, to L. salivarius and L. reuteri (42). All samples and standards were run in triplicate.



Metataxonomic Analysis

The V3-V4 hypervariable region of the 16S rDNA was amplified by PCR using the universal primers S-D-Bact-0341-b-S-17 (CCTACGGGNGGCWGCAG) and S-D-Bact-129 0785-a-A-21 (GACTACHVGGGTATCTAATCC) (43) and sequenced in the MiSeq system of Illumina at the facilities of Parque Científico de Madrid (Tres Cantos, Spain). Barcodes appended to 3' and 5' terminal ends of the PCR amplicons allowed separation of forward and reverse sequences in a second PCR-reaction. DNA concentration of the PCR products was quantified in a 2100 Bioanalyzer system (Agilent, Santa Clara, CA, USA). After pooling the PCR products at about equal molar ratios, DNA amplicons were purified by using a QIAEX II Gel Extraction Kit (Qiagen) from the excised band having the correct size after running on an agarose gel. DNA concentration was then quantified with PicoGreen (BMG Labtech, Jena, Germany). The pooled, purified and barcoded DNA amplicons were sequenced using the Illumina MiSeq pair-end protocol (Illumina Inc., San Diego, CA, USA) following the manufacturer's protocols.



Bioinformatic Analysis

Raw sequence data were demultiplexed and quality filtered using Illumina MiSeq Reporter analysis software. Microbiome bioinformatics was done with QIIME 2 2019.1 (44). Denoising was performed with DADA2 (45). The forward reads were truncated at position 285 by trimming the last 15 nucleotides while the reverse ones were truncated at the 259 nucleotides by trimming the last 10 nucleotides. Taxonomy was assigned to amplicon sequence variants (ASVs) using the q2-feature-classifier (46) and the naïve Bayes classifier classify-sklearn against the SILVA database version 138 (47). Posterior bioinformatic analysis was conducted using the R version 3.5.1 (R Core Team, 2013; https://www.R-project.org). The decontam package was used in order to identify, visualize and remove contaminating DNA with the concentration of extracted DNA. The 5 most-abundant phyla and the 19 most abundant genera from all the milk samples were selected for comparison between groups of samples.



Statistical Analysis

The sample size required to detect a difference of 1 log10 CFU/g in the mean value of fecal lactobacilli counts between samples taken before (T1) and after (T2) the probiotic treatment in the pig farm and of 2 log10 CFU/g in the mean value of fecal lactobacilli counts between samples taken after the probiotic treatment in the pig farm (T2) and samples from the control farm (C; an intensive pig farm in which routine metaphylactic treatment was routinely used) was calculated using G*Power 3.1.5 (48). Preliminary data indicated a great variation in the fecal lactobacilli counts in pig fecal samples (1.25 log10 CFU/g) which, given the magnitude of the difference to detect, rendered an effect size of 0.63. The study would require 30 samples, equally distributed into two groups (T1 and T2), using a one-way ANOVA test at 5% level of significance and a statistical power of 95%.

Normally distributed data are reported as means and 95% confidence intervals (CI) or as means and standard deviations (SD), and non-normally distributed data by medians and interquartile ranges (IQR). Exploratory multifactorial or two-way ANOVA tests were performed to assess globally the impact of the supplementation with the probiotic strain. One-way ANOVA tests were used to compare the mean values of the different variables between the three groups of pigs. Tukey's HSD post-hoc tests were performed when required to identify which specific group's means were different after comparing all pairs of means. t-Tests allowed comparing the changes between the mean values of different parameters at the beginning and to the end of the probiotic assay. For non-normally distributed data, differences between groups were assessed using Kruskal-Wallis tests and pairwise Wilcoxon rank sum tests to compare data between farms. Bonferroni corrections were made to control for multiple comparisons. Statistical analysis and plotting were performed either using Statgraphics Centurion XVIII version 18.1.06 (Statgraphics Technologies, Inc., The Plains, VA, USA) or in the R environment and ggplot2. Differences were considered statistically significant at p < 0.05.





RESULTS


Isolation and Identification of the Strain From the Porcine Milk Sample

Identification by 16S rRNA gene sequencing of the isolate that showed the best growth revealed that it belonged to the species Ligilactobacillus salivarius and the nomenclature MP100 was ascribed to the strain. This species was previously known as Lactobacillus salivarius but the name changed following the recent reclassification of the species within the genera Lactobacillus and Leuconostoc (49), and it is included in the QPS list of microorganisms with qualified presumption of safety of the European Food Safety Authority (EFSA) (50).



Survival of L. salivarius MP100 After Exposition to Conditions Similar to Those Found in the Porcine Gastrointestinal Tract

L. salivarius MP100 showed a significant survival rate under simulated porcine GIT conditions. Exposure to a saliva-like solution had no negative effect on the strain while the survival rate after the transit through the stomach- and small intestine-like compartments was ~45% of the population initially inoculated. This value was comparable to that of the well-characterized probiotic strain L. rhamnosus GG (41%).



Antimicrobial Activity of L. salivarius MP100

L. salivarius MP100 showed a noticeable inhibitory antimicrobial activity (inhibition zone > 0.5 cm around the streaks) against all indicator organisms used in this study (Table 1). This antibacterial effect was particularly effective against the Gram-negative indicator strains because of their sensitivity to the low pH of the L. salivarius MP100 supernatants, which is a result of the production of lactic acid. In fact, neutralization of the strain culture pH led to loss of the antimicrobial activity against the Gram-negative indicators while remaining unaffected for the Gram-positives. L. salivarius MP100 exclusively produced the L-lactic acid isomer, which reached a concentration of 10.29 (±0.31) mg/mL (pH 3.92) after growth in MRS broth for 16 h at 37°C. The production by L. salivarius CECT9145 [a high acidifying strain used as a control (16)] was 10.09 (±0.45) mg/mL (pH 3.97). L. salivarius MP100 showed bacteriocinogenic activity against some of the Gram-positive indicator bacteria (Table 1) although it did not harbor the structural genes encoding salivaricins B, OR-7 or Abp118. This suggests that this strain produces a novel bacteriocin.


Table 1. Antimicrobial activity of neutralized culture supernatants of L. salivarius MP100 (dimeter of the halos in cm).
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Adherence of L. salivarius MP100 to Epithelial Cells and Porcine Mucin

L. salivarius MP100 was strongly adhesive to both Caco-2 and HT-29 cell cultures. The mean ± SD number of adherent cells in 20 random microscopic fields was 351.4 ± 99.3 and 844.6 ± 137.8 in Caco-2 and HT29 cells, respectively. These values were similar to those achieved by L. rhamnosus GG (361.6 ± 108.9 and 820.2 ± 150.4, respectively). L. salivarius MP100 strongly adhered to porcine mucin since ~12.7% of the fluorescence was retained in the wells after the washing steps of the assay. This value was higher than that obtained for L. rhamnosus GG (9.57 ± 1.46).



Safety Characterization of L. salivarius MP100

L. salivarius MP100 was susceptible to all antibiotics included within the EFSA criteria (27), with the exception of kanamycin (MIC: 128 μg/mL; EFSA cut-off value: 64 μg/mL) (Table 2). However, recent reports indicate that L. salivarius is intrinsically resistant to kanamycin (29, 51–54) due to lack of a transport system for this antibiotic (55). Moreover, L. salivarius MP100 was not hemolytic, was unable to degrade gastric mucin and did not produce biogenic amines in vitro.


Table 2. Minimum inhibitory concentrations (MICs) and cut-off values (μg/ml) for the antibiotics included within the EFSA criteria (27) for L. salivarius MP100.
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Suppression of Metaphylactic Antimicrobial Therapy in an Intensive Swine Farm With Replacement by Oral Administration of L. salivarius MP100

L. salivarius MP100 was administered (~9 log10 colony-forming units (CFU)/day) to pregnant sows (from the week before farrowing to the end of the lactation period) and to piglets (from day 12 after birth to day 15 after weaning) through an inoculated fermented feed (IFF). At the start of the IFF treatment, all antimicrobial supplementation was retired and only individual injectable treatments were applied when required. The treatment was systematically applied for a 2-year period.

The IFF administration of the putative probiotic strain led to substantial microbiological changes in the piglet feces over time. The total mean (±SD) microbial counts found by culture analysis in a subset of 8-week-old piglets tested before the start of the treatment (sampling time T1) was 7.05 (0.51) log10 CFU/g while in a similar subset, placed in the same box 2 years later (sampling time T2) it raised to 8.95 (0.30) log10 CFU/g. L. reuteri (formerly L. reuteri), L. johnsonii and L. amylovorus were the dominant Lactobacillaceae species found in the samples at T1 and T2. However, L. salivarius and L. reuteri counts significantly increased after 2 years of probiotic treatment (Table 3). Analysis by qPCR also revealed a significant increase of L. salivarius and L. reuteri DNA.


Table 3. Microbiological and biochemical parameters, expressed as mean (±SD), in the feces of 8-week-old piglets (n = 15) in the farm under study before (T1) and after 2 years (T2) of supplementation with L. salivarius MP100.
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The L. reuteri, L. johnsonii, and L. amylovorus isolates from T1 samples showed a high rate of antibiotic resistance, especially for tetracycline (100% for the L. johnsonii and L. amylovorus and >87.5% for the L. reuteri isolates) (Table 4). This last antibiotic was used in the farm under study until the sampling time T1. Interestingly, the antibiotic resistance rates sharply decreased after 2 years of antimicrobials withdrawal and concurrent probiotic treatment. In the case of tetracycline, it fell to 37.5, 25, and 12.5% for the L. reuteri, L. johnsonii, and L. amylovorus isolates, respectively. Similarly, the resistance rates for ampicillin, clindamycin, chloramphenicol and erythromycin dropped to 0% of the L. reuteri and L. johnsonii isolates (Table 4). The search for genes conferring resistance to tetracycline (tetL, tetW) and erythromycin (ermB), detected ermB and tetW in some T1 isolates. In contrast, none of these genes were harbored by the isolates pertaining to the T2 samples.


Table 4. Antibiotic resistance rates (%) among the L. reuteri, L. johnsonii, and L. amylovorus strains isolated from the feces of 8-week-old piglets in the study farm before (T1) and after 2 years of antibiotic withdrawal and supplementation with L. salivarius MP100 (T2).
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The concentrations of SCFAs (acetate, propionate and butyrate) were highest in the feces of T2 piglets (Table 3). The differences between the T1 and T2 samples were statistically significant for all SCFAs.

The 16S rRNA gene-based metataxonomic analysis of the 45 fecal samples (15 from each group of piglets) yielded 4,606,781 high quality filtered sequences, ranging from 56,400 to 106,665 reads per sample [median (IQR) = 74,441 (70,811–84,339) sequences per sample]. The Shannon index median was 4.02 (3.70–4.21) (p < 0.001) and 4.05 (3.73–4.35) (p = 0.008) for the T1 and T2 samples, respectively.

At the ASV level, the PCoA plots of the Bray-Curtis distance matrix (abundance) revealed that most of the samples clustered according to their origin (T1 and T2) (Figures 1, 2). The subsequent pairwise analysis of similarity (PERMANOVA) revealed that the differences between the two sets of samples were statistically significant for all pairwise comparisons (p < 0.01). In the same way, differences were found in the Binnary Jaccard distance matrix (presence/absence) PCoA plot. Again, the samples clustered according to their origin (p < 0.01 for all pairwise comparisons) (Figures 1, 2).


[image: Figure 1]
FIGURE 1. Principal coordinate analysis (PCoA) plots of bacterial profiles at the genus level based on (A) the Bray-Curtis dissimilarity analysis (relative abundance) and (B) the Jaccard's coefficient for binary data (presence or absence). The values on each axis label represent the percentage of the total variance explained by that axis. The differences between the groups of fecal samples (T1, T2) were analyzed using the PERMANOVA test with 999 permutations.
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FIGURE 2. Heatmap showing the relative abundance of the 20 most abundant bacterial genera (x axis) detected in the fecal samples. The relative abundance of each bacterial genus within each sample is indicated by the color of the scale ranging from white (high relative abundance) to green (low relative abundance) as indicated in the scale shown at the left upper corner. Dendrogram linkages are based upon relative abundance of the genus within the samples and hclust was used as the clustering algorithm. The column between the dendrogram of the fecal samples and the individual values of the relative abundance of bacterial genera indicates the group of samples (T1 and T2).


Firmicutes was the most abundant phylum in both sampling times (median (IQR) relative abundance of 90.9% (89.88–95.13%) and 94.47% (92.64–95.78%), respectively; p = 0.348) (Table 5). At the genus level, Clostridium was the most abundant both in the T1 and T2 samples but its abundance increased from T1 to T2 samples (p < 0.001) (Table 5). Parallel, the relative abundance of Turibacter, Romboutsia, and Lachnospiraceae was higher in T1 samples than in T2 samples (p < 0.001). In addition, the relative abundance of the genera Subdoligranulum, Ruminococcus, and Blautia (which also contains several SCFAs-producing species) and, also, that of the genus Streptococcus were significantly higher in T2 than in T1 samples (Table 5). In relation to Lactobacillus-related sequences, its abundance increased from T1 to T2 samples (p =0.034).


Table 5. Relative frequencies, medians and interquartile ranges (IQR) of the relative abundance (%) of the most abundant bacterial phyla (in bold) and genera (in italics) detected in the T1 and T2 samples.
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DISCUSSION

In this work, the effects of the replacement of routine antimicrobial metaphylaxis by the oral administration of a putatively probiotic isolate of L. salivarius is described. The strain was obtained from the milk of a healthy sow with a record of reproductive excellence and was included in the feed of both sows and piglets, leading to a significant shift in the fecal metabolome and microbiota of 8 weeks-old piglets. The most relevant changes were the significant increases in the concentration of clostridia and the related SCFA metabolites (butyrate, acetate and propionate) that was accompanied by the improvement of practically all the productivity parameters associated to this farming. As expected, there also was a significant increase in the concentration of Lactobacillus related bacteria.

Weaning transition is one of the most critical periods in intensive swine farming (56). Piglets are weaned at an age in which they should still be consuming sow's milk for some additional weeks and, therefore, neither their intestinal tract nor their immune system are fully developed (57). At the same time, they have to adapt to very stressful conditions (maternal separation, changes in diet and environment, mixing with new mates), a fact that usually leads to a temporary reduction in the feed intake and a post-weaning growth retardation (58). As a result, they become an easy target for “nosocomial” microbes that are highly prevalent in intensive farming, including pathogenic bacteria causing sepsis, meningitis, arthritis and gastrointestinal diseases. This is the reason why antibiotics were used as growth promoters and, although the European Union has banned them, they are still widely and routinely used as metaphylactic or false therapeutic agents.

Several approaches have been proposed to improve gut health that might allow antibiotic use discontinuation. In this context, the gut microbiota is considered a key factor in swine's health, due to its metabolic (including feed conversion efficiency) and immune differentiation roles and its contribution in preserving the integrity of the intestinal barrier (59–61). As a consequence, the intestinal microbiota exerts a strong influence on sow productivity (62, 63). Some of the beneficial effects associated to the gut microbiota are the result of specific bacterial metabolites, such as SCFAs, including acetate, propionate, and butyrate. SCFAs play several roles in the gut, from primary source of energy to colonocytes, immunomodulation and protection against pathogens to biosynthesis of mucus, and water and mineral absorption (64–66).

Among SCFAs, butyrate has attracted most research attention because of its additional beneficial effects on animal production, including the improvement of growth performance (67–71). Butyrate is the main end product of some non-pathogenic species of the genus Clostridium (72–74), which contribute to preserve a healthy intestinal microecology through the control of the growth of pathogenic microbes (75–77), while living in harmony with commensal members of the families Bacteroidaceae, Enterococcaceae, and Lactobacillaceae (77). In a previous study, the relative abundance of SCFA-producing bacteria and the concentrations of acetate, propionate and butyrate were significantly higher among fecal samples from high-reproductive performance farms than among those from low-reproductive performance farms (78). Streptomycin treatment depleted butyrate-producing clostridia from the murine gut, decreased butyrate levels, and increased the population of pathogens like Salmonella enterica serovar Typhimurium (79). In contrast, direct administration of butyrate to pigs has shown to produce a variety of benefits to gut health, including the control of inflammation and the reinforcement of the barrier function (80, 81). Such positive effects of butyrate may depend on the age of the animals and, therefore, in-feed supplementation should be performed as early as possible in order to obtain better health outcomes (82). Overall, any strategy resulting in an increased production of SCFAs (and particularly butyrate) will have a relevant role in the post-antibiotic era of animal production.

In this work, the abundance of Lactobacillus and Clostridium sequences increased simultaneous. This observation is not strange since both kinds of microbes usually establish a collaborative network in the porcine's gut. Lactobacilli decrease the intestinal pH and produce lactic acid, which is required by clostridia to produce butyrate. In turn, it has been repeatedly observed that butyrate-producing clostridia have the ability to inhibit pathogenic bacteria in the intestinal tract while promoting the growth of lactobacilli (83–85). It has been shown that severe damage in the epithelium of the ileum mucosa of pigs experimentally infected with Salmonella Typhimurium was correlated with a decrease of Lactobacillus and butyrate-producing anaerobic bacteria, including Clostridium spp. (86).

Lactobacilli are dominant bacteria in the pig gut microbiota during early life (87). Among the different Lactobacillus species, L. reuteri and L. salivarius are host-adapted species which share a long-term evolutionary history with swine (88, 89). In fact, they are among the few Lactobacillus species that can be isolated from mammalian milk, including sow's milk (14). As normal residents, this group of bacteria thus has an advantage over others in ecology for colonizing the gut. However, the normal process of acquisition of the piglet gut microbiota is greatly disrupted by the high social and physiological stress together with the abrupt interruption of the immune protection imposed by early weaning (90). Under such circumstances, the gut microbiota is characterized by a severe dysbiosis (91–93), with a sharp decrease of lactobacilli (93), and a high susceptibility to pathogen infection (94, 95). In this study, the administration of L. salivarius MP100 led to an increase of the Lactobacillus abundance. Culture-dependent analysis and species-specific detection of L. salivarius and L. reuteri by qPCR indicated that the increase in the Lactobacillus abundance was not due to a sharp increase in the concentration of L. salivarius (which was actually moderate) but to a notable increase in the population of L. reuteri. It has been previously shown that the administration of a probiotic strain may have a low impact in terms of colonization of that probiotic strain but a high impact in relation to the promotion of the growth of other beneficial members of the gut microbiota (96).

A large number of in vivo studies have assessed the impact of different probiotic Lactobacillus on the performance and health of weaned piglets (97). However, the results have been very heterogeneous depending on the tested probiotic product and the posology. This highlights the need for a better selection and characterization of the strains aimed to be used as swine probiotics. Anyway, some probiotics have successfully improved the health and performance in neonatal and growing pigs (98–100), including L. reuteri and L. salivarius strains (101–109).

The strategy followed in this work implied the administration of the probiotic strain to both sows and piglets. Previous studies have reported that providing sows and their piglets with the same strain simultaneously was more effective than feeding sows or piglets alone (21, 110–116).

As it has been stated above, both the use of butyrate and probiotics are usually considered among the potential candidates to substitute antibiotics. In this work, we have shown that the use of a well-characterized L. salivarius strain isolated from sow milk was able to drive a significant increase in the abundance of Lactobacillus and butyrate-producing clostridia, which resulted in significant increases in the concentration of the three assayed SCFAs, including butyrate.

This shift in the gut ecology of the treated animals was associated with a decrease in the prevalence of antibiotic-resistant lactobacilli. These microbes are good indicators of antibiotic pressure since they easily adapt to antibiotic-rich environments by different mechanisms, including the acquisition of transmissible genes (117, 118). This study shows that a 2-year period of antibiotic withdrawal is enough to reduce notably the burden of antibiotic resistances in a pig farm, a fact that must be highlighted in the frame of the current antibiotic resistance crisis. In this study a high percentage of L. reuteri, L. johnsoni, and L. amylovorus strains showed phenotypic resistance against many of the tested antibiotics. Antibiotic resistances among lactobacilli can be intrinsic [e.g., changes in the composition of the cell wall, as in the case of the intrinsic resistance of many Lactobacillus species to vancomycin (119)] or acquired through chromosomal mutations [e.g., a single mutation in the 23S rRNA gene reducing the affinity of erythromycin for the ribosome (120)]. The risk of inter-bacterial transfer of antibiotic resistances is insignificant for lactobacilli displaying intrinsic resistances or acquired resistances due to chromosomal mutations. In contrast, the potential of transmissible resistance genes (particularly those associated to mobile genetic elements) for horizontal spread is high and this risk deserves special attention because of its connotations for public health. In this context, several genes responsible for transmissible antibiotic resistance among lactobacilli have already been reported [reviewed in (118)].

Tetracycline resistance (tet) genes are the most common determinants of transmissible resistance in lactobacilli. It has been recently reported that the use of tetracycline selects the presence of transmissible genes conferring resistance not only to tetracycline (tet genes) but, also, to erythromycin (erm genes) in nursery pigs (121). As a consequence, such genes are widely spread in intensive pig farms using antibiotic metaphylactic approaches (122, 123). Presence of tet and erm genes seems to be relatively frequent among L. reuteri and L. johnsonii isolates from pork and poultry meat (124, 125), two of the farm sectors in which the use of antibiotics is particularly high. Sequencing of the tetM genes from such origin has revealed that there are almost identical (>99% sequence similarity) to tetM genes previously identified in human pathogens (Neisseria meningitidis, Listeria monocytogenes) (124). With respect to lactobacilli, it is long known that transference of transmissible antibiotic resistance can occur in different directions: (a) between different lactobacilli species/strains; (b) from lactobacilli to different Gram-positive bacteria, including relevant human pathogens (e.g., Staphylococcus aureus); and (c) from other Gram-positive bacteria to lactobacilli (126–128). In fact, the prevalence of tet and erm genes is very high among staphylococci (including S. aureus and S. epidermidis) isolates in the different steps of the chain of swine production, which pose a considerable risk for consumers (129). The presence of antibiotic selective pressure enhances the transfer of these resistance determinants (130). Use, abuse or misuse of antibiotics in intensive food production systems increases the chances of transmission of antibiotic resistant bacteria from livestock to humans (131–133). In addition, routine zinc supplementation in the swine diet has also been identified as a factor contributing to increase and maintain the presence of tetracycline resistance genes in the porcine gut (134–136).

Although lactobacilli are usually sensitive to β-lactamases and the blaZ gene has been rarely detected among these microbes (124), resistance to ampicillin was high among the strains isolated in this study. Future work will involve genome sequencing of those strains displaying high phenotypic resistance against this and other antibiotics and harboring the 3 resistance genes assayed in this work (tetL, telW, ermB).

Overall our study shows that the replacement of antibiotics by other microbiota-friendly approaches was feasible and led to positive microbiological and biochemical shifts in the enteric environment.
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Chicken NK-lysin peptide 2 (cNK-2) is a natural lytic peptide with direct cytotoxicity against many apicomplexan parasites including Eimeria. Developing an effective oral delivery strategy to express cNK-2 in the intestine, where Eimeria parasites interact with the host's gut epithelial cells, may effectively reduce the fecundity of parasites and minimize intestinal damage. Furthermore, cNK-2 modulates gut immune responses to decrease local inflammation elicited by Eimeria infection in the intestine. Therefore, we developed a stable strain of Bacillus subtilis (B. subtilis) that carries cNK-2 to the gut to determine its effectiveness in ameliorating the negative impacts of coccidiosis and to replace the use of antibiotics in controlling coccidiosis in commercial broiler chicken production. Chickens were randomly allocated into eight treatment groups: two control groups (NC: E. acervulina infected non-B. subtilis control; CON: non-infected control); three B. subtilis-empty vector (EV) groups (EV6: 106 cfu/day/bird; EV8: 108 cfu/day/bird; EV10: 1010 cfu/day/bird), and three B. subtilis-cNK-2 groups (NK6: 106 cfu/day/bird; NK8: 108 cfu/day/bird; NK10: 1010 cfu/day/bird). All chickens, except those in the CON group, were challenged with 5,000 freshly sporulated E. acervulina oocysts through oral gavage on day 15. Chickens were given an oral dose of B. subtilis on days 14, 15, and 16. Body weight, weight gains, and fecal oocyst shedding were measured. To investigate the efficacy of oral B. subtilis-cNK-2 against coccidiosis, gene expression of gut health-related biomarkers was measured using RT-PCR. Markers included SOD1, CAT, and HMOX1 for oxidative stress in the spleen and intestinal mucosa, OCLN, ZO-1, and JAM2 for tight junction proteins, and MUC2 for mucin gene expression in the gut. The results showed that oral treatment of young chickens with B. subtilis-cNK-2 improved growth performance, enhanced gut integrity, and reduced fecal oocyst shedding. Altogether, these results confirm B. subtilis-cNK-2 treatment as a promising and effective alternative strategy to replace antibiotics against coccidiosis based on its ability to reduce parasite survival, to reduce coccidiosis-induced body weight loss, and to decrease gut damage based on the enhanced expression of proteins associated with gut integrity and intestinal health.
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INTRODUCTION

Coccidiosis is a major enteric disease of chickens that is caused by several distinct species of Eimeria protozoan parasites infecting different areas of the gut. Coccidiosis primarily damages epithelial integrity in the intestine decreasing nutrient utilization and resulting in an annual loss of over $3.2 billion in the poultry industry globally (1–3). With the onset of coccidiosis, Eimeria elicits a local inflammatory response in the intestine, increasing gut permeability, and poor nutrient absorption that hinders optimal growth performance (2, 4). A live attenuated coccidiosis vaccine is a cost-effective approach currently utilized to control coccidiosis in commercial poultry. However, the inability to induce consistent protection, evidence of residual virulence, increasing incidence of drug resistance in Eimeria, and strict governmental regulation of in-feed medication in poultry production prompt the discovery of alternative strategies to control coccidiosis to support “no antibiotics ever” or “antibiotic-free” meat production for the poultry industry (5).

Alternative strategies to antibiotics, including recombinant vaccines, hyperimmune IgY antibodies, probiotics, prebiotics, phytochemicals, and antimicrobial peptides (AMPs) have been shown to reduce the clinical symptoms of poultry diseases, to enhance host innate immunity, and growth performance at various levels of efficacy (6–8). These alternatives have also been shown to control coccidiosis in commercial poultry by maintaining gut health and enhancing immunity. Among these alternatives, AMPs are small peptides that may have direct cytotoxic effects against various pathogens, including parasites such as Eimeria (1, 9). The amphipathic structure of AMP molecules easily destroys a wide range of pathogens by interacting with negatively charged cationic residues (7, 9, 10).

NK-lysin is a cationic amphiphilic AMP originally identified in Natural killer (NK) cells of porcine intestinal tissue and later characterized in chicken (1, 11). NK-lysin has a globular structure with 78 amino acid residues and is orthologous to human granulysin. NK-lysin, like other members of the saposin-like protein family, exhibits cytolytic activities against tumor cells and microbes (12). NK-lysin also mediates immune regulation at low doses, which may play a pivotal role in the induction of adaptive immunity and regulation of inflammatory response (9).

Chicken NK-lysin (cNK-2) is a natural lytic peptide that has been reported to have effective cytotoxicity against apicomplexan parasites such as Eimeria by disrupting the sporozoite membrane (9, 12). Chicken NK-2 derived from the cationic core region of the NK-lysin protein that is secreted from chicken cytotoxic lymphocytes during coccidiosis (10, 12, 13). The characterization and expression of cNK-2 have been previously studied and well-documented (10, 13). Additionally, cNK-2 has been shown to successfully destroy Eimeria spp. in both in vitro and in vivo studies (1).

Even though the structure and function of cNK-2 have been studied extensively, a major gap remains the discovery of an effective oral delivery strategy to preserve the functional activity of cNK-2 in the chicken gut under commercial operations. Without an effective delivery system, AMPs may lose their activity with the presence of enzyme degradation in the gut (9). In a sustainable delivery system, AMPs not only promote host local immunity but also reduce parasite growth and promote a healthy gut microbial community. Moreover, an effective industry-friendly delivery strategy for antibiotic alternatives will reduce the cost of labor and increase the effectiveness of antibiotic-free animal production.

Gram-positive B. subtilis is generally recognized as a highly resistant microbe to environmental stresses, stable, and safe environmental bacterium uniquely qualified for oral delivery of peptides (14, 15). B. subtilis can transit through the digestive tract, and the self-assembly structure of Bacillus spores demonstrate its superior ability to work as a successful delivery vehicle (16). In previous studies, recombinant B. subtilis spores with different protein expression levels were studied as a promising approach for sustainable delivery systems for mice, swine, and aquaculture (14, 17, 18).

To our knowledge, this is the first time B. subtilis has been explored for cNK-2 peptide delivery to the gut in chickens as a prevention strategy against coccidiosis. Therefore, we developed a stable strain of probiotic B. subtilis expressing cNK-2 to investigate its effectiveness as a carrier of cNK-2 to the gut and to explore its protective effect against coccidiosis challenge infection in commercial broiler chickens. In addition to evaluating the impact on growth and clinical signs caused by coccidiosis, we also evaluated gut integrity and immunity by looking at the presence of tight junction transcripts and antioxidative responses.



MATERIALS AND METHODS


Recombinant B. subtilis Construction

Recombinant B. subtilis spores expressing empty vector (B. subtilis-EV) or B. subtilis-cNK-2 were constructed and provided by US Biologic (Memphis, TN). The NK-lysin used for the expression in a bacterial vector was based on the chicken NK-lysin sequence (RRQRSICKQLLKKLRQQLSDALQNNDD) reported previously (1, 9), which was then cloned into the pTTB2 expression vector (MoBiTec). Briefly, pTTB2-cNK was then expanded in BL21 competent E. coli (New England Biolabs, Inc., Ipswich, MA) and purified using the GeneJET Plasmid Miniprep Kit (Thermo Fischer Scientific, Madison, WI). Sequences were confirmed using Sanger sequencing and purified plasmids were religated using the Rapid DNA Ligation (Thermo Fisher Scientific, Madison, WI). Competent B. subtilis cells (strain WB800N, MoBiTec) were transformed using 0.1 M EGTA and expanded on agar plates using 2% xylose as a selection agent. Single colonies were sequenced and expanded using 2xYT media (Difco, BD Diagnostic Systems, Sparks, MD).



In vitro Killing Assays

B. subtilis-EV and B. subtilis-cNK-2 were grown in media and culture supernatants tested for anti-sporozoite activity using an in vitro assay as described (19). Briefly, sporocysts from freshly sporulated E. acervulina oocysts were harvested and purified using isopycnic centrifugation on a Percoll gradient followed by washing with ice-cold phosphate-buffered saline. Next, sporocysts were treated with excystation solution (0.25% trypsin, 0.014 M taurocholic acid) and incubated for 30 min at 41°C to release sporozoites. Afterward, sporozoites were harvested by filtering the excystation solution and washed with Hank's balanced salt solution (HBSS; Sigma-Aldrich, St. Louis, MO, USA). E. acervulina sporozoites (1.0 × 107/mL) were mixed with the culture supernatant from B. subtilis-EV or B. subtilis-cNK-2 culture in a 1:1 ratio. Recombinant cNK-2 (Genscript, Piscataway, NJ) was used as control at a concentration of 100 μg/mL. After 3 h incubation at 41°C, the sporozoites were stained with fluorescence viability dye (AO/PI staining solution, Nexcelom Bioscience LLC, Lawrence, MA), and viable sporozoites were counted microscopically.



Chickens and Animal Care

Eighty one-day-old Ross broiler chicks (Ross 708) were obtained from a local hatchery (Longnecker Hatchery, Elizabethtown, PA) and housed in Petersime brooder units maintained in a temperature-controlled closed-house environment. Chickens were raised to 14 days of age with non-medicated commercial starter diets. After 14 days, chickens were moved to experimental grower cages and fed a non-medicated commercial grower diet until the end of the experimental period. Ad libitum feeds and fresh clean water were provided at all times.



Experimental Design

On day 14, body weights were recorded and chickens were randomly allocated to eight treatments (10 birds/two cages/treatment; each bird considered as a replicate), whilst ensuring similar body weight distributions among treatments and replicates. Experimental treatments included: non-infected control (CON), infected control without any B. subtilis (NC), the infected treatment administered with B. subtilis-EV at three different dosages (106, 108, and 1010 cfu/day/bird; EV6, EV8, and EV10, respectively), and the infected treatment with B. subtilis-cNK-2 at three different dosages (106, 108, and 1010 cfu/day/bird; NK6, NK8, and NK10, respectively) (Table 1). On days 14, 15, and 16, groups receiving B. subtilis were administered their dedicated dose (1 mL/bird) using oral gavage (Figure 1). Groups receiving E. acervulina challenge were challenged on day 15 with 5,000 freshly propagated E. acervulina oocysts (ARS Beltsville strain #12) (20).


Table 1. Treatment and Eimeria challenge infection.
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FIGURE 1. Schematic outline of the experimental design.




Body Weight and Sample Collection

Individual body weights were recorded for all chickens on day 14, 17, 21, 24, and 28. Pooled fecal samples were collected from each cage daily from day 21 (6 dpi) until day 24 (9 dpi). At the end of the experiment (28 days; 13 dpi), five birds from each treatment group were randomly selected for intestinal sample collection. Chickens were humanely sacrificed by cervical dislocation, and the spleen and the mucosa of mid-duodenum tissue were dissected and stored in RNAlater™ (Invitrogen Corporation, Carlsbad, CA) at −20°C.



Fecal Oocyst Assessment

The collected fecal samples were processed according to the method previously described (21). Briefly, feces collected from individual cages were ground and homogenized with 3 L of water. Two subsamples from each cage were put into 50 mL tubes for oocyst counting. To count fecal oocysts, various dilutions were made initially to determine the optimum dilutions for enumeration of oocysts for each sample. Three different scientists independently counted oocysts microscopically using a McMaster counting chamber using a sodium chloride flotation method as described (21). The total number of oocysts shed per chicken was calculated using the following formula:

[image: image]



RNA Extraction and qRT-PCR

Collected tissue samples were gently washed with ice-cold HBSS (Sigma-Aldrich, St. Louis, MO, USA) and homogenized using a handheld homogenizer (TissueRuptor; Qiagen, Hilden, Germany). Total RNA was extracted using TRIzol reagent (Invitrogen) followed by DNase digestion as described (5). Quantification and purity were assessed using a NanoDrop spectrophotometer (NanoDrop One; Thermo Scientific) at 260/280 nm. Synthesis of cDNA was performed using a QuantiTect® Reverse Transcription Kit (Qiagen) according to the manufacturer's instructions. The gene expression levels of tight junction proteins such as junctional adhesion molecule 2 (JAM2), occluding (OCLN), and zonula occludens-1 (ZO1), mucin 2 (MUC2) expression in the duodenum samples, and antioxidant markers including superoxide dismutase 1 (SOD1), heme oxygenase 1 (HMOX1), and catalase (CAT), in both duodenum and spleen samples were investigated. All oligonucleotide primer sequences used in this experiment are shown in Table 2. The cDNA samples were diluted to 1:5 and 5-μL aliquots were used for qRT-PCR amplification. The sample was analyzed using SYBR Green qPCR Master Mix (PowerTrack, Applied Biosystems, Vilnius, Lithuania) in triplicate using Applied Biosystems QuantStudio 3 Real-Time PCR Systems (Life Technologies, Carlsbad, CA). The following PCR conditions were followed: denaturation at 95°C for 10 min followed by amplification at 60°C for 1 min for 40 cycles. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the reference gene for gene expression. For relative quantification of the gene expression levels, the logarithmic-scaled threshold cycle (Ct) values were used in the 2−ΔΔCt method before calculating the mean and standard error of the mean (SEM) for the references and individual targets.


Table 2. Quantitative real-time PCR oligonucleotide primer sequences.
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Statistical Analysis

Data were analyzed using Mixed Model (PROC MIXED) in SAS (SAS Inc., Cary, NC). The individual chicken was considered the experimental unit for statistical analysis. The results are given as least-squares means and pooled SEM. P-values < 0.05 were considered to be significant. When the p-value between treatments was <0.05, homogeneous subsets were evaluated by the PDIFF option in SAS. The dose-response of growth performances were determined using the Interactive Matrix Language (IML) procedure of SAS to generate coefficients for the evenly spaced orthogonal contrasts. These coefficients generated by the IML procedure were then used in the mixed procedure for contrasts.




RESULTS


In vitro Assay for Sporozoite Viability

Sporozoites treated with cNK-2 (control) showed a significant decrease (p < 0.05) in sporozoites viability at the end of the 3 h incubation period (Figure 2). Culture supernatant from B. subtilis-cNK-2 also showed a similar (p > 0.05) sporozoites killing activity compared to control. However, sporozoites treated with the culture supernatant from B. subtilis-EV showed higher viability (p < 0.05) compared to control and the group treated with B. subtilis-cNK-2 culture.


[image: Figure 2]
FIGURE 2. Effect of B. subtilis expressing empty vector (B. subtilis-EV) or chicken NK2 (B. subtilis-cNK-2) in vitro. Eimeria acervulina sporozoites (1.0 × 107/mL) were incubated with culture supernatant from B. subtilis-EV or B. subtilis-cNK-2 for 3 h at 41°C. Chicken NK-lysin (cNK-2) was used as control at a concentration of 100 μg/mL. Sporozoites were stained with a fluorescence viability dye and viable sporozoites were counted microscopically. a, bBars with no common letter differ significantly (p < 0.05).




Body Weight and Daily Gain

Body weights of all chickens did not significantly differ (day 14: p > 0.05) between groups at the start of the trial (Table 3). There were no significant changes (p > 0.05) between treatments at day 17 (2 dpi) regardless of E. acervulina infection or the type and dose of B. subtilis administration. Chickens infected with E. acervulina showed lower (p < 0.05) body weight at day 21 (6 dpi) than the CON chickens. However, the body weights of chickens in the NK10 group were significantly higher (p < 0.05) than those of NC chickens at day 24 (9 dpi). Chickens that received EV did not show (p > 0.05) any dose responses for body weight measurement throughout the study period. In contrast, chickens in the NK groups showed enhanced body weights in a dose-dependent manner (p < 0.05) at day 21 and 24.


Table 3. Body weights of Eimeria acervulina-infected chickens following treatment with Bacillus subtilis expressing cNK-2.
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Similar to the body weight data, no significant changes (p > 0.05) were seen in the average daily gain (ADG) of chickens among the different treatment groups up to day 17 (2 dpi) (Table 3). Thereafter, chickens infected with E. acervulina showed significantly lower (p < 0.05) ADG than the CON group. However, chickens in the NK10 group showed significantly increased (p < 0.05) ADG compared to that of the NC group from day 17 to 24 (2–9 dpi). After day 24, the NK10 group did not show any significant difference (p > 0.05) in ADG compared to the NC chickens regardless of NK treatment dose.



Fecal Oocyst Shedding

Chickens that were treated with an oral dose of B. subtilis-cNK-2 showed significantly reduced (p < 0.05) fecal oocyst output between 6 and 9 dpi (Figure 3). In particular, the NK10 group showed significantly decreased (p < 0.05) oocyst shedding compared to the NC group.


[image: Figure 3]
FIGURE 3. Fecal oocyst counts of Eimeria acervulina-infected chickens fed daily oral treatment with Bacillus subtilis-cNK-2. All chickens except CON were infected by oral gavage at day 15 with 5,000 oocysts/chicken of E. acervulina. B. subtilis were administrated by oral gavage at days 14–16. EV, B. subtilis-EV; NK, B. subtilis-cNK-2; NC, E. acervulina infected non-B. subtilis control; EV6, B. subtilis (empty vector) at 106 cfu/day; EV8, B. subtilis-EV at 108 cfu/day; EV10, B. subtilis-EV at 106 cfu/day; NK6, B. subtilis-cNK-2 at 106 cfu/day; NK8, B. subtilis-cNK-2 at 108 cfu/day; NK10, B. subtilis-cNK-2 at 1010 cfu/day. a−cBars with no common letter differ significantly (p < 0.05). Each bar represents the mean ± SEM (n = 8). Fecal samples were collected from 6 to 9 dpi to calculate the oocyst shedding.




Gene Expression of TJ Proteins and Mucin

Gene expression profiles of tight junction proteins in the duodenal mucosa are shown in Figure 4. On 13 dpi, chickens in the NC group did not show any significant difference (p > 0.05) in the expression levels of OCLN, ZO-1, and JAM-2 compared to the CON group. However, chickens that were given B. subtilis-cNK-2 (NK6, NK8, and NK10) showed increased (p < 0.05) OCLN gene expression compared to the NC chickens, regardless of doses of NK-lysin treatment. In comparison to B. subtilis-cNK-2 and B. subtilis-EV, no difference (p > 0.05) was observed in OCLN gene expression for each dose. Moreover, chickens in the NK8 and NK10 groups showed higher (p < 0.05) expression of ZO-1 than chickens in the NC, EV8, and EV10 groups. Similarly, JAM-2 expression in the duodenum was higher (p < 0.05) in the NK8 and NK10 treatment groups than in the EV8 and EV10 groups. Notably, MUC2 gene expression was lower (p < 0.05) in NC chickens than in CON chickens but increased in the EV6, EV10, and NK6 groups compared to NC chickens.
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FIGURE 4. Tight junction gene expression in duodenal mucosa of Eimeria acervulina-infected broiler chickens fed orally Bacillus subtilis expressing cNK-2 (13 dpi). All chickens except CON were infected by oral gavage at day 15 with 5,000 oocysts/chicken of E. acervulina. B. subtilis was administrated by oral gavage at days 14–16. EV, B. subtilis (empty vector), NK, B. subtilis-cNK-2; NC, E. acervulina infected non-B. subtilis control; EV6, B. subtilis-EV at 106 cfu/day; EV8, B. subtilis-EV at 108 cfu/day; EV10, B. subtilis-EV at 1010 cfu/day; NK6, B. subtilis-cNK-2 at 106 cfu/day; NK8, B. subtilis-cNK-2 at 108 cfu/day; NK10, B. subtilis-cNK-2 at 1010cfu/day. Transcript levels of (A) occludin (OCLN), (B) zonula occludens-1 (ZO1), (C) junctional adhesion molecule 2 (JAM2), and (D) Mucin-2 (MUC-2) in duodenal mucosa were measured by quantitative RT-PCR and genes expression were analyzed using the 2−ΔΔCt method. a−dBars with no common letter differ significantly (p < 0.05). Each bar represents the mean ± SEM (n = 5).




Antioxidant Gene Expression in the Duodenal Mucosa

Figure 5 shows the mucosal antioxidant gene expression profile in the duodenum. Chickens treated with B. subtilis-cNK-2 (NK6, NK8, and NK10) and infected with E. acervulina showed elevated (p < 0.05) expression of HMOX1 in the duodenal mucosa (Figure 5C) compared to the chickens in the E. acervulina-infected control (NC) group. There was no significant difference (p > 0.05) in the expression levels of the SOD1 and CAT genes in the duodenal mucosa at 13 dpi (Figures 5A,B).
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FIGURE 5. Anti-oxidant gene expression in duodenal mucosa of Eimeria acervulina-infected broiler chickens fed orally Bacillus subtilis expressing cNK-2 (13 dpi). All chickens except CON were infected by oral gavage at day 15 with 5,000 oocysts/chicken of E. acervulina. B. subtilis were administrated by oral gavage at days 14–16. EV, B. subtilis-EV; NK, B. subtilis-cNK-2; NC, E. acervulina infected non-B. subtilis control; EV6, B. subtilis-EV at 106 cfu/day; EV8, B. subtilis-EV at 108 cfu/day; EV10, B. subtilis-EV at 1010 cfu/day; NK6, B. subtilis-cNK-2 at 106 cfu/day; NK8, B. subtilis-cNK-2 at 108 cfu/day; NK10, B. subtilis-cNK-2 at 1010 cfu/day. Transcript levels of (A) superoxide dismutase 1 (SOD1), (B) catalase (CAT), (C) heme oxygenase (HMOX1) in duodenal mucosa were measured by quantitative RT-PCR and gene expression were analyzed using the 2−ΔΔCt method. a−cBars with no common letter differ significantly (p < 0.05). Each bar represents the mean ± SEM (n = 5).




Antioxidant Gene Expression in Spleen

Gene expression profiles of antioxidant genes in the spleen are shown in Figure 6. The expression of CAT and HMOX1 was higher (p < 0.05) in the CON group than in the NC and EV groups. Notably, chickens orally treated with higher doses of B. subtilis-cNK-2 (NK8 and NK10) showed similar (p > 0.05) levels of expression as those of the CON group.


[image: Figure 6]
FIGURE 6. Anti-oxidant gene expression in spleen of Eimeria acervulina-infected broiler chickens fed orally B. subtilis expressing cNK-2 (13 dpi). All chickens except CON were infected by oral gavage at day 15 with 5,000 oocysts/chicken of E. acervulina. B. subtilis were administrated by oral gavage at days 14–16. EV,vB. subtilis-EV; NK, B. subtilis-cNK-2; NC, E. acervulina infected non-B. subtilis control; EV6, B. subtilis-EV at 106 cfu/day; EV8, B. subtilis-EV at 108 cfu/day; EV10, B. subtilis-EV at 1010 cfu/day; NK6, B. subtilis-cNK-2 at 106 cfu/day; NK8, B. subtilis-cNK-2 at 108 cfu/day; NK10, B. subtilis-cNK-2 at 1010 cfu/day. Transcript levels of (A) superoxide dismutase 1 (SOD1), (B) catalase (CAT), (C) heme oxygenase (HMOX1) in the spleen were measured by quantitative RT-PCR and genes expression were analyzed using the 2−ΔΔCt method. a−dBars with no common letter differ significantly (p < 0.05). Each bar represents the mean ± SEM (n = 5).





DISCUSSION

Antibiotic alternatives including host defensin proteins such as NK-lysin are becoming important feed additives for the animal industry in the post-antibiotic era (22). Antimicrobial peptides elicit first-line defense against pathogens in livestock animals and are recognized as a potential antibiotic alternative (9, 12). Among these peptides, the cNK-lysin peptide was reported to exert antibacterial activity by damaging bacterial cells (12). Nevertheless, information concerning the efficient delivery systems to deliver these AMPs to the gut are scantly documented in poultry and livestock. Hence, the development of an effective oral delivery system that could deliver AMP across the gut lumen and stimulate immune responses is needed. To this end, this study was conducted to determine the effectiveness of stable B. subtilis that carries cNK-2 peptide (B. subtilis-cNK-2) as a carrier of NK-lysin peptide to the chicken gut and to investigate its effect against E. acervulina infection in commercial broiler chickens. To the best of our knowledge, this study is the first to investigate and describe the potential effectiveness of oral delivery of stable B. subtilis as a carrier for the cNK-2 peptide against coccidiosis infection in chickens.

Diversified approaches based on nanoparticles, natural polysaccharides, bacteria, and phages have been reported as promising delivery vehicles for AMPs (23, 24). Among these AMP delivery systems, B. subtilis has shown unique properties as an effective carrier for AMPs in previous studies with fish, mice, and swine (14, 17, 18). Higher stability and extreme resistance to harsh environments, non-pathogenic nature, and ability to produce an industrial scale are the uniqueness of B. subtilis as an attractive delivery system (14, 16).

To achieve our study objective, we followed the mode of action based on the NK-lysin peptide, which displays strong cytotoxicity against E. acervulina as a consequence of altering the sporozoite outer membrane integrity and releasing intracellular contents (1). Controlling E. acervulina sporozoites invading gut epithelial cells will reduce gut damage and minimize production losses due to coccidiosis. Our in-vitro assay confirmed that the culture supernatant from B. subtilis-cNK-2 but not B. subtilis-EV contained anti-sporozoite activity against freshly prepared sporozoites.

In the present study, chickens in the Eimeria-infected control treatment showed lower growth performance than their counterpart chickens in the uninfected control, as expected. Chickens infected with E. acervulina showed reduced growth performance because of the interruption of normal gut physiology and nutrition metabolism (20, 25). Rochell et al. (26) and Kim et al. (27) also reported that E. acervulina infection reduces growth performance in broiler chickens. Our results show that B. subtilis-cNK-2 treatment had a significant positive effect on the growth performance of coccidia-infected broiler chickens. Importantly, there was no growth improvement in chickens given an oral dose of B. subtilis-EV and infected with E. acervulina confirming that cNK-2 delivered by B. subtilis is responsible for reduced parasite fecundity and minimal growth depression in response to coccidia challenge in chickens. Consistent with our findings, Lee et al. (1) reported improved body weight gain in E. acervulina-infected and cNK-2 peptide-treated broiler chickens. Findings from this study showing that the cNK-2 directly improved growth performance provides a strong indication that a stable B. subtilis delivery system is a promising way to preserve cNK-2 functionality in the chicken gut. It was also noticeable that the effect of E. acervulina infection on growth performance was more profound at the early stage of post-infection and was not significant in the later stages of the infection. These findings may be observed because the infection effect was reduced, and chickens began a recovery phase.

Enumeration of oocyst shedding in fecal samples is a commonly used measurement for understanding the severity of coccidiosis infections in broiler chickens. The reduction of oocysts is also used as a tool to determine the protective indices of different anti-parasite strategies against Eimeria invasion. In this study, E. acervulina-infected chickens exhibited elevated fecal oocyst shedding, confirming the establishment of Eimeria in the chicken gut. Chickens that were administered an oral dose of B. subtilis-EV showed numerically lower oocyst shedding than the infected control chickens, although no statistical significance was reached. Importantly, chickens that were given an oral dose of B. subtilis-cNK-2 showed a negative dose-dependent response to fecal oocyst shedding. Chickens given B. subtilis-cNK-2 at 1010 cfu/day showed significantly lower oocyst shedding at 9 dpi than untreated infected control. This outcome supports the direct effect of cNK-2 activity against Eimeria which confirms our previous work (1, 28). This indicates that the B. subtilis-cNK-2 at 1010 cfu/day can be used as a remedial measure to control coccidiosis in the poultry industry. By preserving cNK-2 activity against Eimeria parasites in the chicken gut environment, B. subtilis carriers are an effective and practical oral delivery vehicle for immunotherapeutic peptides such as AMP.

Tight junctions of gut epithelial cells work as a first-line defense system to protect animals from pathogen translocation by maintaining proper tight junction integrity (29). Tight junctions are comprised of a multiprotein complex, such as OCLN, ZO-1, and JAM-2, at the apical end of epithelial cells that closely contact with the lumen (4, 30). Maintaining epithelial integrity by maintaining intestinal permeability enhances the gut health of chickens and nutrient absorption to improve growth performance (30). Based on our current study, higher dosages of B. subtilis-cNK-2 increased tight junction gene expression in the duodenal mucosa compared to the infected control group. Recently, we showed that upregulation of these genes improved gut barrier function in the chicken intestine after E. acervulina infection (5). Moreover, elevated levels of ZO-1 and JAM-2 gene expression in chickens that were treated with higher dosages of B. subtilis-cNK-2 compared to control B. subtilis-EV demonstrated reduced damage by coccidiosis on gut barrier functions. Similar to tight junctions, the mucosal barrier defends against the invasion of bacteria, parasites, and other harmful species into the host (7). Mucins are glycoproteins that form a mucus barrier over the epithelial cell surfaces of the intestine (31, 32). Among mucins, MUC-2 gene expression has been identified as a gut health marker in chicken and other poultry species, as it is the major mucin produced by goblet cells (7, 31). Our results indicate that E. acervulina-infected chickens showed significantly decreased mucosal MUC-2 gene expression levels compared to the non-infected control. This result provides firm confirmation of mucus barrier failure in chickens challenged with coccidiosis. Chickens that were given an oral dose of B. subtilis-cNK-2 counteracted E. acervulina infection-induced MUC-2 downregulation and increased its expression. This finding confirms previous studies showing increased MUC-2 gene expression in chickens fed B. subtilis as a probiotic supplement (4, 7, 33).

Previously, it was reported that coccidiosis triggers oxidative stress, thereby weakening intestinal barrier functions in chickens (34). For a robust understanding of gut health improvement with B. subtilis-cNK-2, we also investigated mucosal oxidative stress markers. Higher production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) cause imbalances between free radical production and endogenous antioxidant defense, creating oxidative stress in intestinal cells and leading to lipid peroxidation, DNA damage, and apoptosis (34). Avoiding oxidative stress, free radical formation is prevented by the inactivation of precursors of free radicals or catalysts with the aid of enzymes, such as catalase, superoxide dismutase (SOD), and glutathione peroxidase (35). SOD enzymes catalyze the conversion of superoxide ions ([image: image]) to hydrogen peroxide (H2O2) and oxygen (O2) (4), whereas CAT enzymes catalyze the breakdown of hydrogen peroxide (H2O2) to H2O and O2 (35). HMOX1 is a rate-limiting enzyme responsible for heme-to-biliverdin catabolism (36). In this study, we did not observe any significant differences in SOD1 and CAT gene expression levels in the duodenal mucosa. However, significantly upregulated HMOX1 gene expression was observed in the duodenal mucosa from the B. subtilis-cNK-2-treated chickens compared to the untreated infected control. Compared to the mucosa, the spleen showed more pronounced antioxidant gene expression even though SOD1 expression remained unchanged. Both CAT and HMOX1 expression levels in the spleen were elevated with B. subtilis-cNK-2 treatments in this study. Although elevated expression levels of CAT and HMOX1 in the B. subtilis-cNK-2 treated group was not significantly different from those in the infected control group, the results support the notion that cNK-2 reduced the oxidative stress induced by E. acervulina infection.



CONCLUSION

This study shows the effectiveness of a stable B. subtilis carrying the cNK-2 as an oral delivery method for NK-lysin peptide to the E. acervulina-infected chicken gut, which resulted in improved growth performance via enhanced gut integrity and reduced oocyst shedding. These results also help to characterize the ability of cNK-2 to reduce oxidative stress induced by E. acervulina infection in chickens. These findings indicate the need for future studies on the mechanisms of the B. subtilis carrier system for successful AMP delivery and research on the NK-lysin approach as a strategy to reduce the coccidiosis-induced gut pathology in chickens. Further research characterizing the responses of higher doses of B. subtilis that carry cNK-2 together with different administration intervals and mode of delivery of Bacillus spores using different Eimeria challenges is warranted to develop effective commercializable strategies to replace antibiotics.
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The aim of this study was to evaluate the dietary effects of Bacillus amyloliquefaciens SC06 (SC06) instead of antibiotics on the growth performance, intestinal health, and intestinal microbiota of broilers. A total of 360 30-day-old Lingnan yellow broilers were randomly allocated into two groups with six replicates per group (30 birds per replicate). The broilers were fed either a non-supplemented diet or a diet supplemented with 108 colony-forming units lyophilized SC06 per kilogram feed for 30 days. Results showed that SC06 supplementation had no effect on the growth performance compared with that of the control group. SC06 treatment significantly (P <0.05) increased the total antioxidant capacity (T-AOC), total superoxide dismutase (T-SOD) activity in the liver, and the activities of trypsin, α-amylase (AMS), and Na+K+-ATPase in the ileum, whereas it decreased (P < 0.05) lipase, gamma glutamyl transpeptidase (γ-GT), and maltase activities in the ileum. Meanwhile, SC06 treatment also improved the immune function indicated by the significantly (P < 0.05) increased anti-inflammatory cytokine [interleukin (IL)-10] level and the decreased (P < 0.05) pro-inflammatory cytokine [IL-6 and tumor necrosis factor (TNF)-α] levels in the ileum. Furthermore, we also found that SC06 enhanced the intestinal epithelial intercellular integrity (tight junction and adhesion belt) in the ileum. Microbial analysis showed that SC06 mainly increased the alpha diversity indices in the jejunum, ileum, and cecum. SC06 treatment also significantly (P < 0.05) increased the abundances of Bacteroidetes, Bacteroidales, Bacteroides, Fusobacteria, Clostridiaceae, and Veillonellaceae in the cecum and simultaneously decreased the abundances of Planococcaceae in the duodenum, Microbacteriaceae in the jejunum, and Lachnospiraceae, [Ruminococcus] and Ruminococcus in cecum. In conclusion, these results suggested that B. amyloliquefaciens instead of antibiotics showed a potential beneficial effect on the intestinal health of broilers.

Keywords: antioxidant capacity, digestive function, immune function, intestinal epithelial barrier, intestinal microbiota, Bacillus amyloliquefaciens


INTRODUCTION

Over the past decades, the antimicrobial growth promoters (AGPs) have enjoyed great popularity in improving growth performance, reducing pathogenic bacterial colonization, and preventing gut disease in poultry (1, 2). However, with increasing public concerns about antibiotic-resistant bacteria and antibiotic-residual animal products, AGPs have been widely prohibited in animal husbandry in many countries (3–5). Subsequently, with the strict prohibition of the in-feed AGPs, gastrointestinal pathogenic infectious diseases in food animal production and zoonotic pathogen contamination in animal products seriously threaten the health of animals and humans (6, 7). Therefore, it is very important to explore the proper alternatives to antibiotics, such as direct-fed microbes (DFMs), prebiotics, antimicrobial peptides, plant extracts, immune activators, and organic acidifiers.

As live microorganisms, probiotics do not leave residues in food animal products and have been widely used in animal husbandry to improve growth performance and overall health and can be regarded as a potential substitute for AGPs (8–10). It is reported that probiotics, such as Bacillus spp., Lactobacillus, Bifidobacterium, and yeasts, play an important role in regulating birds' intestinal microbiota, inhibiting pathogens' growth, and modulating gastrointestinal immune responses (11–13). Our previous studies found that B. amyloliquefaciens SC06 (SC06) supplementation instead of antibiotics could significantly improve the growth performance of piglets via increasing antioxidant capacity and intestinal autophagy, suggesting that it could be used as a potential alternative to antibiotics in animal husbandry (9, 14). Moreover, SC06 could effectively protect intestinal porcine epithelial cell 1 (IPEC-1) from oxidative stress by regulating reactive oxygen species (ROS) production, activating the Nrf2/Keap1 signaling pathway, and promoting the elimination of Escherichia coli in murine macrophage RAW264.7 cells by activating autophagy (15). However, the effects of B. amyloliquefaciens SC06 on broilers' performance and healthy status remain unclear. Therefore, the objective of this study was to evaluate the effects of B. amyloliquefaciens SC06 as a potential antibiotic substitute on the growth performance, intestinal health, and intestinal microbiota of broilers.



MATERIALS AND METHODS


Bacterial Preparation

Bacillus amyloliquefaciens SC06 was isolated from soil and deposited in the China Center for Type Culture Collection (CCTCC No. M 2012280). Bacteria were cultured in Luria–Bertani broth overnight at 37°C and then harvested by centrifugation at 5,000 rpm for 15 min. After washing twice with sterile phosphate-buffered saline (PBS; pH = 7.4), SC06 was resuspended in PBS and the concentration was constantly checked by the spreading plate method (16).



Birds, Diet, and Management

Three hundred sixty 30-day-old Lingnan yellow broilers were randomly allocated into two groups with six pens per group (30 birds per pen, stocking density 0.38 m2/bird). Broilers in the control group were fed with the basal diet containing colistin sulfate (10 g/ton) and zinc bacitracin (40 g/ton). Broilers in the SC06 group were fed with the same basal diet (without zinc bacitracin) supplemented with B. amyloliquefaciens SC06 (1 × 108 cfu/kg feed). The broiler experiment lasted for 30 days. All birds were allowed ad libitum to access water and diets. Feed consumption was recorded every day, and body weight was recorded on days 30 and 60. The composition of the basic diet (Table 1) was formulated to meet nutrient requirements of Chinese yellow-feathered broilers (17). Daylight was eliminated during this study, and 18-h lighting was provided from incandescent bulbs. Mortality was checked daily, and dead birds were weighed to adjust estimates of body weight gain, feed intake, and feed conversion ratio.


Table 1. Composition and nutrient levels of the basal diet (% as fed basis).
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Sample Collection

At the 60th day of the trial, birds were deprived of feed for 4 h (05:00~09:00 a.m.) but not water. Six birds from each group were then chosen randomly and weighed. Then, the birds were electrically stunned, exsanguinated, and scalded to enable to collect tissues. The mucosa of ileum segments was gently scraped, along with the liver, snap frozen in liquid nitrogen, and stored at −80°C for further experiments.



Antioxidant Capacity Assay

The liver samples were homogenized with ice-cold sterile saline solution (1:9, w/v) and centrifuged at 5,000 rpm for 25 min at 4°C. Then, the collected supernatant was stored at −80°C for further enzyme activity assays. Briefly, after thawing the homogenates, adjusting to room temperature, the capacity of total antioxidant capacity (T-AOC), the activities of total superoxide dismutase (T-SOD), glutathione peroxidase (GSH-Px), xanthine oxidase (XOD), and superanion oxide (O2−) and content of glutathione (GSH) were analyzed by a SpectraMax M5 (Molecular Devices, USA) using assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions of the manufacturer.



Digestive Enzyme Activity Assay

The ileum mucosa samples were homogenized with ice-cold sterile saline solution (1:9, w/v) and centrifuged at 5,000 rpm for 25 min at 4°C. Then, the collected supernatant was stored at −80°C for enzyme assays. Briefly, after thawing the homogenates, adjusting to room temperature, the activities of trypsin, lipase, α-amylase (AMS), gamma glutamyl transpeptidase (γ-GT), Na+K+ ATPase, sucrase, and maltase were analyzed by a SpectraMax M5 (Molecular Devices, USA) using assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions of the manufacturer.



ELISA

The cytokine levels of interleukin (IL)-6, tumor necrosis factor (TNF)-α, IL-10, transforming growth factor (TGF)-β, interferon (IFN)-γ, IFN-α, and secretory immunoglobulin A (sIgA) in the ileum mucosa homogenates were determined by enzyme-linked immunosorbent assay (ELISA) kits (Bio-function Technology Co., Ltd., Beijing, China) according to the instructions.



Transmission Electron Microscopy

After fixing in 2.5% buffered glutaraldehyde, the ileum tissues were washed three times in cold 0.1 M phosphate buffer at every 15-min interval. The tissues were post-fixed in cold 0.1% buffered osmium tetroxide (OsO4) for 2 h and washed again in phosphate buffer. After rapidly dehydrating in an ascending serial ethanol solution (30%, 50%, 70%, 95%, and 100%), the tissues were then transferred to a 1:1 mixture of propylene oxide and epoxy araldite. After embedding, ultrathin sections (60–100 nm) were cut with an LKB Nova ultra-microtome (Leica Microsystems, Buffalo Grove, IL) and stained with uranyl acetate. Electron micrographs of intestinal mucosal cells and microvilli were captured by the transmission electron microscope (JEOL, Tokyo, Japan) operating at 80 kV.



Microbial Analysis

The DNA Isolation Kit (Tiangen, Beijing, China) was used for bacterial genomic DNA extraction from the contents of the duodenum, jejunum, ileum, and cecum, and the quality of the extracted DNA was checked by agarose gel electrophoresis and spectrophotometric analysis. All the genomic DNA samples were stored at −80°C for further experiments. Here, 16s rRNA PCR amplification and 454 pyrosequencing were performed according to a previous study (18). Sequences obtained through 454 pyrosequencing were then filtered by QIIME software (QIIME version 1.9.1) with default parameters. The operational taxonomic unit (OTU) clustering pipeline UPARSE was used to select OTU at 97% similarity. Alpha diversity and beta diversity between the samples were also analyzed by QIIME software. Beta diversity was displayed by principal coordinates analysis (PCoA) using the “ape” package of R software. Permutational multivariate analysis of variance (PERMANOVA) was calculated to determine significant differences in microbial community (based on the Bray–Curtis distance matrices). The linear discriminant analysis (LDA) effect size (LEfSe) analysis was performed online (https://huttenhower.sph.harvard.edu/galaxy/) to find out the highly dimensional intestinal microbes and characterize the differences between the two groups. The biomarkers were then analyzed and visualized by statistical analysis of taxonomic and functional profiles (STAMP) software with a two-sided Welch's t-test (19).

Co-occurrence networks of the microbial communities in the different intestinal segments between the two groups were built based on significant correlations [Spearman's R > 0.6 and false discovery rate (FDR)-adjusted P < 0.05] (20) and were visualized by Gephi software (https://gephi.org/). The complex patterns of the interrelationships were described by the topological properties of co-occurrence network calculated by Gephi software.



Statistical Analysis

The rest of the data were analyzed by two-tailed Student's t-test using SPSS 20.0 (SPSS Inc., Chicago, IL, USA), and results were expressed as mean ± standard error of the mean (SEM).




RESULTS


Growth Performance

As shown in Table 2, compared with the control group, SC06 treatment had no (P > 0.05) effect on the growth performance, including the final body weight, the average daily feed intake, the average daily gain, and the ratio of feed conversion, of broilers.


Table 2. Effects of SC06 on growth performance of broilers.
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Antioxidant Capacity in Liver

As shown in Table 3, SC06 treatment significantly (P < 0.05) increased the T-AOC capacity and T-SOD activity of liver but had no (P > 0.05) effect on the content of GSH and O2− and the activities of GSH-Px and XOD.


Table 3. Effects of SC06 on liver antioxidant parameters of broilers.
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Digestive Enzyme Activities in the Ileum

Compared with the control group, SC06 treatment significantly (P < 0.05) increased the activities of trypsin, AMS, and Na+K+-ATPase in the ileum, whereas it significantly (P < 0.05) decreased the activities of lipase, γ-GT, and maltase (Table 4).


Table 4. Effects of SC06 on digestive enzyme activities in the ileum of broilers.
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Cytokine Levels in the Ileum

SC06 treatment significantly (P < 0.05) increased IL-10 level and decreased the concentrations of IL-6 and TNF-α in the ileum, whereas it had no effect (P > 0.05) on the levels of TGF-β, IFN-γ, IFN-α, and sIgA (Table 5).


Table 5. Effects of SC06 on cytokine levels in the ileum of broilers.
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Transmission Electron Micrograph

TEM results showed that the ileum of the broilers fed with SC06 showed ordered arrangement, higher microvillus, and longer tight junction (TJ) and adhesion belt (AB) compared with broilers fed with antibiotics (Figure 1).


[image: Figure 1]
FIGURE 1. Transmission electron micrographs (TEMs) of the ileal microvilli in broilers. TJ, tight junction; AB, adhesion belt; D, desmosome.




Intestinal Microbiota Analysis

The intestinal microbiota plays an important role in the overall health of the broilers. We found that SC06 treatment significantly (P < 0.05) increased the alpha diversity indices (including Observed species, Chao1, PD_whole_tree, and Ace) of ileal microbiota and the indices of Observed species and PD_whole_tree in the jejunum (Figure 2). SC06 treatment also increased (P > 0.05) the alpha diversity indices of cecal and duodenal microbiota. PCoA of microbial communities based on Bray–Curtis distance revealed that bacterial communities from the ileum and cecum formed distinct clusters but had no significant differences between the two groups, which was further confirmed by PERMANOVA analysis (ileum: R2 = 0.21, P = 0.20; cecum: R2 = 0.48, P = 0.10) (Figure 3).


[image: Figure 2]
FIGURE 2. Alpha diversity index analysis of the intestinal microbiota between the two groups (n = 3 birds/group). *P < 0.05.



[image: Figure 3]
FIGURE 3. Microbial community analyzed by principal coordinates analysis (PCoA) based on Bray–Curtis distance. PERMANOVA, permutational multivariate analysis of variance (n = 3 birds/group).


LEfSe analysis showed that 68 biomarkers were identified with LDA scores >2, of which 61 biomarkers were identified in cecal microbiota (Figure 4). The SC06 group was enriched with Proteobacteria in the duodenum and Facklamia in the jejunum, while the control group was enriched with Planococcaceae in the duodenum, Microbacteriaceae in the jejunum, and Cyanobacteria, Chloroplast, and Streptophyta in the ileum. In the cecum, SC06 group was enriched with 49 biomarkers, most of which belonged to Firmicutes, Proteobacteria, and Bacteroidetes, while the control group was enriched with 12 biomarkers that belonged to Firmicutes. Welch's t-test was further employed to explore the differences in the microbial composition between the two groups (Figure 5). The results showed that the SC06 treatment significantly (P < 0.05) increased the abundances of Bacteroidetes, Bacteroidales, Bacteroides, Fusobacteria, Clostridiaceae, and Veillonellaceae in the cecum and simultaneously (P < 0.05) decreased the abundances of Planococcaceae in the duodenum, Microbacteriaceae in the jejunum, and Lachnospiraceae, [Ruminococcus] and Ruminococcus in cecum.
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FIGURE 4. Linear discriminant analysis (LDA) effect size (LEfSe) analysis (P < 0.05, LDA >2.0) showing the biomarker taxa (n = 3 birds/group). The prefixes “p,” “c,” “o,” “f,” “g,” and “s” represent the annotated levels of phylum, class, order, family, genus, and species. (A) duodenum, (B) jejunum, (C) ileum, (D) cecum.
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FIGURE 5. Comparison of the intestinal microbiota between the two groups by statistical analysis of taxonomic and functional profiles (STAMP). (A) Differences of Planococcaceae in the duodenum and Microbacteriaceae in the jejunum. (B) Differences of intestinal microbiota in the cecum.


To determine the co-occurrence patterns of intestinal microbiota in all groups, eight networks were constructed based on OTU levels (Figure 6, Table 6). The results showed that the microbial networks of SC06 group had more nodes (OTUs) and edges than those of the control group in the duodenum, jejunum, and ileum, except in the cecum. The values of average degree of SC06 group were higher than those of the control group in the duodenum, jejunum, ileum, and cecum. The values of graph density of SC06 group were lower than those of the control group in the duodenum and jejunum, whereas these were higher than those of the control group in the ileum and cecum. The modularity values of all the co-occurrence networks in the two groups were higher than 0.4. Additionally, a negative correlation of the network of the SC06 group was more than those of the control group in the jejunum and ileum, whereas it higher than that of the control group in the duodenum.


[image: Figure 6]
FIGURE 6. Co-occurrence networks of microbial communities based on Spearman correlation analysis sorted in color by operational taxonomic unit (OTU) level. A connection stands for a very strong (Spearman's R > 0.6) and significant [false discovery rate (FDR)-adjusted P < 0.05] correlation. The size of each node is proportional to the relative abundance; the thickness of each connection between two nodes is proportional to the value of Spearman's correlation coefficients. Red lines represent significant positive correlations, and green lines denote negative correlations.



Table 6. Topological properties of co-occurrence network.
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DISCUSSION

Because of the issues of antibiotic-resistant bacteria and antibiotic-residual animal products, many countries have forbidden the use of antibiotics in animal husbandry (4). As an emerging green antibiotic substitute, probiotics are thought to be beneficial for the animals' health by maintaining the presence of beneficial microorganisms, enhancing digestive capacity, improving the mucosal immunity, and inhibiting pathogen adherence in the intestine (21, 22). Previous studies had reported that probiotics administration achieved a better effect on broilers' growth-related matrices than antibiotic administration (23–27). However, the beneficial effects of probiotics instead of antibiotics on broilers' growth performance are not always consistent, which are dependent on specific probiotic strains, the concentrations used, and the feeding stage of animals (28, 29). Many scientific literatures also documented that as an AGP alternative, probiotics had a similar effect on improving growth performance and gut health (8, 9, 21). In the current study, antibiotic-added basal diet was used as a control group to simulate the commercial intensive rearing mode, and a similar effect on the growth-related matrices of birds was observed in the two groups, which might imply that SC06 administration instead of antibiotics could bring similar economic benefits in the industrial farming of broilers.

Oxidative stress reflects an imbalance between the production of ROS (free radicals) and antioxidants, which leads to cellular dysfunctions and cell death (30). The major antioxidant defense system of the host is composed of antioxidant enzymes and biological antioxidants, of which T-AOC and SOD are the most important (31, 32). The elevated T-AOC capacity and SOD activity reflects the increase of antioxidant capacity (33). Liver redox environment is critical for the functions of the organ in nutrient digestion, so the redox status of the liver is vital for host health (34). In poultry husbandry, oxidative stress is ubiquitous, which restricts the growth performance of broilers (35, 36). There were several researches that demonstrated that probiotics could serve as a natural antioxidant to protect the host against oxidative stress-induced damage (37–39). Our results found that the T-AOC capacity and T-SOD activity in liver were significantly enhanced in the SC06 group, which is consistent with the previous findings that probiotics played a beneficial role in oxidative defenses (9, 40, 41).

Digestive enzymes play an important role in the digestion of nutrients into smaller nutrient molecules to facilitate the absorption by the host. Previous studies showed that probiotics had a positive effect in promoting intestinal digestive enzyme activities of broilers (42, 43). However, the positive results are not always consistent. Some literatures also found that probiotics did not affect the activities of intestinal digestive enzymes of broilers (44). The current study showed that probiotic SC06 significantly enhanced the activities of trypsin, AMS, and Na+K+-ATPase, while it markedly decreased lipase, γ-GT, and maltase activities in the ileum of broilers. These findings indicated that SC06 might play a biased beneficial role in degrading feed proteins and long-chain starch into smaller peptides, amino acids, short-chain dextrin, maltose, or glucose in order to be easily absorbed by the intestinal mucosa (45).

In the poultry industry, the immunosuppression induced by overcrowding, stress, and pathogenic infections can result in serious reductions in birds' growth performance, quality of poultry products, and economic benefits (46–48). Therefore, induction and maintenance of a proper level of immunologic function are vital for broiler healthy growth (23). Inflammatory cytokines secreted by the immune system play a key role in preventing against bacterial or viral infectious diseases and balancing the immune homeostasis (49). The pro-inflammatory cytokines (IL-6, TNF-α) and anti-inflammatory cytokines (IL-10, TGF-β) are key inflammatory cytokines that endorse cell-mediated immunity and regulate cytokine secretion homeostasis (50, 51). Many documents reported that probiotics could modulate host immune function (52, 53) and have been widely used in animal and human in order to enhance the disease resistance capacity (54, 55). As a natural immune modulator, probiotics could improve the immune response of broilers by increasing inflammatory cytokines and thus protect broilers against pathogens, coccidia, viruses, and stress (56, 57). In the present study, probiotic SC06 significantly increased the anti-inflammatory cytokine (IL-10) and decreased the pro-inflammatory cytokines (IL-6 and TNF-α) in the ileum, which implies that probiotic SC06 could be used as a potential immune modulator to regulate the intestinal immune function of broilers.

One of the most important functions of the intestinal mucosa is to act as an intestinal epithelial barrier that consists of the tight junction, adhesion belt, and desmosomes (58). The intestinal epithelial barriers play a vital role in resisting invasion of pathogens and the maintenance of mucosal homeostasis (59, 60). Many studies have reported that supplementation with probiotics improved the intestinal ultrastructure of broilers (35, 61). Similarly, we also found that SC06 treatment enhanced the intercellular connectivity in ileal mucosa, as evidenced by longer tight junctions and adhesion belts, indicating that SC06 could improve the intestinal epithelial barriers of broilers.

Gut microbiota plays an important role in the digestive tract of animals (62). The composition of the intestinal microbial community is greatly influenced by dietary interaction (63). Previous studies have demonstrated that dietary probiotics have a positive effect in modulating the intestinal microbiota (21, 23, 64). Supplementation with probiotics could promote the presence of beneficial bacteria and reduce potential harmful bacteria populations in the intestinal tract of chickens (65, 66) and reestablish pathogen-induced intestinal microbial dysfunction (67). In the present study, dietary SC06 mainly increased the alpha diversity indices in the jejunum, ileum, and cecum, indicating that SC06 improved the microbial diversity of the above intestinal segments. LefSe results showed that SC06 induced differentially enriched bacterial species at different taxonomic levels, especially in the cecum. The SC06 group was totally enriched with 51 biomarkers (microbial taxa) in the duodenum, jejunum, and cecum, most of which belonged to Firmicutes, Proteobacteria, and Bacteroidetes. We further found that among the identified 68 biomarkers (microbial taxa) in the two groups, 11 biomarkers were calculated to be significantly different between the two groups by Welch's t-test analysis. Dietary SC06 significantly increased the abundances of Bacteroidetes, Bacteroidales, Bacteroides, Fusobacteria, Clostridiaceae, and Veillonellaceae in the cecum. Bacteroides genus can metabolize a variety of plant- and animal-derived glycans and improve the immune function and mucosal barrier function of animals (68, 69). It is reported that Fusobacteria activate the inflammatory responses of the host to protect against pathogens that promote tumor growth (70). Clostridiaceae mediates starch breakdown and lactic acid fermentation (71) and is one of the three key families in dogs to digest the intestinal protein and energy (72). Veillonellaceae was reported to produce high levels of the short-chain fatty acids (acetate and propionate) (73). Simultaneously, SC06 treatment decreased the abundances of Planococcaceae in the duodenum, Microbacteriaceae in the jejunum, and Lachnospiraceae and Ruminococcus in the cecum. Planococcaceae family previously was described in association with vertebrate carrion (74). Lachnospiraceae was reported to increase in patients with non-alcoholic fatty liver disease (75). It was reported that antibiotic (zinc bacitracin) treatment increased the relative abundance of Ruminococcus, but the role of this genus in broilers remains to be further investigated (76, 77). The above results implied that SC06 supplementation may exert beneficial effects on modulating the intestinal microbiota of broilers.

Finally, the co-occurrence network analysis was employed to investigate microbial interactions. In this study, we found that the values of edges and average degree of the microbial networks in the SC06 group were higher than those in the control group in the different intestinal segments, suggesting that SC06 treatment increased the connection among the intestinal microbiota (78). The modularity values of all the co-occurrence networks in the two groups in different intestinal segments were higher than 0.4, suggesting that these microbial networks had a modular structure (79). Additionally, negative connection of the network in the SC06 group was less than that in the control group in the jejunum and ileum, which could be interpreted as a reduction in competitive relationships within the intestinal microbiota (80).



CONCLUSION

In conclusion, B. amyloliquefaciens SC06 instead of antibiotics is beneficial for the health of broilers by improving the antioxidant capacity of the liver, digestive function and immune response of the intestinal mucosa, and intestinal epithelial barrier and modulating the intestinal microbiota. However, further investigations about the involved and interacted roles of gut microbiota in SC06-mediated benefits are needed.
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Xylanase enzymes and other feed additives are being used more commonly in poultry feed to reduce feed cost, improve performance, and maintain gut health. Five corn-soy-based dietary treatments were designed to compare the effect of different inclusion levels of high-efficiency GH11 xylanase on live performance, gut lesions, and Clostridium perfringens excretion in littler samples of broiler chickens. Diets were the standard diet (positive control; PC); a diet of reduced energy by 130 kcal/kg diet (negative control; NC); NC with xylanase at 10 XU/g of feed (NC + 10); NC with xylanase at 12.5 XU/g of feed (NC + 12.5); NC with xylanase at 15 XU/g of feed (NC + 15). Data were analyzed with one-way ANOVA. At 42 d, birds fed NC + 12.5 and NC + 15 were heavier (P < 0.05) than NC and comparable improvement to birds fed PC. Significant Improvement in FCR (P = 0.0001) was observed from 1 to 42 d for NC + 12.5 and NC + 15 compared with NC. Supplementation of xylanase reduced (P < 0.005) 21 d intestinal lesion score at 21 d with further improvement (P < 0.0001) at 42 d. NC + 15 reduced lesion scores by 24% compared with NC. Xylanase supplementations reduced litter C. perfringens cell forming unit per gram (CFU/g) compared with NC with the highest reduction of NC + 15 treatment by ~27%. In conclusion, xylanase can be included in reduced-energy diets up to 15 XU/g of feed to improve live performance, energy digestibility, and reduce intestinal lesion scores in broilers.

Keywords: xylanase, performance, lesion score, digestibility, broiler


INTRODUCTION

Providing adequate quantities of animal protein to meet the demands of a continuously growing population requires that livestock producers must increase the production efficiency of farm animals. This can be achieved through improved genetics, management, and nutrition. Furthermore, feed ingredient prices continue to increase, resulting in minimizing the profit for the producers and forcing them to seek cheaper alternative ingredients, typically of lower quality and higher fiber content (1).

Feed composition plays an important role in efficiently providing birds with the required nutrients for maintenance and growth. It is well-known that various feed ingredients have anti-nutritional factors that would either negatively affect digestion, or trap nutrients within their cell wall structure, making them unavailable for the bird to digest and utilize (2, 3) simply because the bird lacks the endogenous enzymes needed to hydrolyze these structures (4, 5). In cereal grains, such as wheat and barley, and in legumes, such as soybeans, the presence of non-starch polysaccharides (NSP) and lignin fiber reduces the extent of digestion and absorption of nutrients by broilers due to increased digesta viscosity (6), as well as encapsulating nutrients within the cell wall structure. Furthermore, birds, especially at a young age, lack the enzymes required to hydrolyze these fibers; arabinoxylan, β-glucan, cellulose, and the non-carbohydrate component lignin are the predominant polymers in cereals. Several commercially available exogenous enzymes have been proven to increase the digestibility of poorly digested cereals to a much greater extent than well-digested cereals (7–10); however, to achieve the maximum improvement in NSP hydrolysis, multiple enzymes may be needed depending on the ingredients used in a diet to hydrolyze the various fibers resulting in an improved energy recovery. Another approach is to feasibly maximize hydrolysis through targeting the most abundant fraction of the NSP in a specific diet by selecting the most effective enzyme for that fiber fraction. Arabinoxylans are the predominant NSP in corn compromising ~5% of the DM (11, 12) and ~50% of the total carbohydrate fraction (13). This fraction can be hydrolyzed by a glycoside hydrolase (GH); the forms most commonly found commercially belong either to the GH10 or GH11 families (14). The GH11 xylanases usually have a larger active site, and they are more substrate specific (14), and degradation produces short-chained oligosaccharide subunits that act as prebiotics for the beneficial bacteria in the gut (15). It has been shown that adding xylanase to poultry diets improves nutrient utilization by increasing its digestibility as well as alleviating the negative effect of many anti-nutritional compounds that the animal cannot digest (16, 17). Furthermore, xylanase has been shown to have a protective effect on the intestinal mucosa barrier to alleviate the negative effect of Clostridium perfringens infection in 21 d old broilers (18). However, few studies have focused on the effect of GH11 xylanases on performance and gut health of broilers.

Therefore, the objective of this study was to evaluate the efficacy of different inclusion rates of high efficiency GH11 endo-1,4-β-xylanase, on live performance, gut lesions, and Clostridium perfringens excretion of broiler chickens fed standard corn-soy diets reared under typical broiler production conditions.



METHODS AND MATERIALS

Practices conducted during this trial were in compliance with the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (19).


Experimental Design

A total of 2,080 Ross 708 mixed sex 1-day-old broilers were obtained from a commercial hatchery and placed in floor pens to evaluate the effect of different xylanase inclusion rates on live performance, severity of gut lesions, and Clostridium perfringens excretion of broiler chickens fed standard corn-soy diets. Birds were reared under typical broiler production conditions without any imposed microbial challenge except for what was naturally occurring in the used litter. The experiment was conducted in a completely randomized design and consisted of 5 experimental treatments with 8 replicate floor pens per treatment, each containing 52 chicks and were reared to day 42 of age.

Chicks were reared on used litter topped with fresh pinewood shavings in floor pens (3.05 × 1.52 m) with a minimum of 0.08 m2 per bird, provided age-appropriate environmental conditions, and given ad libitum access to feed and water. The lighting program included continuous light for the first week (>3 foot candle), then dimmed to 1 foot candle for the remainder of the trial.



Experimental Diets

Diets were formulated to either meet or exceed the NRC (20) and Ross Broiler Management Handbook (21) requirements for broilers. Three phases were provided: starter (0–21 d), grower (22–35 d), and finisher (36–42 d). The 5 dietary treatments consisted of (1) Positive Control (PC), a standard diet formulated at normal dietary energy level; (2) Negative Control (NC), a standard diet formulated at 130 kcal/kg lower than PC; (3) NC with xylanase at 10 XU/g of feed (NC + 10); (4) NC with xylanase at 12.5 XU/g of feed (NC + 12.5); and (5) NC with xylanase at 15 XU/g of feed (NC + 15). Energy reduction in NC was achieved by adding soy hulls. The xylanase is a GH11 endo-β-1,4-xylanase; a glycosidase that hydrolyzes 1 → 4-β-D-xylosidic linkages in xylan, it is produced by fermentation of a Komagataella phaffii microorganism expressing a gene coding for the xylanase enzyme. One unit of endo-1,4- β-Xylanase activity (XU) is defined as the amount of enzyme needed for the release of one nanomole of reduced sugars (xylose equivalents) per second from 0.5% xylan at 50°C in 50 mM trisodium citrate buffer pH 6.0. All diets were corn-soybean meal-based (Table 1). Inclusion levels were consistent at all phases of diet to achieve the activity unit of xylanase in each treatment.


Table 1. Composition and nutrient content of experimental diets.
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Data Collection
 
Live Performance

Live performance measurements were taken at placement and at 21, 35, and 42 days of age. Mortality was recorded daily. Body weight (BW), body weight gain (BWG), feed consumption (FC), feed conversion ratio (FCR) adjusted for mortality, BW coefficient of variation (CV; flock uniformity), and percent mortality were determined.



Apparent Metabolizable Energy

At both 19 and 40 d of age, digestibility of apparent metabolizable energy was estimated in four randomly selected birds per pen (two males and two females). Birds were moved to raised-wire cages, and both feed consumption and feces were collected for 3 days. Feces were pooled, processed, and analyzed for dry matter, gross energy, and nitrogen. Feed was also analyzed for dry matter, gross energy, and nitrogen. The following calculations were used to determine apparent metabolizable energy (AME) and nitrogen corrected (AMEn):

[image: image]

Where FC = feed consumed; GEfeed = gross energy of feed; DMfecal = fecal dry matter; GEfecal = gross energy of feces; NR = nitrogen retention, where NR = (FC × feed nitrogen) − (DMfecal × fecal nitrogen).



Intestinal Lesion Score

At 21 and 42 d of age, four birds total (two from each sex) per pen were randomly selected and tested for intestinal lesions in the small and large intestines as an indicator of necrotic enteritis that could have naturally occurred without any challenge. Lesions were scored based on the presence and/or severity of any intestinal lesions using modified method of Dahiya et al. (22). Lesions were scored using a scale from 0 (no lesions found) to 4 (diffused necrosis typical of field cases).



Clostridia Perfringens Excretion

Litter samples were analyzed for Clostridium perfringens (C. perfringens) as an indicator of environmental pathogen load and excretion of C. perfringens. Cell forming units of C. perfringens (CFUs) per gram of litter was determined prior to placement, at 21 and at 42 days of age following procedure described in FDA BAM, Ch 16 in quadruplicates of 25 grams of litter after homogenizing in 225 ml of peptone diluent (0.1% peptone) and diluting 10-fold, then plating on Tryptose-sulfite-cycloserine agar (TSA) plates. Plates were incubated under anaerobic conditions at ~35°C for ~24 h. Colonies were counted using dilution plates with ~20–200 CFUs. Data was expressed as log10 per gram.



Statistical Methods

Data were analyzed with one-way ANOVA in a completely randomized design (CRD) with five dietary treatments and eight replicate pens per dietary treatments. The general linear model of Statistical Analysis System (SAS Institute, Cary NC 2017) was employed. Means were separated by LSMEANS. Superscripts were determined based on PDIFF values. Live performance data were analyzed using pen as the experimental unit, while individual birds were considered the experimental units for microbial load and lesion scores with 32 birds per dietary treatment. Means were considered significantly different at P ≤ 0.05. The Shapiro-Wilk test was used to calculate the normality of mortality and uniformity data, while the Kruskal-Wallis test was used for analysis of lesion scores.





RESULTS AND DISCUSSION


Live Performance

Live performance results are shown in Table 2 (FC, BWG, FCR, mortality, and CV of BW). There was no significant difference in FC among treatments; however, BWG increased with the increase in the xylanase inclusion rate from 1 to 42 d. Compared with the NC, the increases in BWG for the xylanase doses of 10, 12.5, and 15 XU/g feed were 34, 71, and 98 g, respectively. The improvement in BWG corresponded to improvement in FCR of 2, 4, and 5 points with adding xylanase to NC at 10, 12.5, and 15 XU/g feed, respectively, compared with NC. The same improvements in broilers at 18 days were reported when different doses of xylanase (0, 1,875, 3,750, and 5,625 XU/kg xylanase) linearly increased BWG and improved FCR (23). Similarly, Olukosi et al. (24) demonstrated that graded levels of xylanase improved broiler growth performance. Saleh et al. (25) reported that feeding low energy diet (90 kcal/kg) reduced BWG, while adding xylanase increased BWG and improved FCR. Similar results were also reported by Nusairat and Wang (17) in broilers. Furthermore, Ravn et al. (26) showed that the addition of a xylanase and arabinofuranosidase combination improved duodenum villi length; an indicator of enhanced growth performance of the broilers. The coefficient of variation (CV) calculation of individual BW data was analyzed at d 0, 21, 35, and 42 of age as an indicator of flock uniformity. All CVs for BW were <10% at 35 and 42 d of age indicating that birds' growth was uniform. Mortality was not affected by treatments. Overall mortality in the entire trial was <3%. As the xylanase activity increased, performance was improved. Digesta viscosity was not measured in this trial; however, this improvement could probably be due to the action of xylanase on degrading the non-starch polysaccharides (NSPs), thus reducing digesta viscosity as well as minimizing the caging effect NSPs have on other nutrients blocking endogenous enzymes from working on them (6, 27).


Table 2. Least-squares means for feed consumption (FC), body weight (BW), body weight gain (BWG), feed conversion ratio (FCR), mortality, and BW coefficient of variation for broilers raised to 42 d.
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Apparent Metabolizable Energy Corrected for Nitrogen (AMEn)

Results for AMEn measured at 21 and 42 d of age are presented in Table 3. Reducing 130 kcal/kg of dietary energy in the NC compared to PC significantly reduced AME and AMEn digestibility of NC. At both 21 and 42 d, xylanase supplementation to NC diets improved AME and AMEn. The AMEn at 42 d of age was improved by 41, 79, and 112 kcal/kg when xylanase was added to NC at 10, 12.5, and 15 XU/g, respectively. These results are in agreement with Liu and Kim (23) who reported that supplementation of different xylanase doses increased gross energy digestibility in broilers. Cowieson and Ravindran (28) also demonstrated that adding an enzyme cocktail that included xylanase at 300 U/kg of feed to broiler diets improved AME. By xylanase enzyme action on the NSPs, additional nutrients, mainly energy, become available for the bird to utilize, leading to improved digestibility.


Table 3. Apparent metabolizable energy corrected for nitrogen (AMEn) of broilers raised to 42 d.
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Lesion Score

Table 4 shows that lesion scores at 21 d were similar between PC and NC and were significantly higher than NC + 15 treatment. Lesion scores in general were lower at 42 d, indicating less severe lesions. However, the same trend persisted with NC + 15 having a lower lesion score compared with PC and NC, indicating that the severity of intestinal lesions was not affected by the level of dietary energy but rather by the xylanase level of inclusion. Supplementation of xylanase reduced (P = 0.0001) 42-day lesion scores by 13, 14.7, and 24% for NC + 10, NC + 12.5, and NC + 15 compared with NC, respectively. These results are in agreement with the findings of Nusairat et al. (29) that xylanase at 15 XU/g of feed reduced lesion score at 21 and 42 days of age. There was no imposed C. perfringens challenge implemented in this trial; however, birds were raised on used litter, which could potentially contain Clostridia and other pathogens. Xylanase helped in ameliorating the negative effect of naturally occurring Necrotic Enteritis probably by mainly reducing the amount of nutrients available to pathogens in the hindgut and environment as well as providing prebiotics of the short units of xylooligosaccharides (XOS) required to support the growth of beneficial bacteria, which ultimately aid in creating a healthy microbiota in the gut.


Table 4. Least-squares means for intestinal lesion scores of broilers raised to 42 d.
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Clostridia perfringens Excretion Over Time

The abundance of C. perfringens present in litter is shown in Figure 1 and expressed as log10(x) per gram of litter. Litter samples from each pen were enumerated for its C. perfringens counts prior to placement, and at 21 and 42 d. Counts remained relatively constant for PC and NC throughout the trial; however, adding xylanase to NC reduced (P < 0.05) C. perfringens counts by ~28% compared with control diets. This could be caused by a reduction of nutrients in the hind gut that could be utilized as source of food for pathogen such as C. perfringens leading to subsequently improving the intestinal integrity and reducing the lesion score and thus reduce the load in the litter at 21 and 42 days of age as xylanase dose increased.


[image: Figure 1]
FIGURE 1. Clostridium perfringens in litter samples collected at 0, 21, and 42 d. Experimental diets. 1PC, positive control; NC, negative control with ME 130 kcal/kg lower than PC; NC + 10, NC with xylanase at 10 XU/g of feed; NC + 12.5, NC with xylanase at 12.5 XU/g of feed; NC + 15, NC with xylanase at 15 XU/g of feed (0 d: P > 0.05; 21 d: P ≤ 0.05; 42 d: P ≤ 0.05).


From these findings it can be concluded that xylanase can improve the nutritional value of corn-SBM based diets, and improve performance, intestinal gut health, and reduce pathogen load in the litter. The concentration of substrate and different feed ingredients in the diet may aid in determining the proper xylanase dose to use. In this study, a supplement of 15 XU/g provided the greatest improvement of body weight gain and lesion scores numerically but was statistically comparable to a dose of 12.5 XU/g. However, energy digestibility improved as the xylanase dose increased. Close attention should be paid to using the right dose of xylanase to optimize economic outcomes, availability of ingredients, and their prices.
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The present study evaluated the effect of administration of a water applied prebiotic on gut barrier failure (Experiment 1) and performance in broiler chickens under commercial conditions (Experiment 2). Experiment 1, one thousand four hundred and forty day-of-hatch Ross broiler chickens were assigned to one of two experimental groups (n = 30 replicate pens/treatment; n = 24 chicks/pen). Birds in the treated group received the prebiotic orally in the drinking water (0.2ml/bird) on days 3 and 17 of age. The second group served as the untreated control group. On d 18, intestinal samples were analyzed by qRT-PCR to determine the expression of MUC2, IL-8, TGF-β4, and ZO-1. On d 17, d 28, and d 35 blood samples were collected to determine circulating endotoxin levels. On d 28, mucosal intestinal scrapping was collected to measure relative total sIgA levels. At d 42, liver samples were collected to evaluate liver bacterial translocation. In Experiment 2, the prebiotic was evaluated in two commercial trials. Chickens were raised under normal production conditions and fed a 3-phase commercial basal diet with enramycin (7 g/ton). In Trial 1, 8,974,237 broiler chickens were treated with the prebiotic. The prebiotic was administered in the drinking water (0.2 mL/bird) following the manufacture label instructions at day three and seventeen of life. Production parameters were compared to historical information from the company over the same broiler operation and production cycles. For trial 2, 921,411 broiler chickens were treated with the prebiotic as in Trial 1. In Experiment 1, treated chickens showed a significant (P < 0.05) increase in mRNA expression of MUC2, TGF-β4, IL-8, ZO-1, and sIgA, but a significant reduction of serum endotoxin levels and incidence of liver lactose positive bacterial translocation when compared to non-treated chickens. In both trials of Experiment 2, a significant reduction in total mortality was observed in the treated chickens when compared with the historical farm data. Economic analysis utilizing the total percent of mortality revealed a $1: $2.50 USD and $1: $4.17 USD return for Trial 1 and Trial 2, respectively. The results suggest that the prebiotic positively influences gastrointestinal integrity and performance.

Keywords: prebiotic, broiler chicken, immunomodulator, intestinal integrity, performance


INTRODUCTION

The primary functions of the gastrointestinal tract are limited to digestion and absorption of nutrients and water is a statement used frequently. However, nothing can be further from the truth. Today, the enteric nervous system, consisting of over one hundred million neurons, is considered the “second brain” of animals (1). The gut-associated lymphoid tissue (GALT) contains over 70% of the total immune cells of the body and about 80% of all plasma cells, which are primarily immunoglobulin A (IgA)-producing cells. (2). Furthermore, the gastrointestinal tract microbiota complements the biology of metazoans, and is considered another “organ” within the intestine with the number of microbial cells out numbering total number of somatic cells and genes in a proportion of 10:1 (3–5). The astonishing neuroendocrine network between the central nervous system, the enteric nervous system, the intestinal microbiota and the GALT, have a substantial impact on the fragile intestinal epithelial barrier. This barrier, consisting of a single layer or enterocytes, with its intercellular tight junctions (TJ), controls the balance between tolerance and immunity to non-self-antigens (6–8).

Advances in molecular biology, analytics, and data science have helped the scientific community gain a deeper understanding of the interactions between nutrition, the microbiota, and the immune system (6). In parallel, the global trend to reduce antibiotic growth promoters (AGP) in the poultry industry has gathered momentum (9). Currently, the world's population is more conscious than ever about diseases associated with animal production, especially the zoonotic diseases that affect public health. There is a continual emphasis on antibiotic resistance associated with these potentially zoonotic microorganisms, many of which influence human medicine. These consumer concerns have forced governments to create new regulations and address replacing antibiotics with alternatives that provide similar benefits but do not pose the same public health risks (10). These trends supported the development of a novel water applied prebiotic (Gamaxine®). The concept of prebiotics developed in response to the notion that nondigestible food ingredients (e.g., nondigestible oligosaccharides) are selectively fermented by one or more bacteria known to have positive effects on gut physiology (11). Bacteria fed by a preferential food substrate have a proliferative advantage over other bacteria. Some prebiotics have shown to selectively stimulate the growth of endogenous lactic acid bacteria (LAB) in the gut to improve the health of the host (12). In this notion, prebiotics may have more benefits compared with live cultures that provide beneficial health properties to the host (probiotics), in that prebiotics stimulate commensal bacteria which have adapted to the environment of the gastrointestinal tract (13). Prebiotics have been reported to enhance host defense and reduce mortality of birds caused by the invasion of gut pathogens (14–17). The mechanism by which prebiotics exert this feature remains less elucidated, but it is likely that the capacity of prebiotics to increase the number of LAB in the gut may aid the competitive exclusion of pathogens from the gastrointestinal tract of birds (12). The increased production of short chain fatty acids with the administration of prebiotics resulting in increased intestinal acidity may also contribute to the suppression of pathogens in the gut of chicken (18). Prebiotics have also been reported to enhance the immune response of chicken (19). The most common prebiotics used in poultry are oligosaccharides, including inulin, fructooligosaccharides (FOS), mannan-oligosaccharides (MOS), galactooligosaccharides (GOS), soya-oligosaccharides (SOS), xylo-oligosaccharides (XOS), pyrodextrins, isomaltooligosaccharides (IMO), and lactulose (20, 21). Studies have confirmed that prebiotic selectively modify the colonic microflora and can potentially influence gut metabolism, digestion and absorption of nutrients (22–24). Further, the use of intact, or components, of the Gram-positive bacteria, Bacillus subtilis, has shown to have positive effects on intestinal barrier integrity, reduce inflammatory signals, promote intercellular junctions, and improve animal performance (25–28). Several studies have confirmed that the use of prebiotics in poultry diets improve performance and reduce food borne pathogens (29–32). However, no studies have evaluated the delivery of a Bacillus subtilis-based prebiotic in the drinking water and its economic impact under field trial conditions. Hence, the objectives of the present study were to evaluate the effect of this novel water applied prebiotic on gut barrier failure and performance in broiler chickens under large scale commercial conditions.



MATERIALS AND METHODS


Prebiotic

Gamaxine® (BV Science, Inc. Lenexa, KS 66219) is a water applied prebiotic made up of Bacillus subtilis cells and fermentation products, yeast cell wall components, and mannan-oligosaccharides (MOS). After fermentation, Bacillus subtilis is chemically inactivated. The proteinaceous structural components of the bacteria and the metabolites secreted during the fermentation are combined with yeast cell wall components, and mannan-oligosaccharides (MOS) in a proprietary formulation for delivery via drinking water.



Experiment 1. Evaluation of the Prebiotic on Body Weight Gain, Feed Conversion Ratio, Mucosal Cytokines Response, Serum Endotoxin Levels, Liver Bacterial Translocation, and Total Mucosal sIgA in Broiler Chickens

This experiment was conducted at the experimental farm of Bioinnovo in Buenos Aires, Argentina. The broiler barn is an open-sided 600 square meter facility with a concrete floor, 60 (2 × 2m2) pens with individual waterers and feeders. Heat is provided via air heaters and the facility has six cooling/exhaust fans. In this study, each pen contained 15 cm of wood shavings [50% reused litter (from negative control pens only) and 50% new wood shavings] to simulate commercial conditions. One thousand four hundred and forty day-of-hatch Ross male broiler chickens were individually tagged, weighed, and randomly assigned to one of two experimental groups (n = 30 replicate pens/treatment; n = 24 chicks/pen) in this experiment. Birds in the treated group received the prebiotic orally in the drinking water (0.2 ml/bird) on days 3 and 17 of age. The second group served as the untreated control group. On d 18, 24 h after the second dose of prebiotic, individual intestinal illeal samples were collected (n = 10/group), total RNA isolated and analyzed by qRT-PCR to determine the expression level of mucin 2 (MUC2), interleukin 8 (IL-8), transforming growth factor β4 (TGF-β4) and zonula occludens-1 (ZO-1). On d 17, d 28, and d 35 blood samples were collected (n = 25/group) to determine circulating endotoxin levels (lipopolysaccharides). On d 28, mucosal intestinal scrapping was collected to measure total sIgA in the gastrointestinal tract (n = 25/group). Upon the experiment's conclusion, d 42, liver samples (n = 15) were collected to evaluate liver bacterial translocation. At each sampling time, one chicken was randomly selected from the 30 replicate/treatment.


Mucosal Cytokine mRNA Expression Measured by qRT-PCR

Briefly, a 10 cm section of the ileum starting ~2 cm above the ileo-ceca junction was collected and rinsed with ice-cold phosphate-buffered saline (pH 7.4) and cut open to scrape mucosa using RNase-free glass slides into 2-mL RNase and DNase-free sterile tubes. The mucosal scrapings were placed on ice and then transferred to −20°C for storage until total RNA isolation. Total RNA was isolated using Qiagen RNeasy (Qiagen 74104), Qiagen Qiashredder columns (Qiagen 79654), and RNase-Free DNase Set (Qiagen 79254) according to manufacturer's suggested protocols. 50 ng of total RNA was converted into cDNA using BioScript All-in-One cDNA Synthesis Kit (Biotool B24403) according to the manufacturer's directions. The relative mRNA levels of the genes of interest were measured by quantitative polymerase chain reaction using Biotool 2x Probe qPCR Syber Green Master Mix (Biotool B21202) Applied Biosystems Step-One Plus (RT) PCR System. Table 1 shows the four primers used as biomarkers to evaluate gut barrier function according to Chen et al. (33). All primers were verified for the efficiency and linearity of amplification (33). Expression of the genes can either be upregulated in which the results will be greater than one or downregulated in which the results would be less than one as described by Livak and Schmittgen (34). For each gene of interest, an unpaired Student's t-test was used to compare the ΔCt for the prebiotic treated vs. untreated samples. The null hypothesis (no difference is geometric means of groups) was rejected at α ≤ 0.05. The ΔΔCt method (2−ΔΔCT) was used to calculate the relative gene expression between the prebiotic treated and untreated groups.


Table 1. List of primers used for qRT-PCR.
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Lipopolysaccharides Measurement

Bacterial endotoxin in chicken serum was quantified as an indirect measure of circulating lipopolysaccharides using the reagents supplied in the Endpoint Chromogenic Limulus Amebocyte Lysate Assay Kit QCL1000 (Lonza, Allendale, NJ, 07401) following the manufacturer's supplied instructions. In brief, blood was collected from chickens by wing vein puncture into a sterile tube, allowed to clot overnight at room temperature, centrifuged, and the serum removed and stored in a sterile, endotoxin-free microcentrifuge tube at −20°C until assayed for endotoxin. Microplates were pre-equilibrated to 37°C, while the endotoxin standard curve was prepared using the standard and reagents supplied in the kit. While leaving the microplate at 37°C, 50 μl of either the standard or serum samples were added to the appropriate wells of the microplate in duplicate. 50 μl of Limulus Amebocyte Lysate reagent water was additionally added in duplicate to wells as an absorbance control blank. Next, 50 μl of Limulus Amebocyte Lysate, previously prepared, was added to each well, and the side of the plate repeatedly tapped to facilitate mixing. The microplate was covered and incubated for 10 min at 37°C. Following incubation, 100 μl of chromogenic substrate solution, which has been prewarmed to 37°C was added to each well and incubated for an additional 6 min at 37°C. After incubation, 100 μl of stop reagent was added to each well and mixed. Each well's absorbance was then measured at 405–410 nm using a Biotek microplate reader. Mean values representing a change in absorbance were plotted against known standard concentrations generating a standard curve; sample values were calculated using linear regression analysis.



Liver Bacterial Translocation

To evaluate the presence of Salmonella spp. upon conclusion of the experiment at d 42, chickens were euthanized by cervical dislocation and liver samples (n = 15) were collected aseptically and placed into sterile 50 mL conical tubes containing Tetrathionate Broth (Merck) supplemented with iodine/potassium iodine for enrichment. These tubes were incubated overnight at 37°C, and the next day, samples from each tube were streaked aseptically onto XLD agar (Merck). These plates were then incubated at 37°C overnight and observed the following day for the presence of incidence of lactose negative (Salmonella) bacteria growth.



Relative Quantification of Total Mucosal sIgA (Non-specific)

For the determination of relative intestinal mucosal sIgA, the mucosal layer of a section of the ileum 2.5 cm from the cecal tonsil was cut open to scrape mucosa using RNase-free glass slides into 2-mL RNase and DNase-free sterile tubes. The mucosal scrapings were placed on ice and then transferred to −20°C for storage until total RNA isolation collected, diluted (1:1 [wt/vol]) with sterile saline, vortexed, and placed on ice. The samples were then frozen (−20°C) for storage until analysis. Just prior to use, the samples were vortexed and then centrifuged (1,000 × g for 15 min, 4°C), and the supernatant was used for relative sIgA determination. Mucosal samples were analyzed using components of the Chicken IgA ELISA Quantitation Kit (Bethyl Laboratories) according to the manufacturer's protocol, but the standard was omitted, in duplicate. As there were only two groups, treated (Gamaxine) and untreated, each group represents the respective positive and negative control groups. Equal volumes of mucosal sample from each respective group (Gamaxine-treated birds or non-treated birds) was pooled to create pooled positive and negative controls. Each plate also contained antigen negative wells for background signal determination. The mean absorbance obtained from these reagent blank wells were subtracted from all wells in the plate as a blank correction. The mean absorbances obtained for the pooled (Gamaxine) positive-control, pooled negative-control, and experimental samples were used to calculate sample-to-positive-control ratios using the following calculation: (sample mean – pooled negative-control mean) / (pooled positive-control mean – pooled negative-control mean). Data are presented as group average sample-to-positive-control (S/P) ratios +/− standard error of the mean (SEM).




Experiment 2. Application of the Prebiotic to Improve Production Status in Commercial Broiler Chickens
 
Large-Scale Commercial Field in Brazil. Trial 1

For trial one, the regional complexes for one slaughterhouse from an integrated poultry producer located in Santa Catarina, Brazil was selected for the trial period of May to September 2015. In this trial, 8,974,237 broiler chickens were treated with the prebiotic over three complete production cycles (n = 3,046,024 chickens/production cycle), which included 485 chicken houses. This commercial company uses relevant modern genetics (Cobb, Ross, and Hubbard). However, in this trial, only farms that housed Cobb 500 males were included in both commercial trials. The prebiotic was administered in the drinking water following the manufacturer's label instructions at day three and seventeen of life. Chickens were raised under normal production conditions and fed a 3-phase commercial basal diet with enramycin (7 g/ton) which is the antibiotic growth promotor used by the company. Evaluation of production parameters was done at the end of each grow-out cycle and compared to historical information from the company over the same broiler operation and production cycles from May to September 2014 that included 488 chicken houses. Parameters evaluated included: the age of the birds at processing, final body weight (FBW), feed intake (FI), feed conversion rate (FCR), and total mortality.



Large-Scale Commercial Field in Brazil. Trial 2

For trial 2, the slaughterhouse with the historically worst productive results (FBW, FI, FCR and total mortality) from the same integrated poultry company located in Santa Catarina, Brazil, was selected for the trial period: May to September 2016. In this trial, 85 chicken houses, totally 921,411 broiler chickens were treated with the prebiotic. The prebiotic was administered in the drinking water following the manufacturer's label instructions at day three and seventeen of life. Chickens were raised under normal production conditions and fed a 3-phase commercial basal diet with enramycin (7 g/ton) which is the antibiotic growth promotor used by the company. Evaluation of production parameters was done at the end of each grow-out cycle and compared to historical information from the company over the same broiler operation and chicken farms during May to September 2015 that included 78 chicken houses. Parameters evaluated included: the age of the birds at processing, FBW, FI, FCR, and total mortality.




Economic Analysis of the Large-Scale Commercial Field Trials

The economic analysis to evaluate the impact of the prebiotic under commercial conditions in Trial 1 and Trial 2 was estimated using the following formulas:

Investment = (Number of bottles used) ($12.50 USD unit cost/bottle).

Number of chickens saved = (% difference in mortality between control and treated chickens) (total number of chickens treated)/100 with the prebiotic.

kg of chickens saved = (Number of chickens saved) (average FBW of chickens treated with the prebiotic).

Profit = (kg of chicken saved) ($0.69 internal cost of production per kg).

Cost: Benefit = Profit / Investment.



Statistical Analysis

In Experiment 1, for growth performance parameters: body weight gain (BWG), and FCR, each replicate pen was considered as an experimental unit. Performance parameters, mucosal cytokine mRNA expression by qRT-PCR, serum endotoxin levels and total sIgA, data were subjected to one-way analysis of variance (ANOVA) as a completely randomized design using the GLM procedure of SAS (35). Treatment means were partitioned using Duncan's multiple range test at α ≤ 0.05 indicating statistical significance. The incidence of lactose positive bacteria present in liver samples was compared by a chi-square test of independence at α ≤ 0.001 indicating statistical significance (36). In Experiments 2: Trials 1 and 2, the age at processing and growth performance parameters (FBW, FI, FCR, and total mortality), each chicken house of the complex evaluated, was considered as an experimental unit. All data were subjected to one-way ANOVA as a completely randomized design using the GLM procedure of SAS. Treatment means were partitioned using Duncan's multiple range test at α ≤ 0.05 indicating statistical significance.




RESULTS


Experiment 1. Evaluation of a Prebiotic on Body Weight Gain, Feed Conversion Ratio, Serum Endotoxin, Gram-Negative Liver Bacterial Translocation, and Total Mucosal sIgA in Broiler Chickens

The results of the evaluation of a prebiotic on BWG, FCR, serum endotoxin values, liver bacterial translocation, and total mucosal sIgA in broiler chickens are summarized in Table 2. The birds treated with the prebiotic showed a significant increase (P < 0.05) in BWG (107.96 g) at d 42 when compared to the non-treated controls. Furthermore, chickens treated with the prebiotic showed a significant improvement (P < 0.05) in FCR (1.56 vs. 1.62) when compared with the control group. Serum endotoxin levels (0.80 ± 0.09a vs. 0.21 ± 0.01b) and the presence of coliforms (lactose positive bacteria) in the liver (6.66 vs. 86.66%) were significantly reduced (P < 0.001) in treated chickens when compared with non-treated chickens. Salmonella spp. were not detected in either group. Additionally, total intestinal sIgA levels significantly increased (S/P ratio 2.11 vs. 0.8) in treated compared with non-treated chickens (Table 2).


Table 2. Evaluation of a water applied prebiotic on body weight gain (BWG), feed conversion ratio (FCR), serum endotoxin levels, liver lactose positive bacteria translocation and total mucosal sIgA in broiler chickens in experiment 1.

[image: Table 2]

A significant increase in mRNA expression for MUC2 (+2.6-fold), TGF-β4 (+3.1-fold), IL-8 (+2.3-fold), and ZO-1 (+2.1-fold) was observed in the ileum tissues samples of the prebiotic group compared to the non-treated group (Table 3).


Table 3. Relative mRNA levels of genes in ileum mucosa between control and prebiotic treated broilers chickens in experiment 1.

[image: Table 3]



Experiment 2. Application of the Prebiotic to Improve Production Status in Commercial Broiler Chickens

Table 4 shows the evaluation of the prebiotic on performance parameters in broiler chickens in two commercial trials in Brazil from Experiment 2, Trial 1 and Trial 2. In Trial 1, 9,138,072 broiler chickens were treated with the prebiotic over three complete production cycles. Chickens in those farms treated with the prebiotic had a significant reduction (P < 0.05) in FI (4,971.30 g ± 44.50b vs. 5,132.36 g ± 12.80a); FCR (1.64 ± 0.0023b vs. 1.67 ± 0.0021a) and total mortality (3.83% ± 0.07b vs. 4.42% ± 0.08a) when compared with the non-treated historical parameters of the chickens in the same complex and same genetics (Table 4).


Table 4. Evaluation of a water applied prebiotic on performance parameters in broiler chickens in two commercial trials in Brazil. Experiment 2.

[image: Table 4]

In Trial 2, chickens treated with the prebiotic had a significant reduction (P < 0.05) in total mortality (3.39% ± 0.07b vs. 4.38% ± 0.48a) compared with the historical mortality of non-treated chickens in the same farms and the same genetics (Table 4).

The cost: benefit ratio of the prebiotic product in broiler chickens in two commercial trials in Brazil from Experiment 2, Trial 1 and Trial 2 are summarized in Table 5. Economic evaluation based on the total percentage of mortality revealed a $1: $2.50 USD and $1: $4.17 USD return for Trial 1 and Trial 2, respectively (Table 5).


Table 5. Cost: benefit ratio of a water applied prebiotic product in broiler chickens in two commercial trials in Brazil. Experiment 2, Trial 1 and Trial 2.
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DISCUSSION

The prebiotic evaluated in the present study is composed of yeast cell wall components (MOS), and fermented Bacillus subtilis components. Dietary supplementation of MOS in poultry diets with or without AGP has been shown to have positive benefits in terms of performance, immune modulation, and reduction of pathogens (37–41).

Analysis from the mucosal tissues lining the gastrointestinal tract of chickens in Experiment 1, demonstrated consistent upregulation of the genes involved in innate immunity (TGF-β4), inflammation (IL-8), and intestinal integrity (MUC2 and ZO-1). MUC2 is the most abundant mucin in the intestine, and its deficiency has been reported to increase bacterial translocation and inflammation (42). TGF-β is an anti-inflammatory immune response factor and Bacillus subtilis strains have been shown to upregulate the expression of this cytokine (43). IL-8 is an interleukin associated with the activation of the mucosal innate immune response (44). In addition, chickens that received the prebiotic showed an increase in mucosal levels of sIgA, an essential immune defense molecule specific to the mucosa, considered an important biomarker in gut integrity (45, 46). These results suggest that the molecules present in the prebiotic helped to balance pro-inflammatory and anti-inflammatory responses, hence maintaining gut integrity. Furthermore, chickens that received the prebiotic showed an increase of ZO-1 when compared with non-treated chickens. By increasing the expression of ZO-1, the prebiotic may enhance an animal's ability to withstand this increased luminal pressure, preventing microbial translocation to the circulatory system as was evidenced by a significant reduction in liver lactose positive bacteria translocation and serum endotoxin levels. The liver receives ~70% of its blood supply from the intestine through the portal circulation and is the interface between the intestinal microenvironment and the rest of the body (47, 48). Hence, the liver provides an excellent target to investigate TJ and mucosal integrity and translocation of bacteria by simple microbial plate analysis (49). Hence, through a complex series of physical, physiological, chemical, and biological mechanisms, these systems are interconnected and dynamic; continuously changing based on the situation at any given period.

The results obtained from Experiment 1 showed that the administration of the prebiotic increases total weight gain and improves feed conversion. These results were further confirmed in two commercial trials over multiple production cycles covering a 5-month period (Experiment 2). This approach provided a robust estimation of animal performance results validated at a commercial scale. In Trial 1, the prebiotic significantly reduced FI, FCR, and total mortality compared with the historical data from the company, evaluating the same genetic line. When the prebiotic was tested in those farms with the worst historical record of performance (Trial 2), a significant reduction in total mortality was observed compared with the same historical records of the complex evaluated the previous year. The economic analysis revealed positive outcomes to the poultry company, suggesting that the use of the prebiotic has economic benefits, especially in those farms that, for some reason, have historically bad performance records.

Many companies still use AGP in their commercial operations. The decision to use specific alternative feed additives such as prebiotics is governed by the costs of these products and ease of their applications against their potential benefits to improve production performance and to increase overall profits. If growth performance, feed efficiency and mortality parameters are improved in commercial operations, then the costs of production are likely to be reduced. Moreover, if the chicken flock is better able to resist disease and survive until they are of marketable size, the subsequent cost of medication and overall production costs would be reduced considerably. As far as we know, this is the first study that evaluates the water administration of a prebiotic and its evaluation on performance and economic impact under commercial conditions.

In summary, the results of present study strongly suggest that this novel water applied prebiotic positively influences gastrointestinal integrity and positively influences in wide range of commercial parameters. Some of the limitations of the present pilot study are the number of samples and number of biomarkers used to assess gut barrier failure. Furthermore, microbiomics and metabolomics evaluation are required to generate a more comprehensive detailed understanding of the microbiota and metabolome in the gastrointestinal tract of chickens treated with this novel prebiotic. Studies to confirm and extend the evaluation of more biomarkers and the performance benefits in broiler chickens without antibiotic growth promoters in the diet are on-going.
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Campylobacter jejuni is one of the leading causes of gastrointestinal illness worldwide and is mainly transmitted from chicken through the food chain. Previous studies have provided increasing evidence that this pathogen can colonize and replicate in broiler chicken during its breeding; however, its temporal kinetics in laying hen are poorly understood. Considering the possible interaction between C. jejuni and gut microbiota, the current study was conducted to address the temporal dynamics of C. jejuni in the cecum of laying hen over 40 weeks, with possible alteration of the gut microbiota and fatty acid (FA) components. Following oral infection with C. jejuni 81-176, inocula were stably recovered from ceca for up to 8 weeks post-infection (p.i.). From 16 weeks p.i., most birds became negative for C. jejuni and remained negative up to 40 weeks p.i. 16S rRNA gene sequencing analyses revealed that most of the altered relative rRNA gene abundances occurred in the order Clostridiales, in which increased relative rRNA gene abundances were observed at >16 weeks p.i. in the families Clostridiaceae, Ruminococcaceae, Lachnospiraceae, and Peptococcaceae. Lipidome analyses revealed increased levels of sterols associated with bile acid metabolisms in the cecum at 16 and/or 24 weeks p.i. compared with those detected at 8 weeks p.i., suggesting that altered microbiota and bile acid metabolism might underlie the decreased colonization fitness of C. jejuni in the gut of laying hens.
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INTRODUCTION

Campylobacter jejuni is one of the most reported foodborne pathogens to cause gastrointestinal illness worldwide (1, 2). Similar to the western countries, foodborne campylobacteriosis accounted for 27.0% of the total cases of foodborne gastrointestinal illness reported in 2019 in Japan (3). Several source attribution studies have provided increasing evidence that poultry and poultry products are among the main sources of human campylobacteriosis (4–6), which highlights the necessity to control this pathogen in poultry and poultry products.

The prevention of C. jejuni invasion and spread in poultry farms is recognized as one of the key issues for reducing the incidence of human campylobacteriosis because this pathogen can achieve stable and asymptomatic chicken colonization as commensal microbiota, thereby leading to bird-to-bird horizontal transmission after the invasion of farms (7). Despite the amount of research that has been performed on this subject, it is likely that the source and transmission routes of C. jejuni invasion in broiler farms have farm-to-farm variations (8). Comparatively, many attempts have been made to reduce this pathogen in the broilers during farm rearing using phage therapy (9), feed and/or water supplementation with short- or medium-chain fatty acids (FAs) (10–12), essential oils (13), organic acids (14), and probiotics (15), as practical control measures. These possible effectors are thought to have either direct or indirect bactericidal effects; however, further study would be required to clarify molecular basis of these approaches in terms of reducing Campylobacter in the field.

Chickens as a food source are largely divided into broiler chickens and laying hens. Broiler chickens are rapidly grown to slaughter weight, which is mainly affected by genetic background, digestive efficiency, and energy-use efficiency (16). During broiler chicken breeding, C. jejuni starts to colonize the gut at around 3–4 weeks of age, and then spread in the flocks, thereby becoming a burden at slaughter age (17–19). Similarly, in laying hens, which are used mainly for egg production, C. jejuni also exhibits increased colonization fitness between 0 and 4 weeks post-infection (p.i.) after experimental oral administration (20); moreover, both broilers and laying hens harbor C. jejuni at high percentages in the gut at slaughter age (21). Although laying hens are generally raised for longer periods compared with broiler chickens, the temporal dynamics of C. jejuni colonization in laying hens is not well-understood.

The recent advancements in the application of next-generation sequencing have allowed the investigation of the microbiome in specific organs of various animals. A recent study reported an association between Campylobacter burden and the microbiome in the cecum of broiler chickens (22); i.e., the authors reported a possible association between the decreased abundance of Lactobacillus spp. and high Campylobacter loads, raising questions pertaining to temporality and causation. In addition, Videnska and co-workers found different compositions of fecal microbiota between broiler chickens and laying hens at 30 or 61 weeks of age (23). However, they used chickens bred at different ages under different environments and using distinct feeds. It is likely that the fecal microbiota composition of laying hens varies according to their age; the gut microbiota of young hens are quite complex, whereas those of older hens are simpler and consist mainly of the phyla Bacteroidetes and Firmicutes (24). These observations suggest the alteration of the gut microbiota in laying hens during long-term growth, thus underscoring the need to monitor the temporal characteristics of gut microbiota in laying hens during breeding under similar environmental and feed conditions.

Based on this background, here we examined the dynamics of C. jejuni and microbiota compositions in the cecum of laying hens after experimental infection. After observing the time-to-time differences in the colonization fitness of C. jejuni and microbiota composition between 8 and 16 weeks p.i., we performed comparative lipidome analyses between these time points. Finally, we discussed their possible associations.



MATERIALS AND METHODS


Bacterial Strain and Media

The C. jejuni 81-176 strain was employed as the inoculum in the chicken infection experiment. Bacteria were grown on Mueller-Hinton agar (MHA) or in Mueller-Hinton broth (MHB) (Merck, Darmstadt, Germany) at 42°C for 20 h under microaerophilic conditions using AnaeroPack-MicroAero system (Mitsubishi Gas Chemicals, Tokyo, Japan), unless otherwise indicated.



Chicken Infection Experiment

Two-week-old female specific-pathogen-free (SPF) white leghorn (Line-M) chickens (n = 38 in total) were obtained from Nisseiken (Yamanashi, Japan) and introduced into our animal facility at the ABSL2 level. Animals were fed in sterilized cages ad libitum with sterile water and antibiotic-free pellet diets (CR, Nisseiken) at 25°C with lighting from 9 a.m. to 5 p.m. in biosafety level 2 room. To prepare the bacterial inoculum, C. jejuni 81-176 was microaerobically grown in MHB at 42°C for 20 h using AnaeroPack-Microaero (Mitsubishi Gas Chemicals, Tokyo, Japan). The bacterial culture was then washed twice with PBS, and adjusted to 6.84 log CFU per 1 ml of PBS. One milliliter aliquots of the bacterial suspensions was orally inoculated into each bird via 18G-feeding gavage (Thermo Fisher Scientific, Waltham, MA, USA). At 0, 2, 8, 16, 24, 32, and 40 weeks p.i., five each animals were sacrificed per time point and samples of at least 1 g of cecum content were aseptically collected. Simultaneously, whole blood was collected from animals at 2, 8, 16, and 24 weeks p.i. (two each birds per time point), followed by centrifugation at 3,000 rpm for 5 min, to collect sera. For the control, three animals were fed for 2 weeks after their introduction, and their cecal and serum samples were collected in a similar manner. The numbers of C. jejuni from the cecum samples were enumerated according to the method of ISO 10272-2: 2017 (25).

Experiments utilizing animals were approved by the board of Animal Welfare and Ethical Committee of the National Institute of Health Science with the approval number of 680.



Enumeration of C. jejuni in Chicken Ceca

Campylobacter jejuni 81-176 was enumerated in chicken ceca essentially as described previously (20). Briefly, 1 g samples of fresh cecum were suspended in 9 ml of sterile buffered peptone water (BPW; Merck, Darmstadt, Germany); 1 ml aliquots of the BPW suspension and its serial dilutions were then spread on mCCDA agar plates (Oxoid, Hampshire, UK) and microaerobically incubated at 42°C for 48 h. The number of typical colonies was counted, and at least five suspected colonies per plate were subjected to real-time PCR to confirm C. jejuni, as described previously (26). Fisher's extract test was used to assess the statistical significance of the differences in the number of bacteria between the groups (2 and 8 vs. 16–40 weeks p.i.).



DNA Extraction

Three representative chicken cecum samples were selected at each time point, to exclude the samples with maximum and minimum bacterial counts, and subjected to 16S rRNA sequencing analysis. Aliquots of the BPW suspensions (1 ml) were centrifuged at 21,500 × g for 10 min at 4°C. The pellets were then resuspended in 400 μl of homogenization solution containing 2 μl of proteinase K (Promega, Madison, WI, USA). After incubation at 37°C for 10 min, the samples were vortexed for 5 min with Zirconia beads (ZircoPrep Mini; Nippon Genetics, Tokyo, Japan) on a Disruptor Genie instrument (Scientific Industries, Bohemia, NY, USA). After centrifugation at 11,000 × g for 5 min, 100 μl of each supernatant were transferred into 300 μl of lysis buffer (Promega). DNA extraction was then carried out using a Maxwell Blood DNA kit in a Maxwell RSC instrument (Promega). The concentration and quality of the extracted DNA were measured on a Tape Station 4150 system (Agilent Technologies, Santa Clara, CA, USA), and the samples were stored at −80°C until use.



16S rRNA Gene Sequencing

Barcoded semi-conductor sequencing analysis was performed essentially as described previously (27). Briefly, the 16S rRNA V5–V6 region sequences were amplified from 2 to 4 ng of DNA from each sample by PCR using the primers 799f and 1115r (27). The PCR amplicons were purified using E-gel Size Select 2% (Thermo Fisher Scientific) and Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA). After measuring DNA concentration using the Ion library quantification kit (Thermo Fisher Scientific), equal quantities of tagged amplicons were pooled. The pooled DNA samples (5 pM per sample) were then subjected to the Ion Chef and Ion PGM (400 bases) sequencing platform using a 318v2 chip (Thermo Fisher Scientific), according to the manufacturer's instructions.



Analysis of Microbiome Composition Data

FASTAQ files generated here were processed using the CLC Genomic Workbench ver. 20 (CLC-Qiagen, Aarhus, Denmark) to remove barcode sequences and low-quality sequences, which were defined as sequences with <275 bases, with ambiguous bases and homopolymers >6 bases, or without a barcode and a primer sequence. The 16S gene copy numbers were adjusted to 100,000 per a sample and taxonomical classification was carried out using the RDP pipeline (28) with an 80% confidence threshold. Operational taxonomy units (OTUs) were assigned using the average neighbor algorithm at 99% similarity on the RDP program, and the obtained OTUs which was then subjected to Permutational multivariate analysis of variance (PERMANOVA) test to calculate the statistical significance between three groups (group 1: 0 w p.i., group 2: 2 w and 8 w p.i., group 3: ≥16 w p.i.) by Bray-Curtis dissimilarity index under 10,000 times permutation using in-house program. Calculation of Shannon diversity indexes and Simpson indexes, and principle coordinate analysis (PCoA) were performed using Metagenome@KIN program (World Fusion, Tokyo, Japan) accordingly. All raw sequences were deposited into the DDBJ/GenBank database with accession number DRA009061 in BioProject PRJDB8861.



Cytokine Assay

Semi-quantitative cytokine assays were performed using the RayBio® C-Series Gallus (Chicken) Cytokine Array C1 kit (Raybiotech, Peachtree Corners, GA, USA), according to the manufacturer's instructions. For this assay, two representative serum samples collected from laying hens at 2, 8, 16, and 24 weeks p.i. were used in duplicate sets. Chemiluminescence detection was performed using an ImageQuant LAS 500 system (Cytiva, Marlborough, MA, USA). Densitometrical data analyses were performed according to the guidelines of the manufacturer.



Lipidome Analysis
 
Sample Preparation

Each pair of cecum samples collected at 8 weeks p.i. (samples 8-1 and 8-2), 16 weeks p.i. (16-1 and 16-2), and 24 weeks p.i. (24-1 and 24-2) (two samples per the time point) was subjected to a lipidome analysis. To extract lipids, 0.5 mg from each sample were sonicated in 300 μl of homogenization solution (CHCl3:methanol, = 1:2), followed by vortexing for 20 min at 20°C. The homogenate was then mixed with 20 μl of distilled water and vortexed again prior to centrifugation at 1,670 × g for 10 min at 20°C. The resultant supernatant was used as a sample in the subsequent analysis.



Analytical Equipment and Conditions

Three-microliter aliquots of the above-mentioned supernatants were injected for non-biased lipidome analysis using UPLC (Waters) in combination with Triple TOF 6600 (AB Sciex, Framingham, MA, USA) essentially as described previously (29). Mobile phase A consisted of 1:1:3 acetonitrile:methanol:water (v/v/v) with 5 mM ammonium acetate and 10 nM EDTA. Mobile phase B was 100% isopropanol with 5 mM ammonium acetate and 10 nM EDTA. The LC column was an Acquity UPLC Peptide BEH C18 column (50 × 2.1 mm; 1.7 μm; 130 Å). The gradient was 0 min, 0% B; 1 min, 0% B; 5 min, 40% B; 7.5 min, 64% B; 12.0 min, 64% B; 12.5 min, 82.5% B; 19 min, 85% B; 20 min, 95% B; 20.1 min, 0% B; and 25 min, 0% B. The column flow rate was 0.3 ml/min and the autosampler temperature was 5°C. The column temperature was 45°C. MS was performed on a TripleTOF 6600 system equipped with a DuoSpray ion source. All analyses were performed in the high sensitivity mode for both TOF–MS and product ion scanning. Data-dependent MS/MS acquisition (DDA) was used. The common parameters in both positive and negative ion mode were as follows: collision energy, 45 V; collision energy spread, 15 V; mass range, m/z 140–1,700; temperature, 300°C; and declustering potential, 80 V.




Statistical Analysis

The statistical differences of bacterial numbers among the different age groups (2, 8, 16, 24, 32, and 40 weeks p.i.) were calculated by Steel-Dwass test, and P < 0.05 were considered to be significant. To compare 16S rRNA gene DNA sequence data between 2/8 and 16/24/32/40 weeks p.i., relative abundances were comparatively analyzed by a non-parametric joint ranked Dunn test, and P < 0.05 were considered to be significant. The MS/MS spectra of each fragment ranged from 70 to 1,700 m/z obtained by lipidome analyses were analyzed using the MS-DIAL program and MS-FINDER software (30) to identify and classify lipids. The statistical significance of the differences among the different age groups (8, 16, and 24 weeks p.i.) was calculated by Bonferroni test and P-value of <0.05 were considered to be significant.




RESULTS


Colonization Fitness of C. jejuni in the Cecum of Laying Hens Over a Period of 40 Weeks

After oral infection with C. jejuni 81-176, the inocula were stably recovered from the cecum of laying hens for up to 8 weeks p.i.; the number of pathogens recovered was 7.08 and 6.90 log CFU/g at 2 and 8 weeks p.i., respectively (Figure 1). At 16 weeks p.i., C. jejuni were recovered only from two chickens (40%, 2/5 birds), with average means of 5.18 log CFU/g (Figure 1). At 24, 32, and 40 weeks p.i., C. jejuni was recovered from one out of five birds, at 5.02, 5.65, and 4.30 log CFU/g, respectively (Figure 1). Statistically, there was a significant difference (P = 0.0002) in the recovered bacterial burden between 2 and 8 weeks p.i. (defined as C. jejuni colonizer) and 16–40 weeks p.i. (C. jejuni excluser) (Figure 1). Thus, these data indicate that C. jejuni retained colonization at an early stage, but tended to have a reduced colonization fitness after 16 weeks p.i. in the gut of laying hens.
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FIGURE 1. Temporal colonization fitness of C. jejuni 81-176 in the caecum of laying hens. Each dot (gray) represents bacterial numbers detected per a gram of caecum. Dotted line represents median at each sampling time point. Statistical significance of the differences in the number of bacteria between the groups (2 and 8 weeks p.i. vs. 16–40 weeks p.i.) by Fisher's extract test.




Alteration of the Cecum Microbiome of the Laying Hens

After confirming the alteration in the colonization fitness of C. jejuni in the cecum of the SPF laying hens, their bacterial community structures (n = 3 each at 0, 2, 8, 16, 24, 32, and 40 weeks p.i.) were analyzed using a 16S rRNA gene sequencing approach. The Ion Torrent sequencer output 217,473–333,238 reads, and after filtering, 160,209–235,614 reads were remained (Supplementary Table 1). After normalization to 100,000 valid reads per a sample, a total of 446, 160, 76, 43, and 27 taxa were finally detected at the genus, family, order, class, and phylum levels, respectively, by RDP program. Shannon diversity index showed the increased trend at >16 weeks p.i. (Supplementary Table 1). In contrast, Simpson index resulted in the decreased trends in the means at >16 weeks p.i. (Supplementary Table 1). Permutational multivariate analysis of variance analysis showed the significant differences of the bacterial community between three groups (group 1: 0 w p.i., group 2: 2 and 8 w p.i., group 3: ≥16 w p.i.) at R2 of 0.375 and P-value of 0.0001.


Phylum Level Comparison

Overall, the main bacterial phyla detected in the cecum of laying hens were represented by Firmicutes, followed by Actinobacteria, Bacteroidetes, and Proteobacteria, with means ± SD of 99.05 ± 0.65, 0.69 ± 0.59, 0.14 ± 0.14, and 0.07 ± 0.07%, respectively (Figure 2A). Compared with 0 weeks p.i., the results obtained at >16 weeks p.i. showed significant differences in the relative abundance of Firmicutes (z = −2.36, P = 0.036) and Bacteroidetes (z = 2.96, P = 0.006), while the abundance of C. jejuni colonizers was not significantly different (Figure 2A), as assessed using the non-parametric Dunn test. The Firmicutes/Bacteroidetes (F/B) ratio, which is related to age in humans (31), was decreased in a time-dependent manner, from 0 weeks p.i. (mean, 12,104) to 16 weeks p.i. (340), and gradually increased thereafter (mean = 439, 535, and 648 at 24, 32, and 40 weeks p.i., respectively) (Figure 2B).
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FIGURE 2. Altered microbiome in the caecum of laying hens during infection experiments. (A) Time-dependent dynamics of representative bacterial phylum as detected in caecal samples of laying hens. (B) Time-dependent dynamics of the Firmicutes/Bacteroidetes (F/B) ratio of the caecal microbiomes. (C) Time-dependent dynamics of representative bacterial family as detected in caecal samples of laying hens. (D) Time-dependent dynamics of representative bacterial genera as detected in caecal samples of laying hens. (E) Principle coordinate analysis (PCoA) plot of representative bacterial phylum as detected in caecal samples of laying hens. Dots are shown in different colors by time points (0 weeks p.i., orange; 2 weeks and 8 weeks p.i., blue; >16 weeks p.i., green). (F) Fold changes in the relative abundances of representative bacterial genera between >16 weeks p.i. and <8 weeks p.i. Bacterial genera exhibiting the increased relative abundance at >16 weeks p.i. compared with 2/8 weeks p.i. are shown with green color, and those exhibiting the decreased relative abundances at >16 weeks p.i. compared with 2/8 weeks p.i. are shown with red color, respectively.




Family-Level Comparison

Throughout the experimental periods, the family Lachnospiraceae was predominant (41.20 ± 3.76%), followed by Ruminococcaceae (34.63 ± 4.99%), and Carnobacteriaceae (4.80 ± 3.77%) (Figure 2C and Supplementary Figure 1). According to time point, the family Lachnospiraceae showed a temporal decrease in relative abundance from 0 to 16 weeks p.i.; in turn, it increased thereafter, up to 32 weeks p.i. (Figure 2C and Supplementary Figure 1). The families Ruminococcaceae and Erysipelotrichaceae showed an increased relative abundance at 16 weeks p.i., as a plateau, thereby stably existing in these samples (Figure 2C and Supplementary Figure 1). In contrast, the families Carnobacteriaceae and Lactobacillaceae exhibited an initial (up to 8 weeks p.i.) increase in their relative abundance, to then decrease after 16 weeks p.i. (Figure 2C and Supplementary Figure 1). Finally, the families Peptostreptococcaceae and Clostridiales Incertae Sedis XII showed a time-dependent increase in relative abundance (Figure 2C and Supplementary Figure 1), whereas the family Enterococcaceae showed a time-dependent decrease in relative abundance (Figure 2C and Supplementary Figure 1).



Genus-Level Comparison

Among all tested samples, the genus Blautia was predominant (7.08 ± 1.16%), followed by Clostridium IV (5.57 ± 1.85%), Lactobacillus (4.80 ± 3.77%), and Gemmiger (4.72 ± 1.42%) (Table 1, Figure 2D). According to sampling time point, before C. jejuni infection (0 weeks p.i.), Blautia was the predominant genus (7.65 ± 0.13%), followed by Gemmiger (6.46 ± 1.10%), Weissella (4.63 ± 1.34%), and Faecalibacterium (4.52 ± 0.73%) (Table 1, Figure 2D, and Supplementary Figure 2). At 2 and 8 weeks p.i., the predominant genera were Lactobacillus (8.98 ± 4.25%), Blautia (8.30 ± 1.01%), Desemzia (5.76 ± 1.30%), and Gemmiger (5.57 ± 1.21%) (Table 1, Figure 2D, and Supplementary Figure 2). At >16 weeks p.i., Clostridium IV was the predominant genus (6.96 ± 1.04%), followed by Blautia (6.33 ± 0.68%), Ruminococcus (3.88 ± 0.69%), and Gemmiger (3.86 ± 0.87%) (Table 1, Figure 2D, and Supplementary Figure 2).


Table 1. Relative abundance of bacterial genera (%) in the cecum of laying hens.
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Characterization of the Time-Dependent Dynamics of Cecal Microbiota

The principal coordinate analysis illustrated a distinct distribution of the samples at >16 weeks p.i. compared with those observed at 0, 2, and 8 weeks p.i. (Figure 2E). A comparison of the relative abundance of each bacterial genus between the groups (2 and 8 vs. >16 weeks p.i.) revealed a significant alteration in the relative abundance of several bacterial genera: a total of 12 and 9 genera exhibited a significant increase or decrease in their relative abundance between the groups, respectively (Table 1, Figure 2F). The 12 genera that showed an increased relative abundance at >16 weeks p.i. were Clostridium IV, Sporobacter (family Clostridiaceae), Acetanaerobacterium, Ruminococcus, Subdoligranulum, Ethanoligenens, Anaerotruncus, Papillibacter (family Ruminococcaceae), Shuttleworthia (family Lachnospiraceae), Dehalobacter (family Peptococcaceae), and Guggenheimella (family Clostridiales incertae sedis), all of which were classified in the order Clostridiales (Table 1, Figure 2F). In contrast, among the nine genera exhibiting a time-dependent decrease in relative abundance, five genera were in the order Clostridiales (Blautia, Gemmiger, Fusicatenibacter, Clostridium XIVa, and Oscillibacter), whereas the remaining genera (Lactobacillus, Desemzia, Bavariicoccus, and Lacticigenium) were in the order Lactobacillales (Figure 2F and Supplementary Figure 2). Thus, these data clearly suggest time-dependent alterations of the chicken gut microbiota composition throughout the experimental period.




Time-Course Dynamics of Cytokine Production in the Serum of Laying Hens

The levels of representative chicken cytokines [IFN-γ, IL-10, IL-12p40, IL-16, IL-21, IL-6, netlin-2, pentraxin-3 (PTX-3), and RANTES (CCL5)] in the serum samples were comparatively examined using a semi-quantitative membrane array. Compared with the serum samples collected at 8 weeks p.i., the samples obtained at 24 and 40 weeks p.i. exhibited no apparent differences in all target molecules (Figure 3). In contrast, the samples collected at 16 weeks p.i. exhibited a reduced level of cytokines, with the exception of IL-21 (Figure 3). Thus, these data indicate the presence of altered cytokine production at 16 weeks p.i. compared with the other time points of the experimental period.


[image: Figure 3]
FIGURE 3. Cytokine production in the sera of laying hens after experimental C. jejuni infection.




Lipid Metabolic Profiles in the Cecum of Laying Hens

Untargeted LC-MS/MS analyses were conducted to comparatively measure chick cecum lipids and lipid metabolites in a total of six cecum samples collected at 8, 16, and 24 weeks p.i. These comparative analyses revealed that 22 or 36 lipids were significantly increased or decreased in the samples collected at 16/24 weeks p.i., respectively, compared with those obtained at 8 weeks p.i. (Table 2 and Supplementary Figure 2). These dynamics between the time courses were explained as follows.


Table 2. Summary of altered lipids in the gut of laying hens between 8, 16, and 24 weeks p.i.
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Fatty Acids

Fatty acids (FAs), such as 27:1 and 28:0, as well as the FA ester of hydroxy fatty acid (AH2FA) 4:0/25:0 and acyl α-hydroxy fatty acid (AAHFA) 5:0/26:0, the latter of which was recently identified as a gut-microbiota-specific lipid (30), were present at higher levels at 24 weeks p.i. compared with 8 weeks p.i. (Table 2). In contrast, FAs 17:0, 18:0, 19:1, 20:3, 24:1, and 24:2, as well as α-hydroxy fatty acids [FA(aOH)] (18:0, 19:0, 24:1, 22:1, and 19:0), and FA(O) 18:0, showed decreased levels in the samples collected at 16 and/or 24 weeks p.i. compared with those obtained at 8 weeks p.i. (Table 2). Moreover, FAs 16:0 and 18:0 showed a continued decrease at 24 weeks p.i. compared with 16 weeks p.i. (Table 2).



Glycerolipids

Among the glycerolipids, triacylglycerolipid (TG) (C45:1), and monoglycosyl diacylglycerol (MGDG) (18:0/20:2) were increased at 24 or 16 weeks p.i. compared with 8 weeks p.i., although the increase of the latter was temporally detected only at 16 weeks p.i. (Table 2). Other glycerolipids, such as monogalactosyldiacylglycerol (MGDG) (sn2+O) (16:0/16:0), acylmonoglycosyl diacylglycerol (AMGDG) (16:1e/17:0/18:1), AMGDG (18:1e/14:0/18:1), glycerophosphomonoglycosyl monoacylglycerol (GPMGDG) (34:1e), GPMGDG (34:3e), diglycosyldiacylglycerol (DGDG) (16:0/18:2), DGDG (18:0/18:1), diglycosyl 1-alkyl, 2-acylglycerol [DGDG(e)] (18:1e/18:1), DGDG(e) (17:1e/18:1), TG (51:4), TG (60:4), and diacylglycerol (DG) (16:0/19:1), were decreased at 16 and/or 24 weeks p.i. compared with 8 weeks p.i. (Table 2).



Phospholipids

Among the phospholipids, monolysocardiolipin (MLCL) (16:0/16:0/18:2), cardiopin (CL) (28:1e/30:1e), CL (30:1e/33:3e), CL (30:1e/30:3e), dilysocardiolipin (DLCL) (16:0/16:0), DLCL (16:0/18:2), hemi bis (monoacylglycero) phosphate (HBMP) (18:0/18:1/g18:1), HBMP (14:0/16:0/18:0), and phosphatidyl glycerol (PG) (18:2/18:2) were increased at 16 or 24 weeks p.i. compared with 8 weeks p.i. (Table 2). Conversely, phosphatidyl ethanolamine (PE) (14:0/16:0/18:0), monoacylglycerophosphocholine (LysoPC) (20:0), and diacylglycerophosphoethanol (PE) (18:0) were decreased in the samples at 16 or 24 weeks p.i. compared with 8 weeks p.i. (Table 2).



Sphingolipids

Phytoceramide and acyl phosphoglycerol were increased at 24 weeks p.i. compared with 8 weeks p.i. (Table 2). In turn, acyl ceramide (AcylCer) (phyto_aOH) (t18:1/24:0/2:0) and N-palmitoyl-D-erythro-sphingosylphosphorylcholine were decreased at 24 weeks p.i. compared with 8 weeks p.i. (Table 2).



Sterol Lipids, Prenol Lipids, and Others

Sterol ester (StE) (18:0), StE (18:1), sitosterol (SISL) G1, and stigmasterol G1 were increased in the samples at 16 or 24 weeks p.i. compared with 8 weeks p.i. (Table 2). Conversely, 2-amino ethanesulfonic acid, taurine (19:1), and dehydro cholesterol were decreased in the samples at 16 and/or 24 weeks p.i. compared with 8 weeks p.i. (Table 2). Among the prenol lipids, coenzymes Q9H2, Q11, and Q11H2 exhibited decreased levels at 16 and/or 24 weeks p.i. compared with 8 weeks p.i. (Table 2). Finally, tocopherol was decreased at and 24 weeks p.i. compared with 8 weeks p.i. (Table 2).




DISCUSSION

The current study investigated the temporal colonization fitness of C. jejuni in the cecum of laying hens after experimental infection. In parallel with the decreased bacterial colonization fitness observed after 16 weeks p.i., compositional changes in the gut microbiota and lipids were observed, suggesting their possible correlations.

After invasion, C. jejuni initializes and prolongs gut colonization in the gut of broiler chicken up to the slaughter age (generally <8 weeks) (17–21). At <2 weeks of age, this pathogen is rarely detected in commercial chicken flocks, regardless of the production system (32, 33), which implies that a biological mechanism to resist colonization may be present in young chicks. As a possible explanation for this phenomenon, maternal antibodies might be partly responsible for the absence of Campylobacter in young chicks (34).

It is noteworthy that C. jejuni could maintain the colonization for up to 8 weeks p.i., which is the general time point for the slaughter of broiler chickens; however, C. jejuni exhibited a decrease in its colonization ability thereafter and up to 40 weeks p.i. As the feed and water supplied in this study contained no antibiotics and no compositional changes, it could be considered that such a decreased colonization ability might be triggered by the maturation of the host immune response or certain interactions with gut microbiota occurring during the experimental period. Further studies would be required to clarify that all laying hens might exhibit similar trends for Campylobacter colonization, throughout the quantitative detection of this pathogen.

Our data revealed a temporal decrease in the production of IFN-γ, IL-10, IL-12p40, IL-16, IL-6, netrin-2, PTX-3, and RANTES (CCL5) at 16 weeks p.i., and constant production of IL-21 in the serum. This host immune response is considered to be one of the imperative factors affecting C. jejuni colonization, although it remains controversial; Pielsticker et al. reported that triggering an innate and acquired immune response, especially in the very early phase, affected bacterial colonization (35). However, in most experimental studies, contradictory data regarding the immune response in chickens following C. jejuni colonization were reported; one study contended that the chicken immune system is inefficiently activated, which might contribute to the persistent colonization of C. jejuni in the chicken gut (36, 37). In contrast, another study showed the presence of an inflammatory response following Campylobacter infection in chickens (38). The occurrence of such immune responses upon C. jejuni colonization might be due to the supposed genetic heterogeneity of both the chicken hosts and C. jejuni (39). Our data suggest that the laying hens used in this study might not represent an animal with a significant immunomodulatory response against C. jejuni infection during long-term grow-out. It remains unknown why the laying hens showed temporal decreases in the production of most cytokines at 16 weeks p.i. It is possible that, at this stage, certain physiological shifts occur in laying hens, as reflected in the visual observation of coloring of combs and male–female discrimination (data not shown). In contrast, IL-21, which is a T-cell-derived cytokine that modulates T cell, B cell, and natural killer cell responses and regulates the Th17/Treg balance in mice (40), exhibited no clear alteration at 16 weeks p.i. Further studies are required to evaluate the possible role of T-cell-mediated immunity in the colonization of C. jejuni in laying hens.

Gut microbiota play a pivotal role in conferring resistance to, or promoting, infection by pathogenic microorganisms (41). In fact, the administration of a large dose of streptomycin disrupted normal gut microbiota, thereby increasing susceptibility to Salmonella infection (42). Similarly, germ-free chickens were more susceptible to C. jejuni colonization compared with chickens possessing conventional intestinal microbiota (43). Campylobacter jejuni is likely to cooperate and compete with diverse commensal microbiota, thus becoming part of a well-balanced gut microbial community (44). Johansen and colleagues also found that C. jejuni colonization affected the development and complexity of the microbial communities in the ceca of chicken up to 17 days of age (45). A more recent study revealed that the experimental inoculation of C. jejuni into 1-day-old broiler chicks modulated the cecal microbial community structure, with a higher abundance of Firmicutes at the expense of the phylum Bacteroidetes and other taxa at 3–4 weeks p.i. (46). Accordingly, our data also showed that the phylum Firmicutes predominated at 0 weeks p.i. (2 weeks age), but was replaced thereafter with the representatives of Bacteroidetes at 8–16 weeks p.i. (10–18 weeks of age). At >16 weeks p.i., among the phylum Bacteroidetes, the genus Blautia showed negative associations with C. jejuni colonization. Including the genus Blautia, all genera in the phylum Bacteroidetes are likely to express enzymes for the biosynthesis of propionate, one of the main short-chain fatty acids (SCFAs) in the chicken cecum (47), which suggests a possible alteration of lipid metabolism in the cecum of laying hens during the experimental period. Referring to a recent study that demonstrated the age-dependent dynamics of cecal microbiota in laying hens (24), our data provided the idea that experimental infection with C. jejuni might not affect the age-dependent dynamics of cecal microbiota composition drastically during the experimental period, whereas age-dependent shifts in the gut microbiota might affect the C. jejuni colonization properties. To clarify this issue, our future study would be performed to include unchallenged control groups at different ages, in same animal lot.

Regarding the bacterium-to-bacterium interplay, a positive correlation between the relative abundance of the genus Clostridium and C. jejuni colonization in the gut of broiler chickens has been reported (48). This might be due to the fact that C. jejuni acts as a hydrogen sink, thus leading to improved growth conditions for some Clostridia through increased fermentation (49) and organic acid production, which can be used by C. jejuni as an energy source. As a consequence, C. jejuni infection affects the metabolic end products derived from the intestinal microbiota of chickens. In support of this notion, a recent study showed that butyrate, one of the SCFAs that are biosynthesized by a series of Clostridium species (50), is directly sensed by C. jejuni through the BumSR two-component signal transduction system (51).

It is likely that gut microbiota affect intestinal lipid metabolism, including microbiota-dependent changes in bile acid metabolism (52). To obtain further information on the altered microbiota dynamics and C. jejuni colonization fitness, we performed comparative lipidome analyses using samples collected at three different time points (8, 16, and 24 weeks p.i.).

Among the elevated lipids at >16 weeks p.i., we found increased levels of phytosterols, such as stigmasterol and sitosterol, which can reduce the reabsorption of bile acids and cholesterol in the gut, thereby increasing fecal lipid levels (53), at 16 weeks p.i. compared with 8 weeks p.i. Considering that bile acids are steroid acids that are synthesized in the liver and then conjugated with a taurine residue to give anions called bile salts (54), our data demonstrating the decreased levels of sterol lipids (i.e., taurine and dehydro cholesterol) and sphingolipids (i.e., phytoceramide), which are components of bile acids (55, 56), at 16/24 weeks p.i. compared with 8 weeks p.i. suggest that bile acid reabsorption might be altered at these time points. In cecal digesta of goats that were fed a high-grain diet, the level of stigmasterol was negatively correlated with the abundance of the genus Clostridium, Turicibacter, SMB53, and Pseudoramibacter (41). Together with our microbiome data, potential negative associations between phytosterols and Clostridium/C. jejuni colonization in laying hens should be considered. The temporal quantification of bile acids in the gut and gallbladder would clarify the kinetics of bile acid synthesis and absorption and provide a link with their impact on gut microbiota in a future study.

Among the glycerolipids, the cecum samples collected at 16/24 weeks p.i. showed increased levels of TG (45:1) and MGDG (18:0/20:2), while an additional 13 glycerolipids were decreased compared with those obtained at 8 weeks p.i. MGDG is metabolized by Streptococcus pneumoniae, with conversion between DGDG and MGDG (57). It could be considered that certain enzymatic reaction processes in S. pneumoniae might also be present in other bacterial genera; thus, lipid characterization in representative gut microbiota might contribute to the deciphering of the bacteria associated with the glycerolipid alteration observed here. Moreover, PE, which was decreased at 16/24 weeks p.i., was distributed in the representative human gut microbe Alistipes finegoldii in the phylum Bacteroidetes (58). This is not surprising because of the age-dependent decrease in F/B ratio observed.

Among other lipids, coenzymes (i.e., coenzyme Q9H2) showed decreased levels at 16 weeks p.i. compared with 8 weeks p.i. Considering the age-dependent reduction in plasma glucose detected in broiler chickens (59), the decreased levels of coenzymes might be part of the age-dependent dynamics.

In summary, we demonstrated that the long-term breeding of laying hens decreased C. jejuni colonization in the cecum after experimental infection. Comparative analyses of the alterations of gut microbiota and lipid components at 16 weeks p.i. or later unveiled possible negative associations between C. jejuni and several gut microbiota, such as those in the genera Blautia and Clostridium at younger or older age, respectively. It is likely that the chicken generally reaches maturity and starts laying eggs from 21 weeks old on average (60), which is close to the age at 16 weeks p.i. (18 weeks of age) when we observed the alterations in C. jejuni colonization, microbiota, and lipid compositions in the gut of laying hens. Thus, it could be considered that the altered phenomenon's observed in this study might be mainly due to certain host physiological change(s) accompanied with the host maturation. Our future study of the interplay between these gut microbiota and bile acid metabolism, as well as C. jejuni colonization, in laying hens is expected to improve our understanding of the possible interactions between these parameters, thereby leading to the discovery and establishment of control strategies for the reduction of C. jejuni intestinal carriage at poultry-production stages.
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Salmonellae are one of the most important foodborne pathogens, which threaten the health of humans and animals severely. Glycyrrhizin (GL) has been proven to exhibit anti-inflammatory and tissue-protective properties. Here, we investigated the effects of GL on tissue injury, inflammatory response, and intestinal dysbiosis in Salmonella Typhimurium-infected mice. Results showed that GL or gentamicin (GM) significantly (P < 0.05) alleviated ST-induced splenomegaly indicated by the decreased spleen index, injury of liver and jejunum indicated by the decreased hepatocytic apoptosis, and the increased jejunal villous height. GL significantly (P < 0.05) increased secretion of inflammatory cytokines (IFN-γ, IL-12p70, IL-6, and IL-10) in spleen and IL-12p40 mRNA expression in liver. Meanwhile, GL or GM pre-infection treatments significantly (P < 0.05) decreased ST-induced pro-inflammatory cytokine (IFN-γ, TNF-α, and IL-6) expression in both spleen and liver and increased (P < 0.05) anti-inflammatory cytokine IL-10 secretion in spleen. Furthermore, GL or GM pre-infection treatment also regulates the diversities and compositions of intestinal microbiota and decreased the negative connection among the intestinal microbes in ST-infected mice. The above findings indicate that GL alleviates ST-induced splenomegaly, hepatocytic apoptosis, injury of jejunum and liver, inflammatory response of liver and spleen, and intestinal dysbacteriosis in mice.

Keywords: glycyrrhizin, Salmonella Typhimurium, tissue injury, inflammatory response, intestinal dysbiosis


INTRODUCTION

Salmonellae are facultative intracellular bacterial pathogens, which can invade and survive inside many cell types, such as epithelial cells, macrophages, microfold (M) cells, and dendritic cells (1, 2). As one of the most common foodborne pathogens, Salmonellae had strong pathogenicity, which colonizes, adheres to, and damages the intestinal epithelium by producing enterotoxins and then invade organs (such as liver, spleen, and kidney) by secreting invasive protein to induce organic swellings and inflammation (3, 4). Salmonellae-induced Salmonellosis poses a great threat to the health of food animals and humans. It is reported that Salmonellae-contaminated food-induced Salmonellosis is one of the major causes of diarrhea of humans globally (5), and the total economic loss caused by Salmonellosis is estimated to be over $3.5 billion per year in the US (6). Salmonellae infection not only causes enteric diseases that compromise growth performance and overall health of animals and thereby lead to serious economic loss for food animal industry but also leads to serious Salmonellae-contaminated raw food animal products (meat and eggs) (6, 7). Salmonellae-contaminated poultry products (raw meat and eggs) are considered as the leading food sources for human Salmonellosis (8). Traditionally, in-feed antibiotics is the main strategy to prevent or control Salmonellae-induced enteric diseases in animal production (9). As growth promoters, antibiotics have been widely used in livestock production since the 1940's to improve growth performance and overall health of animals (10). However, with the increasing concerns about antimicrobial resistance (AMR) and foodborne antibiotic residues, many countries, including China, have banned the use of antibiotics in animal husbandry production (11–13). With the strict ban of the in-feed antibiotic growth promoters (AGPs), gastrointestinal infectious diseases of food animals and zoonotic pathogen contamination in animal products severely threaten the health of animals and humans (11, 14). Therefore, it is a priority to explore the proper alternatives to AGP under the post-AGP era (13). In recent years, many studies have been reported that some natural agents, such as natural plant extracts, probiotics, and prebiotics, are beneficial for improving growth performance and reducing morbidity and mortality of food animals, and are considered “Generally Recognized as Safe (GRAS)” alternatives to AGP (13, 15–17).

Glycyrrhizin (GL), a triterpene glycoside that is extracted from licorice root, consists of one molecule 18-β-glycyrrhetinic acid and two molecules of glucuronic acid and is the most important active ingredient of licorice root (18, 19). GL has been proven to exert a variety of pharmacological activities, such as anti-microbial, anti-inflammatory, anti-viral, anti-oxidative, anti-tumor, and hepatoprotective activities (18, 20–22). GL can activate specific and non-specific immune responses by enhancing phagocytosis and bactericidal activities of macrophage (18), inducing maturation of dendritic cells (DCs) and proliferation of T lymphocytes (23), augmenting natural killer (NK) cell activity (24), and inducing cytokine secretion (18). GL exhibits anti-inflammatory and tissue-protective properties by binding to high-mobility group box (HMGB1) to inhibit cytokine secretion activities (25). Many studies showed that as an alternative to antibiotics, GL had a beneficial effect in preventing or controlling multi-drug-resistant pathogen infection (26, 27). As a potential substitute for AGP, licorice extract showed beneficial effects on the growth performance of broiler (28, 29). Our previous studies also found that GL exerts anti-Salmonella activities by inducing M1 polarization of murine bone marrow-derived macrophages (BMDMs) and maturation of murine bone marrow-derived dendritic cells (BMDCs) (18, 30). The present study was aimed to further investigate whether GL as a potential AGP substitute has protective effects against ST-induced tissue injury, inflammatory response, and intestinal dysbiosis in C57BL/6 mice.



MATERIALS AND METHODS


Reagents

GL was purchased from Sigma-Aldrich (purity ≥95.0%, St. Louis, MO, USA). Gentamicin (GM) was purchased from Sigma-Aldrich (St. Louis, MO, USA). ELISA kits for IFN-γ, IL-12p70, TNF-α, IL-6, and IL-10 were obtained from eBioscience (San Diego, CA, USA). Caspase-1 activity assay kit was purchased from Beyotime Institute of Biotechnology (Shanghai, China).



Bacteria Preparation

ST CMCC 50115 was generously provided by Dr. Weihuan Fang (Institute of Preventive Veterinary Medicine, Zhejiang University). ST was cultured at 37°C in Luria–Bertani broth overnight under aerobic conditions. The ST pellet was harvested by centrifugation at 4000 × g for 15 min at 16°C and then washed three times with sterile phosphate-buffered saline (pH 7.2). Finally, the optical density method (SpectraMax M5, MD, USA) and spreading plate method were conducted to adjust the final ST.



Animal Experimental Design

Male C57BL/6 mice (6 weeks old, Slac Animal Inc., Shanghai, China) were raised in the Experimental Animal Center of Zhejiang University under light-controlled (12-h light/dark cycle) and temperature-controlled (22 ± 1°C) conditions and had free access to water and food. Fifty male C57BL/6 mice were randomly divided into five groups (n = 10/group): Control group, glycyrrhizin-treated group (GL), ST-infected group (ST), glycyrrhizin protective group (GL + ST), and gentamicin protective group (GM + ST, as a positive protective group). Mice in the Control and ST groups were drinking sterile water. The mice in the GL, GL + ST, and GM + ST groups were drinking sterile water containing 0.4 mg/ml GL (80 mg/kg weight) or 0.4 mg/ml GM (80 mg/kg weight) every day, respectively (30). All mice were fed a basal diet and weighted every 3 days. After 3 weeks, mice were orally infected with 200 μl of Salmonella Typhimurium (2 × 109 CFU/ml) (31). Mice were euthanized at day 3 post-infection. Spleen was weighted, and liver, jejunum, and cecum were collected for further analysis. Spleen index (n = 10/group) was calculated according to the formula: Spleen index = spleen weight (mg)/body weight (g).



Hematoxylin and Eosin Staining and TUNEL Assay

For photonic microscope observations, the liver and jejunal samples (n = 5/group) of mice were fixed in 4% paraformaldehyde, embedded in paraffin, sliced, dehydrated with gradient concentrations of alcohol, and then stained with hematoxylin and eosin (H&E). Images were captured, and the villus height was measured by an Olympus microsystem (Tokyo, Japan). The TUNEL assay was determined by using TUNEL Assay Kit (Abcam, Cambridge, United States) according to the manufacturer's instructions. Briefly, the paraffin-embedded liver sections were deparaffinized with xylene, hydrated with gradient concentrations of alcohol, and covered with proteinase K. Slides were incubated with terminal deoxynucleotidyl transferase and biotinylated nucleotides and then treated with saline-sodium citrate buffer, 6% hydrogen peroxide, streptavidin–HRP conjugate, and DAB substrate solution. Finally, the slides were counterstained in hematoxylin solution. Images were captured using an Olympus microsystem (Tokyo, Japan) and the apoptotic cells were quantified using ImageJ analysis software (National Institute of Mental Health, Maryland, USA). Apoptosis index was calculated according to the formula: Apoptosis index (%) = [the number of apoptotic cells/(the number of apoptotic cells + the number of intact cells)] ×100.



ELISA and Caspase-1 Activity Analyses

The spleen and liver samples (n = 5/group) were homogenized with ice-cold sterile saline solution (1:9, w/v) and centrifuged at 4000 × g for 20 min at 4°C. Then, the collected supernatant was used for ELISA and caspase-1 activity analyses. Levels of interferon-γ (IFN-γ), interleukin-12 subunit p70 (IL-12p70), tumor necrosis factor-α (TNF-α), IL-6, and IL-10 in the spleen homogenates were colorimetrically determined by enzyme-linked immunosorbent assay (ELISA) kits (eBioscience, San Diego, CA) according to the manufacturer's instructions. Caspase-1 activity in liver homogenates were determined by caspase-1 activity assay kit according to the manufacturer's instructions.



RT-qPCR Analysis

Total RNA (n = 5/group) was extracted from spleen tissue using RNAiso Plus kit (TAKARA, Dalian, China). Reverse transcription was performed using the PrimeScript II 1st Strand cDNA Synthesis Kit (TAKARA) according to the manufacturer's recommendation. RT-qPCR was conducted using SYBR PremixEx TaqII (TAKARA) by the StepOne real-time PCR system (Applied Biosystems). All primer sequences for target genes (including TNF-α, IL-12p40, IL-6, IFN-γ, and IL-10) are listed in Table 1. Fold changes were calculated after normalizing to the housekeeping gene β-actin using the 2−ΔΔCt method.


Table 1. Primer sequences used for qRT-PCR.
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Microbial Analysis

The cecal bacterial genomic DNA (n = 4/group) was extracted using the TIANamp Stool DNA Kit (Tiangen, Beijing, China) according to the manufacturer's instructions, and the quality of extracted DNA was checked by agarose gel electrophoresis and spectrophotometric analysis. The V3–V4 region of the 16S rRNA gene was amplified using the primer pair 341F/805R, and sequencing was performed on MiSeq platform (Illumina Inc., San Diego, CA, USA). Sequences were filtered and clustered into operational taxonomic unit (OTU) at 97% similarity by QIIME software (version 1.9.1). Bacterial OTU representative sequences were assigned to a taxonomic lineage by Ribosomal Database Project (RDP) classifier based on the SILVA database (SILVA 132 release).

Alpha diversity (observed OTUs and PD_whole_tree) and beta diversity were analyzed based on a subsample of a minimum number of sequences (12,722) by QIIME software. Beta diversity was displayed by principal coordinates analysis (PCoA) using R software (https://www.r-project.org/). Analysis of similarities (ANOSIM), permutational multivariate analysis of variance (PERMANOVA), and multi response permutation procedure (MRPP) were calculated using “vegan” package of R software to determine significant differences in bacterial beta diversity among the five groups (based on the Bray–Curtis distance matrices) (32).



Statistical Analysis

Pearson correlation between phenotypic variables and the relative abundance of microbial communities (phylum level) were analyzed and visualized by the package “corrplot” of R software. The co-occurrence networks of microbial communities in different treatments were built based on significant correlations (Spearman's R > 0.6 and FDR-adjusted P < 0.05) (33) and were visualized by Gephi™ software (https://gephi.org/). The topological properties of the co-occurrence network were also calculated to describe the complex patterns of the interrelationships by Gephi software. Comparison of the intestinal bacteria among different treatments was analyzed and visualized by statistical analysis of taxonomic and functional profiles (STAMP) with a 95% confidence interval. The rest of the data were evaluated by ANOVA, and the contrast of means was performed by Tukey's multiple range test, using SPSS™ software (SPSS Inc., Chicago, IL, USA), and the graphs were generated using Origin 8.5™ (OriginLab, Berkeley, CA, USA). The statistical significance was set at P < 0.05.




RESULTS


GL Attenuates ST-Induced Jejunum Injury

H&E staining showed that compared with the Control group, GL treatment had little effect on villous height (P > 0.05) and jejunal structure, which exhibited integrated structure, ordered jejunal villi, and completed gland (Figure 1). However, compared with the Control group, ST infection significantly (P < 0.05) decreased the villous height of jejunum. Compared with the ST group, GL or GM significantly (P < 0.05) prevented jejunum injury indicated by the higher villous height (Figure 1).


[image: Figure 1]
FIGURE 1. Effect of GL on jejunum morphology in ST-infected mice. Representative images of the jejunum stained with H&E. Results are presented as mean ± SD (n = 5/group). Different lowercase letters indicate a significant difference (P < 0.05).




GL Alleviates ST-Induced Splenomegaly

As shown in Figure 2, compared with the Control group, the spleen index of mice was significantly (P < 0.05) increased in the ST-infected group by 50.18%. GL or GM pretreatments significantly (P < 0.05) attenuated ST-induced splenomegaly by 15.16 or 26.35%, while there was no significant difference between the two pretreated groups (P > 0.05).


[image: Figure 2]
FIGURE 2. GL alleviates ST-induced splenomegaly. (A) Graphical outline of the animal study. (B) Spleen index. Results are presented as mean ± SD (n = 10/group). Different lowercase letters indicate a significant difference (P < 0.05).




GL Attenuates ST-Induced Liver Injury

Compared with the Control group, GL treatment did not cause hepatocytic apoptosis exhibiting completed structure, hepatic lobule, and intact cell and unincreased apoptosis index (P > 0.05) (Figures 3A,B). However, ST infection caused hepatocytes with fragmented and pyknotic nuclei (Figure 3A, H&E, black arrows indicted) and hepatocytic apoptosis (Figure 3A, TUNEL, cells labeled as brown) and significantly (P < 0.05) increased apoptosis index (Figure 3B), which could be significantly (P < 0.05) alleviated by GL or GM pretreatments (Figures 3A,B). Compared with the Control group, GL treatment had no effect on caspase-1 activity (P > 0.05), while ST infection significantly (P < 0.05) increased the activity of caspase-1, which could be significantly (P < 0.05) reversed by GL or GM pretreatments (Figure 3C).


[image: Figure 3]
FIGURE 3. Effect of GL on liver morphology and hepatocytic apoptosis in ST-infected mice. (A) H&E staining and TUNEL assay (scale bar, 50 μm). H&E: Black arrow indicates apoptotic cells. TUNEL assay: Apoptotic cells were labeled as brown, and intact cells were labeled as blue. (B) Apoptosis index was calculated according to the formula: Apoptosis index (%) = [the number of apoptotic cells/(the number of apoptotic cells + the number of intact cells)] × 100. (C) Caspase-1 activity in liver was determined by caspase-1 activity assay kit. Results are presented as mean ± SD (n = 5/group). Different lowercase letters indicate a significant difference (P < 0.05).




GL Alleviates ST-Induced Spleen and Liver Inflammation

As shown in Figure 4, compared with the Control group, GL treatment significantly (P < 0.05) increased the secretions of IFN-γ, IL-12p70, IL-6, and IL-10 in spleen, whereas, it had no (P > 0.05) effect on the protein level of TNF-α. ST infection significantly (P < 0.05) increased the secretion of pro-inflammatory cytokines (IFN-γ, IL-12p70, TNF-α, and IL-6) and anti-inflammatory cytokine (IL-10) in spleen. As expected, GL or GM pretreatments effectively (P < 0.05) decreased the increased pro-inflammatory cytokines (IFN-γ, TNF-α, and IL-6) induced by ST infection, whereas, they increased anti-inflammatory cytokine IL-10 secretion (P < 0.05).


[image: Figure 4]
FIGURE 4. Effect of GL on splenic cytokine production in ST-infected mice. The levels of pro-inflammatory cytokine (IFN-γ, IL-12p70, TNF-α, and IL-6) and anti-inflammatory cytokine (IL-10) in spleen were determined by ELISA kit. Results are presented as mean ± SD (n = 5/group). Different lowercase letters indicate a significant difference (P < 0.05).


Furthermore, the mRNA expression of cytokines in liver showed that compared with the Control group, GL treatment significantly (P < 0.05) upregulated the IL-12p40 mRNA expression, whereas, it had no significant (P > 0.05) effect on the expression of IFN-γ, TNF-α, IL-6, and IL-10 (Figure 5). ST infection significantly (P < 0.05) increased the mRNA expression of pro-inflammatory cytokines (IFN-γ, IL-12p40, TNF-α, and IL-6) and anti-inflammatory cytokine (IL-10). Similarly, GL or GM pretreatments also significantly (P < 0.05) decreased the mRNA expression of IFN-γ, TNF-α, and IL-6 (Figure 5).


[image: Figure 5]
FIGURE 5. Effect of GL on mRNA expression of liver cytokines in ST-infected mice. The expression of pro-inflammatory cytokine (IFN-γ, IL-12p40, TNF-α, and IL-6) and anti-inflammatory cytokine (IL-10) in liver was measured by RT-qPCR. Results are presented as mean ± SD (n = 5/group). Different lowercase letters indicate a significant difference (P < 0.05).




GL Modulates ST-Induced Intestinal Dysbiosis

Alpha diversity analysis showed that compared with the Control group, GL treatment significantly (P < 0.05) increased the alpha diversities (including observed OTUs, PD_whole_tree index, Chao1, and Ace) of the intestinal microbiota, while ST infection had no (P > 0.05) effect on the alpha diversities (Figure 6). Additionally, the alpha diversity indices of the microbial communities in the GL + ST and GM + ST treatment were significantly (P < 0.05) lower than those of the ST group. PCoA of microbial communities based on Bray–Curtis distance suggested variation of the bacterial community structure with treatments (Figure 7). Significant differences in beta diversity among treatments were further confirmed by ANOSIM, PERMANOVA, and MRPP analysis (Table 2), except for that between the Control and GL treatments.


[image: Figure 6]
FIGURE 6. Alpha diversity analysis of intestinal microbiota in different groups (n = 4/group). Different lowercase letters indicate a significant difference (P < 0.05).



[image: Figure 7]
FIGURE 7. Principal coordinates analysis (PCoA) of microbial communities among groups based on Bray–Curtis distance (n = 4/group).



Table 2. ANOSIM, PERMANOVA, and MRPP analysis of microbial diversity among different treatments (n = 4/group).
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The differences of the intestinal bacterial compositions among groups were also analyzed (Figure 8). The results showed that GL treatment significantly (P < 0.05) increased the relative abundance of Oscillibacter, Millionella, and Bilophila, whereas, it decreased (P < 0.05) the relative abundance of Verrucomicrobiales, Family XIII AD3011 group, Ruminiclostridium 9, and Lachnospiraceae UCG-001. ST infection significantly (P < 0.05) increased the relative abundance of Alphaproteobacteria, Verrucomicrobiales, DTU014, Prevotellaceae NK3B31 group, and Ruminococcaceae UCG-013, whereas, it decreased (P < 0.05) the relative abundance of Desulfovibrionaceae, Rikenellaceae, ASF356, Rikenella, Ruminococcaceae UCG-009, Lachnospiraceae UCG-010, Alistipes, Odoribacter, and Muribaculum. Moreover, GL or GM pretreatments significantly (P < 0.05) decreased ST-induced relative abundance of Verrucomicrobiales, DTU014, Prevotellaceae NK3B31 group, and Ruminococcaceae UCG-013. The relative abundances of Rikenellaceae and Alistipes were significantly (P < 0.05) increased in the GM + ST group compared with those in the ST group.


[image: Figure 8]
FIGURE 8. Comparison of the intestinal bacteria among different treatments. (A) Control vs. GL, (B) Control vs. ST, (C) ST vs. GL + ST, (D) Control vs. GM + ST. Confidence Interval was set at 95%.


To determine the co-occurrence patterns of microbes in the different groups, five networks were constructed based on the genus and species levels (Figure 9 and Table 3). Network analysis showed that the values of average degree and graph density in the ST group were higher than those of the other groups (Control, GL, GL + ST, and GM + ST). The modularity values of the co-occurrence networks in all groups were higher than 0.4. The modularity value in the ST group was lower than those in the other groups (Control, GL, GL + ST, and GM + ST). Additionally, negative correlation of the network in the ST group was more than those in the other groups (Control, GL, GL + ST, and GM + ST).


[image: Figure 9]
FIGURE 9. Co-occurrence networks of microbial communities at genus level. A connection stands for a very strong (Spearman's R > 0.6) and significant (FDR-adjusted P < 0.05) correlation. The size of each node is proportional to the relative abundance; the thickness of each connection between two nodes (edge) is proportional to the value of Spearman's correlation coefficients. Red lines represent significant positive correlations and green lines denote negative correlations.



Table 3. Topological properties of co-occurrence network.
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Pearson's correlation coefficient was calculated to reveal correlations between the phenotypic variables and the relative abundance of microbial communities (phylum level) (Figure 10). Correlation analysis showed that the relative abundances of Verrucomicrobia, Cyanobacteria, Tenericutes, and Actinobacteria were negatively correlated with the final body weight (P < 0.05 or P < 0.01). The relative abundances of Verrucomicrobia and Cyanobacteria were positively correlated with the spleen index, caspase-1 activity, and apoptosis index (P < 0.05 or P < 0.01), while the relative abundance of Tenericutes was positively correlated with caspase-1 activity (P < 0.01) and apoptosis index (P < 0.05).


[image: Figure 10]
FIGURE 10. Pearson's correlation analysis between phenotypic variables and the relative abundance of microbial communities (phylum level, n = 4/group). The color and dot size represent the correlation coefficient within rows. *P < 0.05; **P < 0.01.





DISCUSSION

Salmonellosis, caused by food-borne Salmonella, is largely associated with tissue injury and intestinal dysbiosis, which accounts for approximately 109.9 million cases and 264,300 deaths globally per year (34). With the strict prohibition of AGP, there is an increasing interest in exploring dietary natural extract products to reduce or prevent against zoonotic enteric pathogen infection and food-borne contamination in industrial livestock production. Previous studies found that GL, an extract from licorice root, could ameliorate HFD-mediated intestinal dysbiosis (20) and Streptococcus aureus-induced acute lung injury (25) in murine models. Our previous study found that GL could effectively ameliorate the body weight loss of mice infected with S. Typhimurium infection (30), which may be related to the beneficial effects of GL in reducing the inflammation and tissue damage associated with S. Typhimurium infection. Salmonella Typhimurium may migrate to the liver and spleen via the blood circulatory system due to the damage of the intestinal barrier to cause the hepatosplenomegaly, which is characterized by cell apoptosis and inflammatory infiltration (35, 36). In the present study, we found that GL pretreatment significantly prevented S. Typhimurium-induced jejunal injury indicated by the higher villous height and splenomegaly indicated by the decreased the spleen index of mice. Additionally, liver injury induced by S. Typhimurium infection was also relieved by GL or GM pretreatments as evidenced by the decreased hepatocytic apoptosis and the reduced caspase-1 enzyme activity. GL pretreatment significantly inhibited S. Typhimurium colonization in ileum and colon and translocation to spleen and liver (30). In addition, GL enhanced the phagocytosis and bactericidal capacity of BMDM by inducing the JNK/NF-??B signaling pathway-mediated polarization of M1 macrophages that participate in polarized Th1 responses and act as the primary line of defense against intracellular pathogens (18, 37). These results indicate that the attenuated injury of tissues in the GL + ST group may be related to the inhibition of colonization and invasion of S. Typhimurium (30), polarization of M1 macrophages (18), improved inflammation response, and intestinal dysbacteriosis.

Inflammatory responses induced by pathogenic infection is one of the most common symptoms of splenomegaly and hepatomegaly (38). The expression of pro-inflammatory cytokines (such as IFN-γ, IL-6, IL-12, and TNF-α) is necessary for the initiation of the innate immune response for pathogen clearance (39). However, excessive pro-inflammatory responses could be extremely harmful to the host (40). Thus, excessive pro-inflammatory responses are tightly balanced by anti-inflammatory cytokines (such as IL-10 and TGF-β) and associated negative feedback loops (41). The ameliorated tissue injury of S. Typhimurium-infected mice in GL- or GM-pretreated group mentioned above may be due to the attenuated inflammatory response. Indeed, compared with the uninfected group, S. Typhimurium infection significantly induced inflammatory responses as evidenced by the upregulation of pro-inflammatory cytokines (IFN-γ, IL-6, IL-12, and TNF-α) and anti-inflammatory cytokine IL-10 in spleen and liver of mice. Interestingly, GL pretreatment effectively decreased the upregulation of pro-inflammatory cytokines (IFN-γ, TNF-α, and IL-6) induced by ST infection in spleen and liver, and increased secretion of anti-inflammatory cytokine IL-10 in spleen. The results indicate that GL effectively alleviates S. Typhimurium-induced inflammatory response by exerting an anti-inflammatory activity.

Intestinal microbes play an important role in maintaining gastrointestinal homeostasis. The intestinal beneficial and commensal microbiota protect host against Salmonella colonization via competition of adhesion site and nutrition and secretion of metabolite (SCFAs, indole, and bacteriocin) (42, 43). It is reported that S. Typhimurium infection is tightly accompanied by intestinal dysbiosis (44, 45). Salmonella outcompetes the resident microbes by inducing the host intestinal immune system to secrete reactive oxygen species (ROS) and antimicrobial peptides that are non-specific harmful to the beneficial and commensal microbes (43). In this study, we observed that Salmonella infection led to dysbiosis by altering microbial beta diversity and composition. Salmonella Typhimurium infection significantly increased the abundances of Alphaproteobacteria, Verrucomicrobiales, DTU014, Prevotellaceae NK3B31 group, and Ruminococcaceae UCG-013, whereas, it decreased the abundances of Desulfovibrionaceae, Rikenellaceae, ASF356, Rikenella, Ruminococcaceae UCG-009, Lachnospiraceae UCG-010, Alistipes, Odoribacter, and Muribaculum. Knowledge about the altered bacteria caused by S. Typhimurium infection remains unclear and needs further investigation. Oral administration of GL significantly increased microbial alpha diversity and altered microbial composition. GL significantly increased the relative abundances of Oscillibacter, Millionella, and Bilophila, whereas, it decreased the relative abundances of Verrucomicrobiales, Family XIII AD3011 group, Ruminiclostridium 9, and Lachnospiraceae UCG-001. Oscillibacter was proposed to exert an anti-inflammatory effect (46). Administration of probiotics increased cecal Millionella abundance of mice (47). Bilophila, a sulfate-reducing bacterium, is associated with animal-based and fat-enriched diets (48). The intestinal dysbiosis caused by Salmonella infection can be reshaped by dietary or antibiotic interventions (31, 49). In the present study, GL or GM pretreatments significantly reshaped the intestinal microbes by reducing microbial alpha diversity, modulating beta diversity, and microbial compositions. The results indicate that the altered microbial diversities and compositions induced by GL pretreatment may be related to the attenuated injury of tissues and pro-inflammatory responses induced by S. Typhimurium infection, although, more direct evidences are needed.

Co-occurrence pattern analysis was performed to investigate the microbial interactions, and we found that the values of average degree and graph density of microbial network in the S. Typhimurium infected group were higher than those of the other groups (Control, GL, GL + ST, and GM + ST), suggesting that S. Typhimurium infection increased the connection among the microbes. All the modularity values of the co-occurrence networks were higher than 0.4, suggesting that these networks had a modular structure (50). The microbial network in the S. Typhimurium-infected group was not easier to form a “small world” as evidenced by lower modularity value than those of the other groups (33). Additionally, negative correlation of the microbial networks in the other groups was less than that of the S. Typhimurium-infected group, which could be interpreted as a reduction in competitive relationships within intestinal microbes (51). Finally, the correlations between phenotypic variables and microbial communities (alpha diversity and phylum level) were further investigated. The final body weight was obtained from our previous study (30) and reanalyzed with the relative abundance of bacterial phyla. Pearson's correlation analysis showed that the final body weight of mice was negatively correlated with cecal Verrucomicrobia, Cyanobacteria, Tenericutes, and Actinobacteria. Verrucomicrobia and Cyanobacteria were positively correlated with the spleen index, caspase-1 activity, and apoptosis index. Tenericutes was positively correlated with caspase-1 activity and apoptosis index. The above results indicate that the relieved negative effect caused by S. Typhimurium infection may be related to the altered microbial diversities and compositions induced by GL pretreatment.



CONCLUSION

Collectively, the present study demonstrates that GL exerts the anti-inflammatory and tissue-protective properties to attenuate ST infection, as indicated by alleviating ST-induced splenomegaly, hepatocytic apoptosis, injury of jejunum and liver, and inflammatory response of liver and spleen in mice. Moreover, we found that GL modulates ST-induced intestinal dysbacteriosis. These findings might give a new perspective into the function of GL in regulating the host immune and intestinal microbiota to defense against pathogen infection. However, further studies about the role of the intestinal microbiota in the progress of GL-mediated anti-Salmonella infection are needed.



ELISA KIT INFORMATION

According to the manufacturer's instructions (eBioscience, San Diego, CA), the detailed information about the used ELISA kits is IFN-γ (Assay range: 15.6–1,000 pg/ml; Analytical sensitivity: 1.7 pg/ml; Intra- and Inter-assay CV: <6.8 and <7.4%), IL-12p70 (Assay range: 15.6–1,000 pg/ml; Analytical sensitivity: 10.0 pg/ml; Intra- and Inter-assay CV: 8.3 and 11.0%), TNF-α (Assay range: 31.3–2000 pg/ml; Analytical sensitivity: 3.7 pg/ml; Intra- and Inter-assay CV: 6.5 and 5.7%), IL-6 (Assay range: 31.3–2,000 pg/ml; Analytical sensitivity: 6.5 pg/ml; Intra- and Inter-assay CV: 5 and 8.9%), and IL-10 (Assay range: 39.1–2,500 pg/ml; Analytical sensitivity: 5.28 pg/ml; Intra- and Inter-assay CV: 6.7 and 10.1%).
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This study aims to investigate the effects of probiotics and Chinese medicine polysaccharides (CMPs) on growth performance, blood indices, rumen fermentation, and bacteria composition in lambs. Forty female lambs were randomly divided into four groups as follows: control, probiotics, CMP, and compound (probiotics + CMP) groups. The results showed that probiotics treatment increased the concentrations of blood glucose (GLU) and immunoglobulin G (IgG) and enhanced rumen microbial protein contents but declined the value of pH in rumen fluid compared with the control (P < 0.05). Furthermore, supplementation with CMP enhanced the average daily gain (ADG) and the contents of IgA, IgG, and IgM in the serum but decreased the F:G ratio compared with the control (P < 0.05). Besides, both CMP and compound (probiotics + CMP) treatments decreased the ratio of acetic acid and propionic acid compared with the control (P < 0.05). High-throughput sequencing data showed that at the genus level, the relative abundance of Veillonellaceae_UCG-001 in the probiotics group was increased, the relative abundance of Succiniclasticum and norank_f__Muribaculaceae in the CMP group were enhanced, and the relative abundance of Ruminococcaceae_UCG-002 in the compound group was raised compared with the control (P < 0.05). In summary, supplementation with probiotics can promote rumen protein fermentation but decrease the diversity of bacteria in rumen fluid; however, CMP treatment increased the relative abundance of Fibrobacteria, changed rumen microbial fermentation mode, increased the immune function, and ultimately improved the growth performance.

Keywords: Chinese medicine polysaccharide, probiotics, growth performance, rumen fermentation, rumen bacteria composition, lamb


INTRODUCTION

Antibiotics have long been used for therapeutic and subtherapeutic purposes, including disease treatment, disease prevention, and growth performance (1). However, the increased use of antibiotics as a feed additive resulted in the emergence of drug residues in animal products and harm human health, leading to a ban on the use in many countries, such as China, EU, USA. Recently, research has begun to investigate more carefully the use of probiotics and herbal extracts and plant bioactives as an alternative approach to enhancing animal health and production efficiency (2).

Probiotics are defined as direct-fed microbials, including yeast (Saccharomyces cerevisiae), Bacillus, and Lactobacillus, which may lead to the creation of a microbial balance in the gastrointestinal tract and confer a health benefit for the host when administered in appropriate and regular quantities (3). A previous study revealed that probiotics could enhance the digestion of fiber and starch, promote volatile fatty acid (VFA) synthesis, and increase the average daily gain and feed conversion rate of cattle (4). Another report showed that adding Lactobacillus acidophilus to lambs' diet could increase the dry matter feed intake and daily weight gain and improve the digestibility of dry matter, crude protein, and crude fiber (5).

Chinese medicine polysaccharides are secondary metabolites produced by Chinese herbs metabolism, and it contains more than 10 degrees of polymerization (6, 7). A series of studies have shown that polysaccharides, including Astragalus polysaccharide and Lycium barbarum polysaccharide, can enhance immunity, are antioxidative, and can improve animal production performance (8, 9). Astragalus polysaccharide is the extract of Astragalus membranaceus, which is often used to enhance immunity in traditional Chinese medicine. The polysaccharide of L. barbarum is its major bioactive component and has been widely used as one of the main chemical components in a traditional Chinese medicine named Ningxia wolfberry. Astragalus polysaccharide has been reported to be a potential additive used in the vaccination of humans and animals so as to improve immune functions both in cellular and humoral immune responses (10). Astragalus polysaccharide was reported to enhance the antioxidant capacity while adding to the diet of goats (11). Furthermore, a recent report showed that L. barbarum polysaccharide (LBP) improved growth promotion and immunomodulation and could be used as an alternative for nutritive additive in broilers (12).

At present, probiotics and Chinese medicine polysaccharides have been used for immunity, growth performance, and metabolism in non-ruminants and ruminants. However, little information is available regarding their effects on rumen bacterial diversity and fermentation parameters of lambs. Rumen microbial ecosystems include a variety of strict anaerobes, protozoa, and archaea, which are in charge of the degradation and fermentation of most nutrients such as dietary fiber (13). Therefore, the purpose of this study is to investigate the effects of probiotics and Chinese medicine polysaccharides on growth performance, metabolism, rumen bacterial diversity, and fermentation parameters in lambs. These results will give helpful information on the effects and application of probiotics and Chinese medicine polysaccharides in ruminants farming.



MATERIALS AND METHODS


Probiotics and Chinese Medicine Polysaccharides

Probiotics were donated by Nanchang University, which consists of Bacillus licheniformis, Bacillus subtilis, and Lactobacillus plantarum at a ratio of 1:1:0.5. The Chinese medicine polysaccharide (CMP) comes from the mixture of L. barbarum and A. membranaceus in the ratio of 2:1 and in which the content of polysaccharides was 114.7 mg/g.



Animals and Experimental Design

This experiment was approved by the Committee for the Care and Use of Experimental Animals at Jiangxi Agricultural University (JXAULL-20190015). A total of 40 healthy female lambs (Chuanzhong black) with an average body weight of 21.69 ± 0.46 kg and the ages ranging 4–5 months were housed indoors in an individual pen (0.5 × 0.6 m2) with a leaky floor, which can keep the pen clean and reduce the labor cost of cleanliness. The feeding trial lasted for 60 days after a 10-day adaptation period. During the trial, a single-factor completely randomized design method was used, and all lambs were randomly divided into four treatments, namely, control (basal diet), probiotics (0.1% probiotics + basal diet), CMP (0.1% Chinese medicine polysaccharides + basal diet), and compound (0.1% probiotics + 0.1% Chinese medicine polysaccharides + basal diet), and each treatment contained 10 lambs. These lambs fed ad libitum with standard ration consisted mainly of peanut vine, corn, soybean meal, wheat bran, and mineral, which were formulated to meet the feeding standard of meat-producing sheep and goat of NY/T 816-2004 (Ministry of Agriculture of the People's Republic of China 2004), and the ingredient composition and nutrient levels are shown in Table 1. No antibiotic was included in the diet.


Table 1. Basic diet composition and nutritional status (air-dried basis)a,b,c.
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Determination of the Growth Performance

Body weight of animals on an empty stomach was measured at 09:00 h at the beginning and end of the trial, and the daily feed intakes were recorded during the experimental period. Based on these data, average daily feed intake (ADFI), average daily gain (ADG), and the ratio of feed and gain (F:G) ratio were calculated.



Serum Biochemistry Indices Analysis

On the 60th day, blood samples (10 ml each) were collected at 14:00 h from the jugular vein, using a vacuum blood collection tube (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Serum was obtained by immediate centrifugation (10 min, 4°C, 1,500 g) and kept at −80°C until analysis. The concentrations of serum total protein (TP), albumin (ALB), blood urea nitrogen (BUN), glucose (GLU), total cholesterol (TC), and triglyceride (TG) in serum were measured by using spectrophotometric kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The concentrations of serum immunoglobulin A (IgA), immunoglobulin G (IgG), and immunoglobulin M (IgM) were analyzed by using ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).



Rumen Fermentation Index Analysis

At the end of the trial, five lambs from each group were randomly selected and euthanized via electrical stunning. Within 30 min postmortem, rumen fluid was collected and filtered through a four-layer cheesecloth, and the pH value was determined by using a portable pH meter immediately (PHS-3C, Shanghai, China). At the same time, 1 ml of ruminal fluid was preserved at −80° for DNA extraction; other samples were processed to analyze VFA, microbial protein (MCP), and ammonia–N (NH3-N). The concentrations of VFA were determined by a gas chromatograph (Agilent Technologies 7820A, USA) based on the method reported previously (14); the ruminal MCP concentration was detected using a spectrophotometric method, and the concentration of NH3-N was detected using a uric acid assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions.



DNA Extraction, PCR Amplification of 16S rRNA, and Sequencing

DNA extraction, genomic library construction, and sequencing of rumen microorganisms were carried out by Shanghai Meiji Biomedical Technology Co., Ltd. Briefly, total DNA was extracted from rumen samples, and then, the universal primers of bacteria (338F: 5′-ACTCCTRCGGGAGGCAGCAG-3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the V3–V4 regions of 16S ribosomal RNA (rRNA). The amplification was initiated with denaturation at 94°C for 3 min, 30 cycles of denaturation at 94°C for 30 s, 58°C for 30 s, 72°C for 90 s, and a final extension at 72°C for 5 min. Finally, The amplified products were electrophoresed on a 2% (w/v) agarose gel and recovered using an AxyPrep DNA Gel Extraction Kit (Axygen, Shanghai, China). The purified effects were quantified by QuantiFlour TM-ST fluorimeter (Promega, Beijing, China). A composite sequencing library was generated by pooling in equimolar ratios of amplicons and sent for paired-end sequencing (2 × 300 bp) on an Illumina Miseq platform at Major Bio-Pharm Technology Co., Ltd. (Shanghai, China).



Bioinformatics Analysis

Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff from the clean Fastq data, and chimeric sequences were identified and removed using Usearch 7.0 (http://drive5.com/usearch/). These OTUs were used for diversity (Shannon and Simpson), richness (Ace and Chao), and rarefaction curve analysis using Mothur 1.30.2 (https://www.mothur.org/wiki/Download_mothur). Representative sequences of OTUs were aligned to the SILVA database (https://www.arb-silva.de) for bacteria taxonomic assignments using Qiime (http://qiime.org/install/index.html).



Statistical Analysis

Basic record statistics were performed in Excel, and all data were statistically analyzed by one-way ANOVA with SPSS 23.0 software. Duncan's test was used to compare differences among the treatment groups. The level of statistical significance was present at P < 0.05 and 0.05 ≤ P < 0.10 was considered as a tendency.




RESULT


Growth Performance

As shown in Table 2, there was no difference between the initial weight and final weight, but a trend of decline was found in the average daily feed intake (ADFI) of lambs with compound treatment compared with the control (0.05 ≤ P < 0.10). Supplementation with CMP significantly increased the average daily gain (ADG) and decreased the ratio of F:G compared with the control group (P < 0.05). In addition, the ADG of lambs in probiotics and compound groups was lower than that in the CMP group, while there was no difference from the control group.


Table 2. Effects of probiotics and CMP on growth performance in lambs.
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Serum Biochemical Indices

As shown in Table 3, CMP treatment significantly increased the contents of IgA, IgG, and IgM in serum, but probiotics treatment only increased the concentrations of IgG compared with the control (P < 0.05). Moreover, both probiotics and compound treatments significantly increased the concentrations of GLU, while there was no difference in the contents of TP, ALB, GLB, BUN, TG, and TC among all groups.


Table 3. Effects of probiotics and CMP on serum biochemical indices in lambs.
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Rumen Fermentation Parameters

As shown in Table 4, probiotics treatment reduced the pH value in the ruminal fluid of lambs but increased the concentration of MCP compared with the control (P < 0.05). The ratio of acetate acid and propionic acid in the CMP group was declined compared with the control (P < 0.05). Moreover, the compound (probiotics plus CMP) treatment decreased the value of pH and the ratio of acetate and propionic acid in ruminal fluid compared with the control (P < 0.05).


Table 4. Effects of probiotics and CMP on rumen fermentation in lambs.
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Diversity of Ruminal Bacteria

In this experiment, a total of 931,700 valid sequences were generated from 18 samples, and the richness and alpha diversity of the community were analyzed by Ace, Chao, Shannon, and Simpson indices in Table 5. However, there were no differences in these indicators (P > 0.05). As shown in Figure 1, Principal coordinates analysis (PCoA) axes 1 and 2 accounted for 17.77% and 13.92% of the total variation, respectively. However, there were no significant differences in the ruminal bacterial community structure between the treatments and control group.


Table 5. Effects of probiotics and CMP on bacterial richness and diversity indices in the rumen of captive lambs.
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FIGURE 1. Principal coordinates analysis (PCoA) diagram of rumen microbial community structure across groups. Control: the basal diet (n = 4); probiotics: supplemented with 0.1% probiotics (consists of Bacillus licheniformis, Bacillus subtilis, and Lactobacillus plantarum at a ratio of 1:1:0.5) in the basal diet (n = 4); CMP: supplemented with 0.1% Chinese medicine polysaccharides in the basal diet, which come from the mixture of Lycium barbarum and Astragalus membranaceus in the ratio of 2:1, and in which the content of polysaccharides was 114.7 mg/g (n = 5); compound: supplemented with 0.1% probiotics and 0.1% Chinese medicine polysaccharides in the basal diet (n = 5).


The relative abundance of rumen microbiota is displayed at the phylum level (Figure 2A and Table 6) and the genus level (Figure 2B and Table 7). Results in Table 6 show that supplementation with probiotics tended to reduce the relative abundance of bacteria belonging to phylum Kiritimatiellaeota (0.05 ≤ P < 0.10) compared with the control, and reduced the relative abundance of phylum Fibrobacteres compared with the compound group but increased the relative abundance of phylum Bacteria_NA compared with CMP and compound groups (P < 0.05). There was no difference found on other phyla among groups. At the genus level in Table 7, the relative abundance of unclassified_f__Veillonellaceae with probiotics treatment was increased, the relative abundance of norank_f__Muribaculaceae and Succiniclasticum in the CMP group were enhanced, and the relative abundance of Ruminococcaceae_UCG-002 with compound treatment was increased compared with the control group (P < 0.05). In addition, the relative abundance of Veillonellaceae_UCG-001 in the probiotics group was raised compared with the CMP and compound groups (P < 0.05).


[image: Figure 2]
FIGURE 2. Relative abundance distribution of rumen flora at (A) phylum and (B) genus levels. Control: the basal diet (n = 4); probiotics: supplemented with 0.1% probiotics (consists of Bacillus licheniformis, Bacillus subtilis, and Lactobacillus plantarum at a ratio of 1:1:0.5) in the basal diet (n = 4); CMP: supplemented with 0.1% Chinese medicine polysaccharides in the basal diet, which come from the mixture of Lycium barbarum and Astragalus membranaceus in the ratio of 2:1, and in which the content of polysaccharides was 114.7 mg/g (n = 5); compound: supplemented with 0.1% probiotics and 0.1% Chinese medicine polysaccharides in the basal diet (n = 5).



Table 6. Effects of probiotics and CMP on rumen bacterial flora structure (phylum level) %.
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Table 7. Effects of probiotics and CMP on rumen bacterial flora structure (genus level) %.
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DISCUSSION

In this study, dietary supplementation of CMP increased the average daily gain of lambs but decreased the ratio of feed to gain, which indicated that CMP is composed of Astragalus polysaccharides (APS) and L. barbarum polysaccharides (LBPs) that could improve the growth performance of lambs. Dietary supplementation with Chinese herbal polysaccharides, such as A. membranaceus polysaccharide (AMP), Ginseng polysaccharide, and L. barbarum polysaccharide, has been used extensively to improve growth performance in broiler chickens and piglets (15, 16). There are few reports noticed about the effect of Chinese medicine polysaccharides on performance in ruminant. Nevertheless, a previous study showed that a diet with Astragalus polysaccharides and A. membranaceus root could improve antioxidant capacity and affect rumen fermentation patterns of lambs (17). A similar result indicated that APS increased the total VFA production of lambs (18). Another recent report demonstrated that a diet with bee pollen polysaccharide improved nutrient digestibility of calf (19). Hence, the enhancement of growth performance in this study may be owed to the improving nutrient utilization and antioxidant capacity of lambs fed diets supplemented with CMP.

Similarly, the addition of CMP significantly increased the contents of immunoglobulin in serum, which indicated that CMP treatment could improve the immune function of lambs. Immunoglobulin is a kind of non-specific immune molecule in animals. There are three main types of immunoglobulin in blood, including IgA, IgM, and IgG. The polysaccharides from natural plants can possess activity in promoting lymphocyte proliferation and improving the expression of cytokines to enhance immunity (20). A previous study revealed that administration of APS increased the level of IgG and IgM in serum (21). It has been reported that APS might induce the differentiation of splenic DCs with the enhancement of T lymphocyte immune function in vitro (22). Furthermore, in agreement with the current experiment, LBP supplementation in the broilers diet promoted humoral immune response leading to the increase in serum IgA and IgG concentrations (12), which may be due to LBP-activated macrophages to generate nitric oxide and promote cytokine secretion (23).

Although supplemental probiotics did not improve the average daily feed intake and gain of lambs, serum IgG and GLU concentrations were enhanced in the probiotics group. Similar to our results, Jia (24) also observed supplemental probiotics consisting of Bacillus lichens and Saccharomyces cerevisiae increased IgG content in lambs. The enhancement of serum GLU concentration could be due to the improvement of probiotics that produce nutrients and growth factors that are stimulatory to beneficial microorganisms of the gut microbiota. However, in contrast to our results, Ibrahim reported that GLU was not affected by probiotics supplementation (25). Another report by Ahmed pointed that GLU was significantly lowered on the 30th day in the probiotic (B. subtilis) supplementation group of growing Barki lambs (26). This may be due to differences in the activities of the probiotic strains and survivability throughout the gut, which appear to be of great importance for optimal efficacy (13).

Low ruminal pH can be caused by an accumulation of ruminal VFA (27). The present results showed that a lower ruminal pH was observed in the probiotics and compound groups, which was possibly due to the addition of L. plantarum to feed, promoting the ferment to produce more lactic acid. Consistent with our results, a previous study revealed that the pH value in the rumen was decreased after feeding Bacillus natto to the cows (28). Besides, supplemental probiotics increased significantly the content of MCP, which indicated that probiotics promoted rumen microorganisms to synthesize more MCP using ammonia nitrogen. Consistently, preweaning calves fed L. plantarum 299v exhibited an increase in MCP concentrations than those in the control group (29).

VFAs mainly include acetic acid, propionic acid, and butyric acid. The concentrations of VFA contribute to ruminants' health by sustaining the rumen ecosystem and acting as an energy source, and the ratio of acetic acid and propionic acid can reflect the rumen fermentation mode. The present result about reducing the ratio of acetate and propionic acid with CMP and compound treatment indicated that diet with Chinese medicine polysaccharide improved rumen fermentation mode. In line with the result, adding 15 g/kg Astragalus polysaccharides to the lamb diet increased the concentration of propionic acid and reduced the ratio of acetate and propionic acid in rumen fluid (11). Ammonia–nitrogen (NH3-N) in the rumen is the main nitrogen source for the synthesis of microbial protein, and its normal concentration range is 6.3–27.5 mg/dl (30). In this experiment, the concentrations of NH3-N in all groups were within the range, but the concentrations of rumen NH3-N had a declining trend in the compound group, which suggested that diet with the compound of probiotics and Chinese medicine polysaccharide might reduce the activity of rumen proteolytic enzyme. A similar report showed that probiotics supplementation decreased the concentration of NH3-N of growing lambs significantly (31). Another report by Wang indicated that a diet with traditional Chinese medicine compound 1 (TCMC 1) tends to decrease the concentration of NH3-N (32).

In this study, there were 931,700 valid sequences in the rumen of lambs, and the coverage rate was over 99%, which indicated that the sequencing results could basically reflect most species in the rumen bacterial flora of lambs. Based on the Silva taxonomic database and using the analysis program Qiime, 1,505 bacterial OTUs were classified and assigned to 16 phyla and 197 genera in the present study. The present results showed the microbial community of lambs was dominated by Bacteroidetes and Firmicutes on the phylum level regardless of group. The results are consistent with the study by (33, 34), in which Bacteroidetes, Firmicutes, and Proteobacteria were found predominantly in rumen fluid. However, the phylum compositions of Fibrobacteres in the compound group were higher than that in probiotics and CMP groups. Fibrobacteres played an essential role in fiber degradation and utilized cellulose to provide nutrients for ruminants, and the current results may be due to the interaction of probiotics and CMP. Previous reports suggested that Chinese herb extracts fermented with probiotic bacteria may increase the oxidative stability and antibacterial activity, which may be due to probiotics promoting the absorption of Chinese herbs in animals, and at the same time, Chinese herbs provided nutrients for probiotics and promoted their proliferation (35, 36).

At the genus level, Rikenellaceae_RC9_gut_group, norank_f__F082, and Prevotella_1 were the dominant bacteria in the four diet groups. No difference was observed in these bacteria, but CMP treatment increased the content of Succiniclasticum and norank_f__Muribaculaceae in rumen fluid. Succiniclasticum isolated by Van Gylswyk (37) from the bovine rumen, which belongs to Firmicutes, can produce succinic acid and convert it into propionic acid and further make glucose. The present results suggest that a diet with CMP might increase the degradation of fiber in the rumen and change the rumen fermentation mode, which was consistent with the results of the decrease in acetic acid/propionic acid and the increase in daily gain of lambs. Ruminococcaceae is one of the Firmicutes that can produce cellulase and hemicellulase to degrade plant fibers and is the main cellulolytic bacterium. This study showed that both probiotics and CMP treatments did not affect the relative abundance of Ruminococcaceae_UCG-002, but the diet with the compound of probiotics and CMP increased the relative abundance of the species, which suggested that there may be an interaction between polysaccharides and probiotics on promoting Ruminococcaceae_UCG-002 reproduction in the rumen, and increasing the degradation of cellulose in the rumen improve the utilization rate of feed. Although all treatments did not change the relative abundance of the Veillonellaceae significantly compared with the control, this abundance in the probiotics group was higher than those in the CMP and compound groups. Veillonellaceae belongs to Firmicutes, which can degrade and utilize cellulose. However, different from our experimental results, Chae reported that the relative abundance of Veillonellaceae was reduced after adding probiotic Enterococcus faecium NCIMB 11181 to the diet of the weaned pig (38). Schofield found no significant difference in the rumen community in sheep as a result of feeding the probiotic Bacillus amyloliquefaciens H57 (3). This difference may be due to the variety and dosage of probiotics. The rumen bacterial community is extremely complex, resulting from the interaction of external factors and animals themselves, and its influencing mechanism needs to be further studied.



CONCLUSION

Diet with probiotics can promote protein fermentation, but the diversity of bacteria had a decreasing trend. Supplementation with CMP increased the relative abundance of Fibrobacteria, changed the rumen fermentation mode, and improved the immune function and growth performance.
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In vivo experiments were conducted to evaluate the effectiveness of a yeast cell wall fraction (YCW) to reduce the negative impact of aflatoxin B1 (AFB1) to the intestinal epithelium in broiler chickens. Zeta potential (ζ-potential), point of zero charge (pHpzc), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM) techniques were used to characterize the YCW. Two hundred one-day-old male Ross 308 broiler chickens were randomly allocated into four treatments: (1) control, chickens fed an AFB1-free diet; (2) AF, chickens feed an AFB1-contaminated diet (500 ng AFB1/g); (3) YCW, chickens fed an AFB1-free diet + 0.05% YCW; and (4) AF + YCW, chickens fed an AFB1-contaminated diet (500 ng AFB1/g) + 0.05% YCW. At the end of the 21-day feeding period, fluorescein isothiocyanate dextran (FITC-d) was administered to chicks by oral gavage to evaluate gastrointestinal leakage. Blood and duodenum samples were collected to assess serum biochemistry and histomorphology, respectively. Compared to the control group, chicks of the AF group significantly diminished weight gain (WG) and average daily feed intake (ADFI), and increased feed conversion ratio (FCR), mortality rate (MR), and intestinal lesion scores (p < 0.05). Alterations in some serum biochemical parameters, and damage to the intestinal integrity were also evident in the AF-intoxicated birds. YCW supplementation improved WG and FCR and increased villus height, villus area, crypt depth, and the number of goblet cells in villi. The effects of YCW on growth performance were not significant in chicks of the AF + YCW group; however, the treatment decreased MR and significantly ameliorated some biochemical and histomorphological alterations. The beneficial effect of YCW was more evident in promoting gut health since chickens of the AF + YCW group presented a significant reduction in serum FITC-d concentration. This positive effect was mainly related to the changes in negative charges of YCW due to changes in pH, the net negative surface charge above the pHpzc, the higher quantities of negative charged functional groups on the YCW surface, and its ability to form large aggregates. From these results, it can be concluded that YCW at low supplementation level can partially protect broilers' intestinal health from chronic exposure to AFB1.

Keywords: broilers, AFB1, yeast cell wall, intestinal permeability, histomorphology


INTRODUCTION

Filamentous fungi, particularly Aspergillus, Fusarium, and Penicillium, are capable of forming secondary metabolites known as mycotoxins. Among the many toxic metabolites identified, some of them are potent carcinogens, which can provoke acute or chronic intoxications in both humans and animals. In agricultural commodities, the most frequently encountered mycotoxins are aflatoxins, ochratoxin A, patulin, fumonisins, trichothecenes (deoxynivalenol, T-2 toxin, and HT-2), and zearalenone (1). Some mycotoxigenic fungi can produce more than one toxin, and some mycotoxins are synthesized by multiple fungal species (2). In comparison with other mycotoxins, the safety level for aflatoxins in poultry feedstuffs is low; as a result, poultry feed is always at risk of contamination with aflatoxins, which are frequently found in maize destined for animal feed. When toxigenic Aspergillus flavus, Aspergillus parasiticus, or Aspergillus nomius isolates grow in poultry feedstuffs, they can synthesize a variety of toxic secondary metabolites, including aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), aflatoxin G1 (AFG1), and aflatoxin G2 (AFG2). As a result, the accumulation of these toxic metabolites in animal tissues may result in an indirect exposure to humans by consuming the contaminated products such as meat or eggs.

Notwithstanding attempts to monitor fungal and mycotoxin contamination, both developing and developed countries have confirmed widespread contamination. To detoxify mycotoxin-contaminated feeds and feedstuffs, various methods have been proposed based on physical, chemical, and biological approaches. Detoxifying agents are substances that may reduce mycotoxin contamination in feed by suppressing or reducing their absorption, promoting their excretion, or changing their mode of action. These substances—called mycotoxin detoxifiers—are added to animals' diet (poultry, swine, and cattle) to minimize toxin absorption and dissemination to blood and target organs. Based on their mode of action, mycotoxin detoxifiers can bind, inactivate, degrade, or transform mycotoxins into less toxic substances. Activated charcoal, hydrated sodium calcium aluminosilicates, polymers, zeolites, agro-waste materials, yeast, and yeast products are examples of adsorbent materials that can be utilized to reduce the toxic effects of various mycotoxins (2–4).

Yeast cell wall (YCW), mainly composed of polysaccharides (mannans and glucans), proteins, and lipids, possesses a variety of adsorption sites, with different mechanisms of adsorption including hydrogen bonding, hydrophobic interactions, and ionic interactions (5). Therefore, YCW could be an alternative over conventional adsorbent materials to bind a wide variety of mycotoxins (6), without reducing nutrient bioavailability or causing negative environmental impacts. While many studies have been conducted to show that YCW can improve broiler performance and intestinal health when challenged with aflatoxins alone or in combination with pathogens (7, 8), just a few studies have looked into the pathways that lead to the formation of complexes involving mycotoxins and YCW components, where some chemical structures such as (1 → 3)-β-D-glucan or (1 → 6)-β-D-glucan play a significant role during the binding process (9–11). Currently, there is a lack of general knowledge about the application of ζ-potential, point of zero charge, Fourier transform infrared spectroscopy, and scanning electron microscopy techniques to characterize the YWC and to understand the interaction between the functional groups present on the YCW surface and the AFB1 molecule. Consequently, this research aimed to describe and evaluate the effectiveness of a commercial YCW fraction's low content to reduce the negative impact of AFB1 on the intestinal epithelium in broiler chickens.



MATERIALS AND METHODS


Yeast Cell Walls

A premium yeast cell wall fraction (YCW) from Saccharomyces cerevisiae (SafMannan) was kindly provided by Phileo Lesaffre Animal Care (Lesaffre Iberica S.A., Valladolid, Spain). The chemical composition of the commercial YCW fraction according to the manufacturer is shown in Table 1.


Table 1. Chemical composition of the yeast cell wall fraction (YCW) according to manufacturer.

[image: Table 1]



YCW Characterizations
 
Zeta Potential (ζ-Potential)

The electrophoretic mobility measurement and conversion to ζ-potential were made using the ZetaSizer Pro (Malvern Instruments, Worcestershire, UK) following the methodology of Ramales-Valderrama et al. (12). All determinations were done at room temperature by diluting 500 μL of the YCW suspension (0.05% w/v) in 5 ml deionized water. Quintuplicates were evaluated, and each measurement included 30 runs to find a stable reading. Samples were evaluated at three different pH values simulating the poultry gastrointestinal tract's in vivo conditions (proventriculus, pH 2; crop, pH 5; and intestine, pH 7).



Point of Zero Charge (pHpzc)

The pHpzc was determined following the approach used by Zavala-Franco et al. (13). Briefly, 50 mL of distilled water was adjusted to different pH values (2, 4, 6, 8, 10, and 12) by adding 0.1 M hydrochloric acid or 0.1 M sodium hydroxide. The solutions were added into flasks containing preweighed YCW (25 mg) and stirred (250 rpm) at room temperature for 195 min. The final pH (pHf) of the suspension was determined, and the pH difference (ΔpH) was computed. All pH measurements were accomplished using a glass electrode (Conductronic PC-45, Puebla, Mexico). Finally, ΔpH was plotted against the initial pH (pHi), and the point where the line intersects the x-axis gave the pHpzc. All determinations were performed in quintuplicate.



Fourier Transform Infrared Spectroscopy

Functional groups of the YCW were characterized using a Fourier transform infrared spectroscopy (FTIR) Frontier SP8000 spectrophotometer (Perkin Elmer, Waltham, MA, USA) accessorized with an attenuated total reflection (ATR) accessory (DuraSamplIR II, Smiths Detection, Warrington, UK). Quintuplicate samples (25 mg) were placed on the ATR diamond crystal, and the spectra were recorded in transmittance mode over the range of 4,000–500 cm−1 at a resolution of 4 cm−1 by coadding 32 scans. The background spectrum of air was subtracted from all the spectra. Additionally, a section of the spectra (the polysaccharide absorbing region, which reveals component structures of mannans and glucans) was baseline corrected, and the resultant FTIR spectrum was further analyzed. The peak areas of the main bands (carbohydrate, protein, and lipid) were computed using the Spectrum 10.4.2 software.



Scanning Electron Microscopy

The morphology and microstructure of the YCW were scrutinized using an InTouch Scope scanning electron microscope (SEM) (JEOL, JSM-6012LA, Tokyo, Japan). To enhance electron conductivity and image quality, samples were coated with a thin gold layer using an electric sputter coater (Denton Vacuum Inc., Desk V HP, Moorestown, NJ, USA) operated at 7 mA for 3 min. Microscopy analysis (×250) was performed in the secondary electron imaging mode (SEI mode) with an accelerating voltage of 15 kV at a 17-mm effective working distance.




In vivo Experiments
 
Animal Ethics

The aflatoxin challenge protocol was approved by the Internal Committee for Care and Use of Experimental Animals of the Postgraduate Program in Animal Production and Health Sciences of the National Autonomous University of Mexico. Ethical approval code: CICUAE-C20_5.



Aflatoxin B1 Production and Preparation of the AFB1-Contaminated Diet

Aflatoxins (AFB1 and AFB2) were produced in maize according to the methodology of Méndez-Albores et al. (14) using a highly toxigenic strain of A. flavus (Code UNIGRAS-1231, Culture Collection of the Grain and Seed Research Unit of the National Autonomous University of Mexico). The highly contaminated maize kernels (14,000 ng AFB1/g) were milled and subsequently mixed in a starter feed formulated to approximate broiler chickens' nutritional requirements (Supplementary Table 1) as recommended by the National Research Council (15). Contamination was performed in batches of 15 kg using 36 g of the aflatoxin-contaminated maize meal per kilogram of feed. Subsequently, the aflatoxin-contaminated poultry feed was mixed for 15 min in a Ribbon Blender Mixer (Molinos Pulvex model MH-7050, Mexico City, Mexico) to ensure proper distribution of the toxins. The adsorbent material was also included in the feed.



Aflatoxin B1 Quantification

The aflatoxin content in the feed was estimated by immunoaffinity column clean-up and liquid chromatography with fluorescence detection. Briefly, aflatoxins were cleaned up using immunoaffinity columns Vicam Afla B (Watertown, MA, USA) and the eluate used for ultraperformance liquid chromatography (UPLC) analysis. A modified method previously described by Jardon-Xicotencatl et al. (16) was used. A mobile phase of water/methanol/acetonitrile (64:18:18) was used on an ACQUITY UPLC BEH C18 column (2.1 × 100 mm, 1.7 μm). The mobile phase was pumped at 0.7 mL/min by a quaternary solvent manager. The aflatoxins eluted in the order of AFB2 and AFB1 at 1.57 and 2.00 min, respectively (Supplementary Figure 1). Detection was via an UPLC-optimized fluorescence detector (Waters, Milford, MA, USA) programmed to detect aflatoxins at 365 nm excitation and 429 nm emission. The estimated detection limits were 0.6 and 2.0 ng/kg for AFB2 and AFB1, respectively. Finally, the AFB1 concentration was calculated using a standard reference (AFB1; CAS number, 1162-65-8, Merck KGaA, Darmstadt, Germany) with a calibration curve. All determinations were done in quintuplicate. The UPLC analysis revealed the presence of AFB1 (500 ± 21 ng/g feed) and traces of AFB2 (43 ± 7 ng/g feed). Since AFB2 is up to 200-fold less toxic than AFB1 (14), in this research, the presence of AFB2 was considered insignificant.



Experimental Birds and Housing

A total of 200 1-day-old male broilers (Ross 308) were purchased from a local hatchery. Birds were randomly distributed in four pens at the Poultry Research Station of the National Autonomous University of Mexico. Five replicates of 10 birds (n = 50 per treatment) were grouped as follows: (1) control, chickens fed an AFB1-free diet; (2) AF, chickens feed an AFB1-contaminated diet (500 ng AFB1/g); (3) YCW, chickens fed an AFB1-free diet + 0.05% YCW (the minimum manufacturers' recommended inclusion rate); and (4) AF + YCW, chickens feed an AFB1-contaminated diet (500 ng AFB1/g) + 0.05% YCW. Chicks were maintained at an age-appropriate temperature and given ad libitum access to diets and water during the 21-day study. Twice a day, birds were monitored for general health.



Collection of Samples and Measurements

Birds and feed were weighed weekly, and feed efficiency was adjusted for mortality. At 21 days of age, blood samples were collected from 15 randomly selected broilers from each treatment (three birds per replicate) and serum prepared. The following analyses were accomplished spectrophotometrically using commercially available kits (BioSystems, Barcelona, Spain): total protein (code 11500), albumin (code 11547), glucose (code 12503), cholesterol (code 11505), and the enzymatic activities of aspartate aminotransferase (AST, code 11531) and alanine aminotransferase (ALT, code 21533). The bled chickens were then euthanized by CO2 inhalation, and segments of duodenum (2 cm in length) taken from the gizzard outlet to the end of the pancreatic loop were carefully excised, rinsed three times with cold saline, and fixed in 10% neutral-buffered formalin for 48 h. The paraffin-embedded tissue samples were cut into 4-μm thick sections and stained with hematoxylin and eosin (H&E). Photomicrographs were acquired using an ICC50W camera associated with a Leica DM2500 microscope. The variables measured were the following: villus height (measured from the top of the villus to the upper part of the lamina propria), villus width (taken at the central part of the villus), crypt depth (measured from the base up to the region of transition between the crypt and villus), villus area (villus height × villus width), and the goblet cell number along the villi membrane, which were counted along 500 μm of each villus surface. The ImageJ 1.52v software was used for morphometric measurements. In each treatment, 60 measurements were taken per variable.



Serum Determination of Fluorescein Isothiocyanate Dextran Leakage

Fluorescein isothiocyanate dextran (3–5 kDa, Merck KGaA, Darmstadt, Germany) was used as a probe to measure gut mucosal barrier integrity. Following the methodology of Baxter et al. (17), 1 h before euthanizing the chickens, 15 randomly selected broilers of each group (three per replicate) were orally gavaged with fluorescein isothiocyanate dextran (FITC-d) (8.32 mg/kg of body weight). The concentration of FITC-d was fluorometrically estimated in diluted sera as described by Hernández-Ramírez et al. (18). Sera from birds without FTIC-d treatment were used as controls.




Experimental Design and Statistical Analysis

Data were analyzed as a completely randomized design using the one-way ANOVA procedure of the Statistical Analysis System software (19). The replicate pens were the experimental units for the analysis, and means were separated using the Tukey procedure at p < 0.05 level of significance.




RESULTS


Characterizations of the YCW Fraction

Figure 1 shows the relationship between ζ-potential and pH. In general, the YCW product had a negative ζ-potential; however, as the pH value increased (from 2 to 7), more negative ζ-potential values were observed. A ζ-potential value of −8.7 ± 1.3 mV was registered at pH 2; however, at pH 5 and 7, the YCW preparation presented ζ-potential values of −15.9 ± 2.5 mV and −23.1 ± 2.1 mV, respectively. The point of zero charge (pHpzc) was determined by plotting ΔpH against the initial pH using the immersion technique. Figure 2 shows the pHpzc of the YCW preparation. In the pHpzc graphic, the curve intersects the x-axis at pH 3.09, suggesting that the surface charge is zero at this particular pH. In other words, the charge of the positive surface sites is equal to that of the negative ones.


[image: Figure 1]
FIGURE 1. The changes in zeta potential of the yeast cell wall fraction (YCW) with different pH.



[image: Figure 2]
FIGURE 2. Point of zero charge (pHpzc) of the yeast cell wall fraction (YCW). Mean values ± standard error.


Furthermore, the FTIR spectrum was acquired to identify the specific functional groups present on the YCW product's surface. The representative FTIR spectrum and the baseline-corrected spectrum of the polysaccharide absorbing region (1,200–750 cm−1) are shown in Figure 3. From the spectrum, three main regions corresponding to polysaccharides (R1 = 750–1,200 cm−1), proteins (R2 = 1,400–1,650 cm−1), and lipids (R3 = 2,800–3,000 cm−1) can be clearly distinguished (Figure 3, profile A). Main absorptions characteristic of polysaccharides are those related to O–H stretching (3,279 cm−1), β-anomeric carbons of β-glucans (1,369 cm−1), C–O stretching and C–OH wagging (1,202 and 1,025 cm−1), β-anomeric carbons of β(1 → 3) glucans (887 cm−1), and mannans (810 cm−1). Characteristic N–H vibrations of proteins were observed at 3,279 cm−1 (overlapped by O–H vibrations) and at 1,629 and 1,532 cm−1, which were associated with the amide I and amide II bands, respectively. Finally, C–H stretching bands of lipids were located at approximately 2,922 and 2,849 cm−1, respectively. These bands were also overlapped by the C–H stretching of glucans (Figure 3, profile A). Moreover, Figure 3 (profile B) depicts the baseline-corrected FTIR spectrum of the carbohydrate absorbing region (frequency range, 1,200–750 cm−1). As can be seen from the spectral magnification, the absorptions at 810, 919, 970, and 1,052 cm−1 characterize mannans. Additionally, the bands at 887, 1,080, 1,107, and 1,151 cm−1 can be assigned to β(1 → 3) glucans. Finally, the broad absorption band at 1,025 cm−1 is generally associated with the presence of β(1 → 4) glucans. The assignments of the main vibrational bands are summarized in Table 2. Furthermore, as a useful indicator of the three main components' ratio, the total area corresponding to polysaccharide, protein, and lipid regions was computed using the Spectrum 10.4.2 software. The results show the highest intensity in the polysaccharide region, followed by lipid and protein regions, respectively. In general, the polysaccharide was shown approximately 3.9-fold higher than lipid, and the ratio of polysaccharide to protein was 7.8-fold higher. These results are consistent with the chemical composition of the YCW product shown in Table 1.


[image: Figure 3]
FIGURE 3. (A) Representative FTIR spectrum of the yeast cell wall fraction (YCW), and (B) baseline corrected FTIR spectrum of the polysaccharide absorbing region (R1 = 1200-750 cm−1).



Table 2. Band assignments of the primary vibrational frequencies in the yeast cell wall fraction (YCW).

[image: Table 2]

The surface morphology and microstructure of the YCW preparation were assessed using SEM. An illustrative micrograph is shown in Figure 4. The image shows mostly β-glucan particles ranging from 20 to 169 μm in size, with some single particles. The majority of the unaggregated particles was approximately 27 ± 3 μm in size; however, the formation of aggregates between β-glucan particles was more noticeable. The SEM image also reveals the ridge-like nature of the β-glucan, with smooth surfaces and rolled-up edges. Finally, the microstructure of β-glucan particles was retained as indicated by their distinctive oval shape.


[image: Figure 4]
FIGURE 4. SEM micrograph of the yeast cell wall fraction (YCW). Scale bar = 100 μm.




In vivo Experiment

Data on the performance of experimental broilers are summarized in Table 3. At the end of week 1, no significant differences were noted in weight gain (WG) among the four dietary treatments. Nevertheless, by the end of week 2, WG was significantly reduced (p < 0.05) in chickens of the AF and AF + YCW groups, respectively. At the end of the trial (week 3), chickens receiving the AFB1-contaminated diet have a 28% reduction in WG. Moreover, WG was significantly improved (4.8%) in birds of the YCW treatment. Average daily feed intake (ADFI) was affected until 21 days of age. Furthermore, by the end of weeks 2 and 3, feed conversion ratio (FCR) was significantly affected in the AF and AF + YCW groups. Finally, the survival rate was as follows: 92% in the AF group, 96% in the AF + YCW group, and 100% in the control and YCW groups, respectively (Table 3). In general, the adverse effects in WG, ADFI, FCR, and survival rate—caused by AFB1–were significantly alleviated by the YCW treatment, which means that the YCW fraction offers reasonable protection against the harmful effects caused by AFB1.


Table 3. Production performance of experimental broiler chickens from 1 to 21 days of age.
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Table 4 summarizes the serum biochemical results. AFB1 caused a significant decrement in total protein, albumin, glucose, and cholesterol concentrations. Compared to the control group, reductions of 29.5, 29.4, 17.6, and 38.8% in those constituents were observed in chickens of the AF group. Additionally, some indications of AFB1 toxicity were distinguished in the AF and AF + YCW groups' chickens by the serum AST activity level, which increased by 1.6- and 1.3-fold in comparison with the control group, respectively. On the contrary, no significant differences were observed in the ALT activity among all dietary treatments (Table 4). In general, the YCW preparation alleviates most of the biochemical parameters in the serum altered negatively due to AFB1.


Table 4. Selected serum biochemical profiles in broiler chickens at 21 days of age.
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Histomorphological parameters of the broiler's duodenum are summarized in Table 5. In general, villus height, villus area, crypt depth, and the number of goblet cells were significantly lower in chickens fed the AFB1-contaminated diet. The addition of the YCW preparation to the AFB1-contaminated diet increased villus height (1,211.1 vs. 964.0 μm); however, the value was significantly lower than the observed in the control group (1,435.7 μm). Furthermore, compared to the control group, chickens of the YCW group have higher villus height, villus area, crypt depth, and the number of goblet cells in villi. Villus width was not affected by any dietary treatment (Table 5 and Supplementary Figure 2).


Table 5. Histomorphological parameters of the broiler's duodenum at 21 days of age.
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Data on serum concentrations of FITC-d are shown in Figure 5. No significant differences were noted in serum levels of FITC-d between the control and YCW groups. However, a significant increment in serum levels of FITC-d was detected in birds fed the AFB1-contaminated diet, reaching values up to 0.42 ± 0.05 μg FITC-d/ml serum. Interestingly, YCW supplementation of the AFB1-contaminated diet significantly diminished the serum levels of FITC-d (40.5%). The AFB1-related toxic damage to the intestinal epithelium in broiler chickens was partially mitigated by incorporating the YCW product into the diet.


[image: Figure 5]
FIGURE 5. Serum fluorescein isothiocyanate dextran (FITC-d) levels in broiler chickens at 21 days of age. Mean of five replicates of three chicks each per treatment (n = 15). Boxes and whiskers not sharing a common superscript differ significantly (Tukey test P < 0.05).





DISCUSSION

To confirm the effectiveness of the YCW preparation to bind AFB1, ζ-potential, pHpzc, FTIR, and SEM techniques were employed. The ζ-potential is a measurement of the charges on the surface of colloidal particles. Without a doubt, interface properties are significantly influenced by changes in pH, ionic strength, temperature, composition of the medium, among others. As a result, in this work, the YCW preparation was evaluated regarding its ζ-potential at pH values of the proventriculus (pH 2), crop (pH 5), and intestine (pH 7). It was observed that ζ-potential increased significantly with increasing pH reaching the maximum at pH 7 (Figure 1). This ζ-potential shift may be attributed to changes in cell wall charges. These results are in close agreement with Lavaisse et al. (20), who reported ζ-potential values of −6 and −16 mV for Saccharomyces cerevisiae cell wall at pH 3.5 and 5, respectively. On the other hand, the pHpzc also provides useful information about particles' surface charge. The results indicate that the surface charge of the YCW product was zero at pH 3.09 (Figure 2). Thus, the YCW surface remained negatively charged when pH > pHpzc > 3.09. As a result, the YCW preparation possesses significant AFB1-sorption uptakes in the crop (pH 5) and intestine (pH 7). On the contrary, in the proventriculus (pH 2), the contribution of electrostatic interactions would be drastically reduced, as the surface net charge of the YCW product is positive. In the present study, the high negative-charged surface of YCW particles (which remained mostly unchanged at pH values above the pHpzc) can be associated with their ability to remove AFB1 in some gastrointestinal tract compartments because of the enhancement of attractive forces between the AFB1 molecule and the YCW surface.

Infrared spectroscopy gives information at the molecular level, allowing the investigation of surface functional groups. In this research, the YCW preparation was further characterized to obtain information about the nature of the interaction between the functional groups present on the YCW surface and the AFB1 molecule. The FTIR spectrum of the YCW product is shown in Figure 3, profile A. In general, the YCW fraction exhibited higher quantities of functional groups associated with polysaccharides (3,279, 1,369, 1,202, 1,025, 887, and 810 cm−1), lipids (2,922, 2,849, and 1,711 cm−1), and proteins (3,279, 1,629, and 1,532 cm−1). These three main components have many different negatively charged functional groups responsible for the AFB1 adsorption (4, 10, 11). It has been reported that ~80% of the dry weight of the YCW product is made up of β-glucans and α-mannans (21). Besides, the outer layer of the S. cerevisiae cell wall is also composed of phosphomannans, which possess a net negative charge due to the presence of the phosphate group. However, the band associated with this functional group (located at approximately 1,070 cm−1) also appears in the polysaccharide absorbing region (1,200–750 cm−1); as a result, an in-depth band assignment is often complicated. However, glucan and mannan content in the YCW preparation was much higher than that of phosphates (Figure 3, profile B). These results corresponded well with transmittance intensities (or calculated areas) in the FTIR spectrum (Figure 3, profile A), showing the highest intensity/area in the polysaccharide region (R1), followed by lipid (R3) and protein (R2) regions, respectively.

The morphology and microstructure of the YCW product were examined by SEM. This material was determined to be a heterogeneous mixture of individual particles (27 ± 3 μm in size) and glucan particle aggregates up to 169 μm in length (Figure 4). Aggregation is a process in which materials joined together to generate themselves a mass or cluster, increasing or decreasing its porosity or density (12). In this research, the changes in cell wall negative charges due to changes in pH, the net negative surface charge above the pHpzc 3.09, the higher quantities of negative charged functional groups on the YCW surface, and the formation of aggregates improved the efficiency and functionality of the YCW preparation resulting in a material with significant interaction with AFB1.

Aflatoxins cause important losses to the poultry industry due to reduced performance and health problems in the exposed birds. The results presented in Table 3, 4 show that AFB1 (500 ng AFB1/g of feed) significantly decreased WG and ADFI, increased FCR and MR, and induced negative changes in some biochemical parameters in broilers. These findings are following the results found by Hernández-Ramírez et al. (18). The authors reported that an experimental diet contaminated with 470 ng AFB1/g feed produced adverse effects on WG, FCR, MR, and serum biochemistry in broiler chickens at 21 days of age. Comparable results are also reported by other researchers (22–26). Moreover, the addition of the YCW product to the AFB1-contaminated diet did not alleviate the harmful effects caused by this mycotoxin. Still, it improved WG and FCR during the final stage of the experiment (14–21 days). These results confirm that the YCW preparation effect was undoubtedly due to its ability to adsorb AFB1, since one of the significant advantages of the glucan-base fractions in animal feeding is to interact with certain mycotoxins. In this context, several in vitro and in vivo reports have indicated that glucan-based binders prevent the toxic effects of different mycotoxins (6–8, 25, 27–32). In the current work, since the minimum manufacturers' recommended inclusion rate was utilized (0.05% w/w), the moderate efficacy of the YCW product to alleviate the adverse effects of AFB1 could be due to its saturation with the mycotoxin. Therefore, diets may need to be supplemented with YCW levels higher than 0.05% to achieve significant protective effects against 500 ng AFB1/g of feed.

The present research revealed positive effects of the YCW product on broiler performance (Table 3). These findings are in close agreement with earlier reports with broilers (33–39). The improved production performance in the YCW group might be related to an improvement in the apparent metabolizable energy intake (40), to the ability of the YCW preparation to stimulate broilers' immunity (41), and to the effects of YCW on disease resistance and gut health (42, 43). The last statement is more plausible because, in this research, the results of the YCW fraction on broiler performance may also be explained by its influence on duodenal histomorphology. In this context, the YCW preparation increased villus height, villus area, crypt depth, and the number of goblet cells in the villi of broiler chickens (Table 5). Similar results have been reported by different researchers (33, 35, 44–46).

Intestinal health is important for broiler performance. When it is impaired, gut histomorphology and gut barrier are damaged. In this sense, different in vivo studies have demonstrated that aflatoxins compromise the gastrointestinal tract's fundamental functions, including loss of barrier function (18, 47, 48). In the present study, intestinal permeability was significantly increased in the AF group (Figure 5), since birds presented a considerable increment in serum FITC-d concentration (up to 0.42 ± 0.05 μg/mL serum). However, the YCW fraction's addition to the AFB1-contaminated diet significantly diminished the serum levels of FITC-d (0.25 ± 0.03 μg/mL serum). These results confirm that the YCW fraction counteracted—to some extent—the AFB1-related toxic damage to the intestinal epithelium in broiler chickens. In this work, the insoluble property and structural conformation allowed β-glucans to adsorb AFB1 molecules mitigating their impact on the gastrointestinal tract. Unfortunately, the YCW fraction did not improve the intestinal epithelium's turnover and regeneration speed in birds of the AF + YCW group (Table 5). However, in addition to a significant increment in the villus height, a higher density of goblet cells was recorded in chickens of the AF + YCW group when compared with the AF group (62.1 vs. 32.9 cell/500 μm). These findings also support the idea that the YCW product alleviates the toxic effects of AFB1 on some histomorphological parameters of the duodenum. Furthermore, compared to the control group, a higher density of goblet cells was also recorded in chickens of the YCW group, suggesting that the YCW fraction can induce the proliferation of goblet cells (Table 5). Different authors have also reported an increased density of goblet cells in broilers-fed diets containing YCW (36, 49). Goblet cells are responsible for the synthesis, storage, and secretion of mucin—a high molecular weight glycoprotein—which represents the first line of defense of the small intestine against mycotoxins (50). In general, the quantity of mucin secreted is directly proportional to the number of goblet cells in villi. Consequently, in this research, an increase in the number of goblet cells in chickens of the AF + YCW group can be positively considered in view of mucus, protective effect against AFB1. Data on the effects of AFB1 on intestinal mucus production in broilers are still meager. However, Wu et al. (51) investigated the individual and combined effect of AFM1 (12 μM), ochratoxin A (20 μM), and zearalenone (100 μM) on the secretion of mucin-like glycoproteins in Caco-2/HT29-MTX cocultures. The authors found that double- and triple-mycotoxin combinations significantly reduced the expression of the highly glycosylated gel-forming mucins MUC2 and MUC5B. As a result, the researchers concluded that increased intestinal permeability is associated with a decrease in mucin secretion. To our knowledge, this is the first report on the effect of AFB1 (500 ng/g feed) on gut histomorphology and gut barrier in broiler chickens with low dietary supplementation of a commercial YCW product (0.5 g/kg). However, further in vivo studies will help improve our understanding of the link between AFB1, mucus production, and intestinal permeability in poultry.
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Strategies are sought to reduce the carriage and dissemination of zoonotic pathogens and antimicrobial-resistant microbes within food-producing animals and their production environment. Thymol (an essential oil) is a potent bactericide in vitro but in vivo efficacy has been inconsistent, largely due to its lipophilicity and absorption, which limits its passage and subsequent availability in the distal gastrointestinal tract. Conjugation of thymol to glucose to form thymol-β-D-glucopyranoside can decrease its absorption, but in vivo passage of effective concentrations to the lower gut remains suboptimal. Considering that contemporary swine diets often contain 5% or more added fat (to increase caloric density and reduce dustiness), we hypothesized that there may be sufficient residual fat in the distal intestinal tract to sequester free or conjugated thymol, thereby limiting the availability and subsequent effectiveness of this biocide. In support of this hypothesis, the anti-Salmonella Typhimurium effects of 6 mM free or conjugated thymol, expressed as log10-fold reductions of colony-forming units (CFU) ml−1, were diminished 90 and 58%, respectively, following 24-h in vitro anaerobic fecal incubation (at 39°C) with 3% added vegetable oil compared to reductions achieved during culture without added oil (6.1 log10 CFU ml−1). The antagonistic effect of vegetable oil and the bactericidal effect of free and conjugated thymol against Escherichia coli K88 tested similarly were diminished 86 and 84%, respectively, compared to reductions achieved in cultures incubated without added vegetable oil (5.7 log10 CFU ml−1). Inclusion of taurine (8 mg/ml), bile acids (0.6 mg/ml), or emulsifiers such as polyoxyethylene-40 stearate (0.2%), Tween 20, or Tween 80 (each at 1%) in the in vitro incubations had little effect on vegetable oil-caused inhibition of free or conjugated thymol. Based on these results, it seems reasonable to suspect that undigested lipid in the distal gut may limit the effectiveness of free or conjugated thymol. Accordingly, additional research is warranted to learn how to overcome obstacles diminishing bactericidal activity of free and conjugated thymol in the lower gastrointestinal tract of food-producing animals.
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INTRODUCTION

The gut of pigs can be a reservoir for important foodborne and disease-causing bacteria as well as antimicrobial-resistant populations of pathogenic as well as commensal bacteria potentially selected for by exposure to antibiotics introduced in the production environment. New treatments and strategies are sought to reduce the carriage of these bacteria during rearing and particularly as they are shipped to the abattoir as these bacteria may contaminate the carcass during processing (1, 2). Thymol is an attractive candidate to be developed into an antibiotic alternative because it exhibits potent antimicrobial activity against a variety of bacteria in the laboratory, including zoonotic pathogens such as Salmonella, Escherichia coli, and Campylobacter (3–6). However, the antimicrobial effect of thymol was less effective when studied in live animals than when studied on the benchtop (7–9) and evidence indicates that the lower activity may be due, at least in part, to intestinal degradation (8) and the rapid absorption of thymol from the proximal gastrointestinal tract (8, 10, 11).

When conjugated to glucose as thymol-β-D-glucopyranoside, the intact glycoside is absorbed to a lesser extent than free thymol in everted porcine jejunal segments allegedly because its β-glycosidic bond is resistant to hydrolysis by host enzymes (10). Consequently, we hypothesized that this compound could potentially function as a prebiotic, being resistant to absorption and degradation in the proximal gut but hydrolyzable by microbial β-glycosidases expressed by gut bacteria inhabiting the distal gut (12, 13). Conceptually, hydrolysis and liberation of thymol from the glycoside in the distal gut would make thymol available to kill zoonotic enteropathogens such as Salmonella, E. coli, and Campylobacter. In support of this hypothesis, results from in vitro studies demonstrated that microbial β-glycosidase activity expressed within mixed populations of avian, bovine, or porcine gut bacteria did indeed hydrolyze thymol from the glucose conjugate, thereby enabling free thymol to exert bactericidal activity against these zoonotic pathogens (14–16). Conversely, when these zoonotic pathogens were grown as pure cultures and in the presence of thymol-β-D-glucopyranoside, little if any bactericidal activity was observed against these zoonotic pathogens due to the absence of appreciable β-glycosidase activity expressed by these bacteria (14–16). Whereas results from in vivo studies demonstrated that oral administration of thymol-β-D-glucopyranoside decreased S. enterica serovar Typhimurium concentrations in the cecum of weaned pigs and decreased Campylobacter colonization in the crop of market aged broilers, bactericidal activity against these pathogens was not observed in more distal sites of the alimentary tract (14, 17). Moreover, both studies revealed little if any effect of thymol-β-D-glucopyranoside on gut concentrations of indigenous E. coli (15, 17). Subsequent to the completion of these in vivo studies, Van Noten et al. (11) reported that little if any thymol-β-D-glucopyranoside or thymol-α-D-glucopyranoside survived passage through the proximal gut as evidenced by their lack of recovery of detectable amounts of the glycosides in large intestinal contents. Thus, while our findings indicate that thymol-β-D-glucopyranoside can be activated upon reaching microbial β-glycosidase activity expressed by gut bacteria, it appears that this strategy has not yet been optimized to deliver effective concentrations of free or conjugated thymol to the lower gastrointestinal tract. Alternatively, it is possible that the extremely lipophilic character of free thymol and thymol-β-D-glucopyranoside may also contribute to the lack of antimicrobial efficacy observed in vivo by favoring sequestration of these compounds within lipid microenvironments during passage through the gastrointestinal tract. Sequestration of free or conjugated thymol would thereby limit accessibility of the compounds to the bacterial cells. Consequently, the objectives of the present study were to assess the antimicrobial activity of thymol-β-D-glucopyranoside within porcine jejunal, cecal, and rectal microbial populations and test the hypothesis that lipids or their hydrolyzed fatty acids may adversely influence the bactericidal activity of thymol-β-D-glucopyranoside as well as its liberated aglycone, thymol, in populations of porcine gut bacteria.



MATERIALS AND METHODS


Sources of Pure and Mixed Microbial Populations

The challenge S. Typhimurium strain (NVSL 95-1776), possessing natural resistance to novobiocin, had been made nalidixic acid-resistant via successive cultivation in Tryptic Soy broth containing up to 20 μg nalidixic acid ml−1 (18). The challenge E. coli K88 strain (kindly furnished by Dr. Nancy Cornick, Iowa State University, Ames, IA) was made novobiocin- and nalidixic acid-resistant (NN-resistant) by successive cultivation in Tryptic Soy broth containing up to 25 μg ml−1 novobiocin and 20 μg ml−1 nalidixic acid (16). Both antibiotics were purchased from Sigma-Aldrich (St. Louis, MO). The S. Typhimurium and E. coli K88 inocula for experiments were obtained from cultures grown overnight at 37°C in Tryptic Soy broth (Difco, Becton Dickinson, Sparks, MD, USA) supplemented with 25 and 20 μg of novobiocin and nalidixic acid per milliliter, respectively.

Mixed populations of porcine jejunal, cecal, and rectal microbes used as inocula for anaerobic incubations were obtained from respective gut contents freshly collected by necropsy the day of use from a 25-kg weaned pig maintained on a non-medicated diet. Freshly voided porcine feces used similarly for anaerobic incubations were collected from approximately 25 kg conventionally reared weaned pigs maintained on non-medicated feed. All procedures for pig care, euthanasia, and necropsy were approved by the USD/ARS Southern Plains Agricultural Research Center's Animal Care and Use Committee.



Studies With Jejunal, Cecal, and Rectal Microbial Populations

Freshly collected jejunal, cecal, and rectal contents delivered to the laboratory within 1 h of collection were inoculated (6, 15, and 15 g respectively) into separate 100-ml volumes of anaerobic Mueller Hinton broth (Difco, Becton Dickinson), prepared at half the manufacturer's recommended instruction and under 100% N2 gas, to achieve after mixing an approximate fluid turbidity value of 4 on the McFarland standard turbidity scale. Based on reported estimates of approximately 1011 total culturable anaerobes g−1 of gut contents (19), the inoculum amounts would be equivalent to approximately 6 to 15 × 109 cells ml−1 within the jejunal, cecal, and rectal cultures, respectively. The half-strength Mueller Hinton broth was used as the basal medium for the culture of the mixed microbial suspensions to avoid excessive acid production by fermentative microbes. Immediately prior to dispersal, the gut suspensions were inoculated with 108 CFU ml−1 of NN-resistant S. Typhimurium to achieve an initial count of 106 CFU ml−1 within each culture and then distributed (10 ml volumes) to separate triplicate sets of 18 × 150 mm crimp top tubes preloaded with 0.5 ml of water or a 120 mM thymol-β-D-thymol solution to achieve 0 or 6 mM added thymol (Sigma-Aldrich) or thymol-β-D-glucopyranoside (Christof Senn Laboratories, Dielsdorf, Switzerland). Tubes were then sealed and incubated anaerobically under 100% N2 at 39°C for 24 h.



Studies With Fecal Microbial Populations

Freshly voided feces delivered to the laboratory within 1 h of collection were mixed (0.5% wt/vol each) with anaerobic half-strength Mueller Hinton broth to achieve an approximate turbidity value of 3 on the McFarland standard turbidity scale. Fecal suspensions were then inoculated with either the NN-resistant strains of S. Typhimurium or E. coli K88 to achieve initial concentrations of 106 CFU ml−1 of these bacteria. Five- or 10-ml volumes of the resultant mixed populations were distributed under a constant flow of 100% N2 gas to 18 × 150 mm crimp top tubes that had been preloaded with small volumes (≤ 0.5 ml) of stock concentrations of thymol-β-D-glucopyranoside or thymol prepared in 50–75% ethanol to achieve 6 mM upon addition of fecal cultures. The smaller culture volumes were used to conserve usage of thymol-β-D-glucopyranoside or thymol and yielded comparable results to the 10-ml cultures. Control tubes without added thymol-β-D-glucopyranoside or thymol were prepared similarly except with additions of 0.5 ml 50% ethanol. In some experiments, tubes were also preloaded with or without 0.15 or 0.3 ml of Crisco Vegetable Oil (J.M. Smucker Company, Orrville, OH, USA), olive oil, oleic acid, or linoleic acid (each from Sigma-Aldrich) to achieve 3% vol/vol solutions as indicated. Similarly, fecal cultures prepared as above were tested without or with additions of Tween 20, Tween 80, or polyoxyethylene-40 stearate (each at 1%, 1%, or 0.2% wt/vol, respectively) or with bile salts or taurine (0.6 or 9 mg ml−1 incubation fluid, respectively) to assess the potential impact of emulsions, micelles, or suspensions resulting from inclusion of these additions on pathogen survivability. The surfactants, bile salts, and taurine were purchased from Sigma-Aldrich. Tubes were closed with rubber stoppers, crimped, and incubated anaerobically under 100% N2 gas at 39°C for 24 h.



Bacterial Enumeration and pH Measurements

Viable cell counts of NN-resistant strains of S. Typhimurium or E. coli K88 were determined in culture fluids collected (1 ml) from in vitro incubations after 0, 6, and 24 h on Brilliant Green (Oxoid LTD, Basingstoke, Hampshire, England) or MacConkey (Difco) agars, respectively, with each medium supplemented with 25 and 20 μg novobiocin and nalidixic acid per milliliter, respectively. Samples were serially diluted into 9 ml of phosphate buffered saline (pH 6.5) from 10−1 to 10−6. Viable counts of wild-type E. coli in mixed cultures of jejunal, cecal, and rectal microbes were similarly enumerated on MacConkey agar lacking added antibiotics. Measurements of culture pH were made at the end of each incubation using a pH meter.



Statistical Analysis

Log10 transformations of viable colony counts (CFU ml−1) or net changes in log10 viable counts of the challenge S. Typhimurium and E. coli K88 strains, calculated as the difference between counts determined after 6 or 24 h incubation minus counts measured in corresponding cultures at time 0, were tested for main effects of treatment and applicable interactions at each sampling time using a general analysis of variance and LSD separation of means (Statistix10, Tallahassee, FL, USA) with a p < 0.05 level of significance. All in vitro incubations were conducted with n = 3 experimental units per treatment.




RESULTS AND DISCUSSION

Anaerobic in vitro incubation of mixed populations of freshly collected porcine jejunal, cecal, and rectal microbes revealed remarkedly similar responses by the challenge S. Typhimurium and the wild-type E. coli populations to treatment with 6 mM thymol-β-D-glucopyranoside, with significant or trends for significant differences observed between mean viable counts after 6 or 24 h of incubation (Figure 1). Main effects of thymol-β-D-glucopyranoside treatment were observed on mean S. Typhimurium log10 CFU ml−1 after 6 and 24 h of culture of jejunal (p = 0.0974 and 0.0104, respectively), cecal (p = 0.0001 and 0.0012, respectivly), and rectal (p < 0.0001 and 0.0311, respectively) bacteria. Main effects of thymol-β-D-glucopyranoside treatment were observed on mean E. coli log10 CFU ml−1 after 6 and 24 h of culture of jejunal (p = 0.001 and 0.0490, respectively), cecal (p = 0.0004 and 0.0024, respectivly), and rectal (p < 0.0001 and 0.0824, respectively) bacteria. Considering that intact thymol-β-D-glucopyranoside is reported to exert little to no bactericidal activity against S. Typhimurium and E. coli K88 (15, 16), it is reasonable to conclude that the anti-Salmonella and anti-E. coli activities observed here reflect the action of free thymol liberated by the action of β-glycosidase released from the indigenous gut microbial populations. The presence of microbial β-glycosidase activity within the gut microbiota was expected as gut microbes inhabiting the niche of polysaccharide digestion contribute to hydrolysis of β-glycosides (12, 13). In the case of the jejunal cultures, the bactericidal activity was quite modest when measured at the 6-h sampling interval but was prominent when measured at the 24-h sampling time (Figure 1). It is possible, however, that in situ thymol-β-D-glucopyranoside hydrolysis may occur sooner within the pig jejunum than in the in vitro incubations studied here as bacterial concentrations in the pig jejunum would be expected to be approximately 100-fold greater than in the cultures inoculated with jejunal contents in the present experiment (6% wt/vol inoculum). Moreover, van Noten and colleagues (11) reported appreciable hydrolysis (>30%) of both thymol-β-D-glucopyranoside and thymol-α-D-glucopyranoside within the stomach and small intestine of weaned pigs administered 101 and 88 μmol thymol equivalents kg BW−1, respectively, over the course of six equally spaced intervals (2 h apart). These researchers recovered low, albeit non-quantifiable, concentrations of thymol in the small intestine and cecum from these treated pigs but were unable to recover detectable amounts of either thymol-α-D-glucopyranoside or thymol-β-D-glucopyranoside in sampled gut contents collected from more distal regions of the gut (11). Their findings suggest rapid hydrolysis and absorption of these compounds in the proximal gut. It is unknown, however, if oral doses of thymol-β-D-glucopyranoside larger than those used by van Noten et al. (11) may allow some portion of the administered glycoside dose to escape hydrolysis during the 1 and 4 h estimated for digesta passage through the pig stomach and small intestine, respectively (20). In the present in vitro study, anti-S. Typhimurium and anti-E. coli activity of thymol-β-D-glucopyranoside was readily apparent by 6 h incubation of cecal and rectal populations, which suggests that the longer retention times of digesta through the large intestine, which is estimated to take up to 44 h (20), may allow ample time for appreciable hydrolysis of any available thymol-β-D-glucopyranoside arriving to this site.
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FIGURE 1. Viable counts of challenge Salmonella Typhimurium [graph (A)] or wild-type E. coli [graph (B)] during mixed culture of porcine jejunal (solid red lines), cecal (dashed blue lines), or rectal bacteria (large dashed green lines) treated without (open symbols) or with 6 mM thymol-β-D-glucopyranoside (filled symbols) in anaerobic (under 100% N2) ½-strength Muellar Hinton broth. Jejunal, cecal, and rectal means at each sample time accompanied by unlike uppercase red, blue, and green letters, respectively, differ based on least squares separation of means at p < 0.05.



It is known that the lipophilic characteristic of essential oils such as carvacrol and thymol can cause challenges for pharmaceutical applications of these oils due to poor aqueous solubility and the propensity to sequester within lipidic environments (21, 22). Swine diets often contain 1–5% added fat, and in some cases even higher amounts, to increase the caloric density of diets and aid in reducing dustiness during feeding (23). Considering that the apparent digestibility of fat sources is reported to range from 73 to 80% for weaned pigs and from 59 to 73% for growing pigs (24), it is possible that available lipid in the small intestine and, although less abundantly in the lower intestinal tract, may contribute to limiting the bioactivity of thymol and thymol-β-D-glucopyranoside in the gut. As hypothesized, the bactericidal activity of thymol-β-D-glucopyranoside was dramatically lessened in the present study when the fecal cultures were incubated with 3% added vegetable oil (Table 1). For instance, the net changes (log10 CFU ml−1) in S. Typhimurium populations, calculated as the difference between counts determined after 6 or 24 h incubation minus counts measured in corresponding cultures at time 0, were diminished by 29 and 61%, respectively, in thymol-β-D-glucopyranoside-treated cultures incubated with 3% added vegetable oil compared to counts measured in cultures incubated likewise without added oil (Table 1). Similarly, the net changes in E. coli K88 were diminished by 73 and 112% after 6 and 24 h incubation, respectively, in thymol-β-D-glucopyranoside-treated cultures incubated with 3% added vegetable oil compared to counts measured in control cultures incubated likewise without added oil (Table 1). Porcine fecal cultures treated with free thymol also had much weakened bactericidal activity when incubated with 3% added vegetable oil, with anti-S. Typhimurium and anti-E. coli K88 activity (expressed as net changes in log10 CFU ml−1) in thymol-treated cultures being diminished more (p < 0.05) due to the presence of 3% vegetable oil than that of thymol-β-D-glucopyranoside-treated cultures (Table 1). For instance, anti-S. Typhimurium and anti-E. coli K88 activity due to thymol was diminished 114 and 107% and by 108 and 119% after 6 and 24 h incubation of vegetable oil-supplemented cultures compared to non-oil-supplemented control cultures, respectively (Table 1).


Table 1. Effects of added vegetable oil on anti-Salmonella Typhimurium and anti-E. coli K88 activities of thymol or thymol-β-D-glucopyranoside (6 mM) and on final pH during mixed culture with porcine fecal microbes.
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Measurements of pH after 24 h incubation revealed treatment by oil interactions in the fecal cultures inoculated with the challenge S. Typhimurium or E. coli K88 strains (Table 1). For cultures incubated without added vegetable oil, greater acidification (p < 0.05) was observed in cultures treated with thymol-β-D-glucopyranoside than in treated with thymol only or control cultures not treated with either free or conjugated thymol, which indicates hydrolysis and subsequent fermentation of glucose from the β-glycoside. This finding is consistent with the simultaneous release of thymol in the non-oil-containing cultures treated with thymol-β-D-glucopyranoside, thereby contributing anti-S. Typhimurium or anti-E. coli K88 activity comparable to that observed in similar cultures treated with thymol. For incubations conducted with 3% added vegetable oil, acidification was observed after 24 h incubation of thymol-β-D-glucopyranoside-treated cultures inoculated with E. coli K88 but not with similar cultures inoculated with S. Typhimurium (Table 1). This suggests that less substrate was available for fermentation in the S. Typhimurium-inoculated cultures incubated with 3% added vegetable oil than in similarly incubated E. coli K88-inoculated cultures. It is known that long-chain fatty acids hydrolyzed from vegetable oil by microbial lipases can be inhibitory to anaerobic digestion (25), but the reason for the discrepancy in pH between S. Typhimurium- and E. coli K88-inoculated cultures incubated with 3% added vegetable oil is unclear. It is unlikely that these different pH conditions had an appreciable effect on viability of the challenge S. Typhimurium or E. coli K88 strains as others have reported growth and survivability of S. Typhimurium and E. coli were little affected, if at all, by pH ranging from 5 to 7 (18, 26). Kampfer and colleagues (27) reported the hydrolysis of 4-methylumbelliferyl-β-D-glucopyranoside in 16 and 83%, respectively, of 43 E. coli and six Salmonella enteritidis strains they tested; thus, one possible hypothesis for the differential pH response of mixed populations inoculated with S. Typhimurium or E. coli K88 is that thymol-β-D-glucopyranoside-hydrolyzing enzymes may have been expressed by E. coli K88 but not S. Typhimurium used in the present study. In support of this hypothesis, Levent et al. (16) showed that when grown in pure culture, thymol-β-D-glucopyranoside treatment had no antibacterial activity against S. Typhimurium but did against E. coli K88, thus implicating hydrolysis of thymol from the thymol-β-D-glucopyranoside by E. coli K88. Considering, however, that earlier studies demonstrated little if any antimicrobial activity of intact thymol-β-D-glucopyranoside (15, 16), the significant inhibition of anti-E. coli K88 and anti-S. Typhimurium activity observed in the presence of 3% added vegetable indicates the sequestration of thymol by the added vegetable oil precludes antimicrobial activity of liberated thymol.

In a follow-up study, we observed that olive oil, like vegetable oil, also inhibited the anti-S. Typhimurium and anti-E. coli K88 activity of thymol and thymol-β-D-glucopyranoside as did the prominent fatty acids of vegetable and olive oil, and linoleic and oleic acid (Table 2). In the case of fecal cultures inoculated with S. Typhimurium, the anti-Salmonella activity of 6 mM added thymol-β-D-glucopyranoside after 6 h incubation was diminished by 36–60% by oil or fatty acid supplementation when compared to cultures incubated without added oil of fatty acid (Table 2). After 24 h incubation, however, the anti-Salmonella activity of 6 mM added thymol-β-D-glucopyranoside was diminished to a greater extent by supplements with the oils (66–87%) than by their respective fatty acids (36–42%), although the differences were not necessarily significant (Table 2). In the case of fecal cultures inoculated with E. coli K88, the anti-E. coli K88 activity of 6 mM added thymol-β-D-glucopyranoside treatment was diminished by 62–82% after 6 h incubation (Table 2). After 24 h incubation, the anti-E. coli K88 activity of 6 mM thymol-β-D-glucopyranoside treatment was diminished by 91–112% with oil addition and was diminished to a lesser extent (45–70%) in cultures incubated with added linoleic or oleic acid (Table 2).


Table 2. Effect of different oil substrates or their predominant free fatty acids on anti-Salmonella Typhimurium and anti-E. coli K88 activities of thymol-β-D-thymol (6 mM) during mixed culture with porcine fecal microbes.
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To assess the potential effects of lipid dispersal agents on the inhibitory effect of vegetable oil on anti-S. Typhimurium and anti-E. coli K88 activity of thymol, added as free thymol or derived via in situ hydrolysis of thymol-β-D-glucopyranoside, fecal cultures were incubated with additions of bile salts or taurine (0.6 or 9 mg ml−1, respectively). Results revealed that fecal cultures incubated with additions of bile salts or taurine alone with thymol or thymol-β-D-glucopyranoside had no effect (p > 0.05) on the growth of the inoculated challenge strains of S. Typhimurium or E. coli K88 and did not diminish the inhibitory effect of 3% vegetable or olive oil or their prominent fatty acids, linoleic or oleic acid, on these pathogens (not shown). Likewise, co-addition of the commercial emulsifying agents Tween 20, Tween 80, and polyoxyethylene-40 stearate at 1%, 1%, or 0.2% wt/vol, respectively, did not restore anti-S. Typhimurium or anti-E. coli K88 activity (Table 3). Thus, while addition of bile salts, taurine, or the Tween and polyoxyethylene-40 surfactants to the incubation mixture may have aided in solubilizing the vegetable oil and thymol, whether free or conjugated, the thymol compounds were still confined within lipophilic microenvironments dispersed in the aqueous medium. Other researchers have also reported that Tween 80 has little, if any, benefit in enhancing the antimicrobial activity of thymol (28, 29). This result is likely due, at least in part, to the propensity of the Tweens and likewise polyoxyethylene-40 stearate, to establish oil in water micelles or microemulsions that sequester free or conjugated-thymol away from microbial surfaces. Clearly, further studies are needed to determine if co-feeding thymol-β-D-glucopyranoside with other emulsifying agents may effectively promote anti-bactericidal activity of the thymol moieties in the pig gut.


Table 3. Effect of select emulsifiers on vegetable oil-caused antagonism of anti-Salmonella Typhimurium and anti-E. coli K88 activities of thymol-β-D-thymol (6 mM) and on final pH during mixed culture with porcine fecal microbes supplemented with 6 mM thymol-β-D-glucopyranoside and 3% vegetable oil.
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CONCLUSION

Results from the present study confirm previous findings indicating that hydrolyzed thymol-β-D-glucopyranoside and free thymol exhibit potent bactericidal activity against S. Typhimurium and E. coli K88 when incubated with mixed populations of porcine gut bacteria. As hypothesized, the anti-S. Typhimurium and anti-E. coli K88 activity of these compounds was decreased in porcine fecal cultures containing 3% vegetable or olive oil or their predominant fatty acids, linoleic or oleic acid. Based on these results, it seems reasonable to suspect that undigested lipid in the distal gut may be one of potentially several factors limiting the in vivo effectiveness of free or conjugated thymol, potentially by sequestering the lipophilic thymol components away from microbial cells in the animal gut. Results further show that under the conditions of these tests, the emulsifiers Tween 20, Tween 80, and polyoxyethylene-40 stearate had little, if any, effect in overcoming the lipid-caused inhibition of thymol-β-D-glucopyranoside. Accordingly, additional research is warranted to learn how to overcome obstacles diminishing bactericidal activity of free and conjugated thymol in the lower gastrointestinal tract of food-producing animals.
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Antibiotic resistance is an increasingly prevalent problem worldwide. Probiotics are live microorganisms that provide health benefits to human beings and animals and also antimicrobial activity against pathogens and might be an antibiotic alternative. The gastrointestinal tract of animals can be a suitable source of finding novel antimicrobial agents, where the vast majority of gut microbes inhabit and a plurality of antimicrobial producers exhibit either a wide or narrow spectrum. Animals that live in Northwest China might possess a special commensal community in the gut. Therefore, the purpose of this study was to assess the effects of three probiotic strains (including Lactobacillus salivarius ZLP-4b from swine, Lactobacillus plantarum FBL-3a from beef cattle, and Bacillus velezensis JT3-1 from yak), which were isolated from livestock in this area, on the overall growth performance, immune function, and gut microbiota of mice. The results showed that the L. salivarius ZLP-4b group not only improved the growth performance but also amended the intestinal mucosa morphology of mice. Furthermore, the supplementation of L. plantarum FBL-3a and L. salivarius ZLP-4b strains significantly increased the content of anti-inflammatory cytokines IL-4 and IL-10 but decreased the pro-inflammatory factor IL-17A. The levels of pro-inflammatory factors IL-6, IL-17A, and TNF-α were also decreased by the B. velezensis JT3-1 group pretreatment. The 16S rDNA sequence results showed that the probiotic administration could increase the proportion of Firmicutes/Bacteroidetes intestinal microbes in mice. Furthermore, the relative abundance of Lactobacillus was boosted in the JT3-1- and ZLP-4b-treated groups, and that of opportunistic pathogens (including Proteobacteria and Spirochaetes) was diminished in all treated groups compared with the control group. In conclusion, B. velezensis JT3-1 and L. salivarius ZLP-4b supplementation enhanced the overall performance, intestinal epithelial mucosal integrity, and immune-related cytokines and regulated the intestinal microbiota in mice.
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INTRODUCTION

Antibiotic has been applied for almost 100 years as a predominant strategy in controlling infectious diseases and improving the growth performance of animals (1). Along with the inappropriate and excessive use of antibiotics, antibiotic resistance issues have been gradually exposed (2). There is an increasing number of bacteria which have developed drug resistance, such as Salmonella with multidrug resistance (3). Besides this, antibiotic resistance is also found in association with gut microbiota disturbance. Furthermore, dysbiosis of microbiota might cause numerous diseases, including obesity, autoimmune diseases, allergy, and intestinal diseases such as irritable bowel syndrome (IBD) (4). Consequently, alternatives to antibiotic treatment were required to be explored (5).

Probiotics have been proven to confer benefits to human and animals within reasonable adoption (6). At present, major probiotics can be classified into Lactobacillus spp. (such as Lactobacillus rhamnosus and Lactobacillus acidophilus), Bacillus spp. (Bacillus subtilis), Bifidobacterium spp. (Bifidobacterium longum and Bifidobacterium animal), yeast (Saccharomyces cerevisiae) and Clostridium spp. (Clostridium butyricum), and so on (7). In addition, next-generation probiotics (Akkermansia muciniphila, Faecalibacterium prausnitzii, and Eubacterium hallii) and genetically modified probiotics (GM probiotics: mutation and overexpression) were vigorously researched (8, 9). The basic mechanism by which probiotics exert beneficial effects is explained as follows: (1) colonization and restoration of disordered intestinal microbiota in the host, (2) competitive exclusion of harmful microbes and antimicrobial molecule production, (3) cell antagonism, cell adhesion, and mucin expression, and (4) regulation of innate and acquired immunity of the host (10). Studies demonstrated that B. subtilis supplementation could ameliorate heat-induced behavioral and inflammatory reactions (11). Sun et al. (12) reported that Bifidobacterium administration altered the commensal community in the gut of mice and regulated the mucosal immunity as determined by Tregs in the colitis model under the cytotoxic T lymphocyte-associated protein 4 blockade conditions. Li et al. (13) also found that Bacillus spp. isolated from feces of yaks significantly impacts the growth performance, the action of intestinal digestive enzymes, immune responses, and antioxidative capacity in mice. In addition, Lactobacillus casei overproducing conjugated linoleic acids illustrated a significant protective effect on Salmonella enteric serovar Typhimurium challenge (14).

Xinjiang and Gansu are two provinces of Northwest China, which are characterized by a rough terrain and harsh weather. Consequently, livestock inhabiting in the alpine areas are very resilient to harsh ecological and climatic environmental changes. Thus, altitude hypoxia (low temperature and thin air) would put constant heat on the process of evolution (15). A previous study showed that environmental factors helped to shape the components and functions of the intestinal microbiota in people who lived at high altitudes (16). Fan et al. (17) demonstrated that altitude impacted on the diversity of microbes and herbage fermentation in the rumen of yaks. This hinted that the animals that lived in Northwest China might possess a special commensal community in the gut compared to those in the plain region. However, there are few research about the gut microbiota of these animals, and studies on probiotics existing in these animals are also seldom reported.

Therefore, this study set out to assess the effects of Bacillus spp. (Bacillus velezensis JT3-1 obtained from yak) and the effects of two strains of Lactobacillus (Lactobacillus plantarum FBL-3a sourced from beef cattle and Lactobacillus salivarius ZLP-4b isolated from swine) on the growth performance, intestinal morphology, immune-related cytokines, and gut microbiota of mice.



MATERIALS AND METHODS


Probiotic Strains and Animal Experiments

The B. velezensis JT3-1 used in this experiment was obtained from feces of healthy domestic yak (Bos grunniens) in Gansu province of China. Two strains of Lactobacillus were also isolated from healthy animal feces in Northwest China and included L. plantarum FBL-3a isolated from feces of beef cattle in Xinjiang Uygur Autonomous Region and L. salivarius ZLP-4b obtained from feces of swine in Gansu province. Our previous results found that these probiotics exhibited good tolerance and antimicrobial activity. The antibiotic sensitivity experiments, resistance gene tests, and hemolytic experiments conducted showed the safety of the JT3-1, FBL-3a, and ZLP-4b strains. Based on this, the complete genome sequence of B. velezensis JT3-1 (GenBank: CP032506), L. plantarum FBL-3a (GenBank: CP034694), and L. salivarius ZLP-4b (GenBank: CP062071) was performed using a PacBio Sequel sequencing platform at Beijing Genewiz Bioinformatics Technology Co., Ltd. B. velezensis JT3-1 was cultured in nutrient agar medium at 37°C for 24 h aerobically. Lactobacillus was cultured at 37°C for 24 h under anaerobic environment on MRS agar medium. Then, the bacterial cells of these strains were evaluated by using the plate count method.

The 2-week-old female Kunming mice (n = 48) were obtained from Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences and raised in specific pathogen-free conditions. They were randomly and equally assigned to four groups, including the control group and the JT3-1-, FBL-3a-, and ZLP-4b-treated groups. In the meantime, the mice in the experimental groups were orally gavaged JT3-1, FBL-3a, or ZLP-4b at 1 × 108 colony forming units per day for a continuous 2 weeks, respectively, while the control mice were given the same volume of phosphate-buffered saline. During the experiment, abnormal performance in mice was recorded, such as death, diarrhea, loss of appetite, weight loss, and so on.



Production Performance Analysis

In this test, the body weight of all mice were recorded at the same time every day and under identical conditions. Main organs such as the heart, lung, liver, kidney, thymus, and spleen were weighed by an electronic balance after euthanasia. The weight/body weight of an organ was expressed as organ index.



Histological Staining

The duodenum, jejunum, ileum, and colon tissues were dipped in 4% paraformaldehyde solution (Servicebio Co., Ltd., Wuhan, China) and stained using hematoxylin and eosin (H&E) solution. Images of morphological character were captured at ×40 and ×100 magnification by using a scanning electron microscope SU8100 (Hitachi Co., Ltd., Japan). The intestinal villus height, crypt depth, and the rate of villus height to crypt depth were calculated by CaseViewer 2.0 software.



Cytokine Profiling Assay

Essential cytokines in the serum of mice such as IL-4, IL-6, IL-10, IL-17A, and TNF-α were determined with Mouse ProcartaPlex Panel (Thermo Fisher Scientific, Waltham, USA) following the instructions from the manufacturer. The samples were read by Luminex TM 100/200TM instrument (Luminex Corp, Austin, TX, USA).



Fecal Extraction and 16S Sequence Analysis

Fresh feces in colon were collected under sterile conditions. The feces were promptly frozen in liquid nitrogen and then preserved at −80°C for the next step. The bacterial genomic DNA was extracted from the stored fecal pellets using QIAamp Fast DNA Stool Mini Kit (Qiagen, Germantown, MD) according to the manufacturer. The V3–V4 region of the bacterial 16S rRNA gene was PCR-amplified using the forward primer 5′-CCTACGGGNGGCWGCAG-3′ and reverse primer 5′- GACTACHVGGGTATCTAATCC-3′. The PCR product purification and amplicon library construction were performed by the Illumina NovaSeq PE250 platform at a commercial company (LC-Bio Technology Co., Ltd, Hang Zhou, China) according to the standard protocols.



Statistical Analysis

Figures were generated using GraphPad Prism 6.0 software. The statistical significance in our study was determined by t-test and χ2 test by the SPSS statistical program, and P < 0.05 was considered statistically significant. The analysis was repeated for three times independently.




RESULTS


Production Performance and Organ Index Analysis

During the experiment period, no aberrant behavior was found. The overall performance in all three groups of the mice that received probiotics was improved compared to the control group. As shown in Figure 1A, there was no difference in the body weight on days 7 and 14 in the experimental and control groups, except that the weight of the mice treated with ZLP-4b was significantly increased than that of the control group on day 14 (Figure 1A). No significant difference was observed in the weight of the heart, liver, spleen, lung, thymus, and kidney between the three probiotic-administrated groups and the control group (Figure 1B). The results indicated that probiotic JT3-1, FBL-3a, and ZLP-4b administration did not affect the growth performance of mice.


[image: Figure 1]
FIGURE 1. Probiotic supplementation improved the overall performance of mice. (A) The body weight of mice at days 7 and 14, respectively. (B) Organ indexes analysis of the heart, liver, and spleen of mice in all the groups. The data are presented as mean ± SD. The values indicate mean ± SD. *P < 0.05.




Probiotic Supplementations Improve the Intestinal Mucosa Morphology

This study was aimed to investigate whether these isolated strains contribute to the intestinal mucosa function of mice. It was found that the three probiotic administration groups significantly improved the intestinal epithelial mucosal integrity in the jejunum, ileum, and colon tissues but not the duodenum compared to the control mice (Figures 2A–D). Meanwhile, the villus heights and the ratios of villi heights to crypt depths in these tissues were also increased (Figures 2E–G). These results showed that the three probiotic-administrated groups presented an improved intestinal mucosal integrity.


[image: Figure 2]
FIGURE 2. The effects of probiotic pretreatment on the epithelial mucosa integrity of the intestine of mice. (A–D) Intestinal morphology shown by hematoxylin and eosin staining of the duodenum, jejunum, ileum, and colon tissues of mice. The images of intestinal morphology at ×40 and ×100 magnification are shown, respectively. (E) Statistical analysis of villus height (μm), (F) crypt depth (μm), and (G) the ratios of villus height (μm) to crypt depth (μm) in the duodenum, jejunum, and ileum of mice, respectively. (A) JT3-1 group, (B) FBL-3a group, (C) ZLP-4b group, and (D) control group. *P < 0.05; **P < 0.01.




Effects of Probiotics on Cytokine Modulation

The serum anti-inflammatory cytokines (IL-4 and IL-10) and pro-inflammatory cytokines (IL-6, IL-17A, and TNF-α) were measured to indicate the inflammatory levels in mice after probiotics were used. The IL-10 and IL-4 levels were dramatically enhanced in the FBL-3a and ZLP-4b groups, except in the JT3-1-treated group (P < 0.01 or P < 0.001, Figures 3D,E). The content of IL-6 and TNF-α showed a reduction in the JT3-1-treated group compared to the control mice; a similar decrease was also found in FBL-3a and ZLP-4b-mice, although the changes were not distinct (P < 0.01, P < 0.05, or P > 0.05, Figures 3A,B). In addition, Figure 3C revealed that the content of IL-17A in sera was reduced after the mice received probiotics compared to the control group (P < 0.05, Figure 3C). It seemed that B. velezensis JT3-1 preferred to inhibit pro-inflammatory cytokines, while L. plantarum FBL-3a and L. salivarius ZLP-4b were more inclined to stimulate the production of anti-inflammatory cytokines.


[image: Figure 3]
FIGURE 3. Effects of the oral administration of probiotics on cytokine modulation. (A–E) IL-6, TNF-α, IL-17A, IL-4, and IL-10 level in the serum of mice. Data are expressed as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.




Characterization of the Gut Microbiota in Mice After Probiotic Administration

The effects of probiotic administration on the intestinal microbial communities in mice were estimated by 16S rDNA sequence. The rarefaction curves showed that nearly all the bacteria species were sequenced in the feces of mice (Figure 4A). It was found that the mice possessed a lower bacterial species richness compared with the control group after the oral administration of probiotics (Figure 4B). Moreover, the detection of bacterial phyla displayed that the relative abundance of Firmicutes was significantly increased, while the relative abundance of Proteobacteria and Bacteroidetes markedly declined in the fecal microbiota from the probiotic-treated mice (Figure 4C). Besides this, some phyla such as Deferribacteres, Epsilonbacteraeota, Fusobacteria, and Actinbacteria showed a higher abundance, while lower Spirochaetes was observed in the probiotic-treated group (Figure 4D). At the genus level, the bacterial genera in the fecal microbiota showed that the relative abundance of Bilophila and Bacteroides was reduced, while that of Alistipes was increased in the probiotic supplementation group compared with that in the control group. Strangely, the Lactobacillus abundance in JT3-1 and ZLP-4b group was raised, but the FBL-3a-treated group was reduced (Figure 4E).


[image: Figure 4]
FIGURE 4. Microbial community changes in the colon content of mice after probiotic administration. (A) Bacterial rarefaction curves for assessing the sequencing depth of each sample. (B) Alpha diversities in bacterial communities as determined by Chao1 index. (C) Average relative abundances of taxa at the phylum level. (D) Heat map and hierarchical clustering of phylum in the intestinal bacterial communities of mice. (E) Clustering heat map analysis of bacterial genera at the genus level. (A) JT3-1 group, (B) FBL-3a group, (C) ZLP-4b group, and (D) control group.





DISCUSSION

Antibiotics had a profound impact on bacterial infection in the therapeutic treatment of diseases (18). However, a number of serious problems also appeared subsequently as the synthesis of antibiotics in large quantity, such as the threat of bacterial resistance, antibiotic-associated diarrhea, and super-infection. In this study, we identified that three candidate probiotic strains from Northwest China improved the immune function and gastrointestinal health of mice. Firstly, no exceptional changes of body weight and organ index both in the control group and the treated groups demonstrated the safety of these three probiotics during the oral administration period. Secondly, the length of the villi and the villus length/crypt depth ratio were improved, and the integrity of the intestinal epithelial mucosa in the ileum and colon tissues was ameliorated, except the duodenum and jejunum segments, compared to the control mice after probiotic gavage. A similar result reported that probiotic supplementation enhanced the height of villus and the depth of crypt (19). Maybe it is just because microorganisms mainly colonize the back part of the intestine, particularly in the colon where microbes act as a major modulator of the immune system of the mucosa (20).

Cytokines play a considerable part in the immune modulatory and defense system of the host (21). However, not all probiotics could suppress pro-inflammatory cytokines and enhance anti-inflammatory factors—for instance, Escherichia coli strain Nissle 1917 had both pro- and anti-inflammatory effects because of the fact that E. coli Nissle 1917 also benefits from the inflamed environment, and it could account for why its anti-inflammatory effects are mild to moderate (22, 23). IL-4 and IL-10 play an important role in the immune modulatory pathway of the host as acknowledged inflammatory suppressor, and IL-10 production depends on IL-4 (24, 25). The cooperation between IL-10 and IL-4 suppressed Th1-related parameters (26). IL-4 is required for the induction of the class switch to IgG1 antibodies in cardiolipin-specific B cells (27). A previous study reported that the level of IL-4 was significantly evaluated after supplementation of a probiotic mixture of L. paracasei and L. fermentum (28). Some research data confirmed that IL-10 had a protective role in epithelial cells (29). In addition, IL-10 plays an effective role in inhibiting inflammation and pathogen clearance during Borrelia recurrentis infection (30), and L. lactis producing IL-10 could be a therapy of murine colitis (31). Similar effects were also found in our research that probiotic administration significantly enhanced IL-4 and IL-10 content in the FBL-3a and ZLP-4b groups. It suggested that FBL-3a and ZLP-4b have anti-inflammatory potential to some extent.

IL-6, TNF-α, and IL-17A are important pro-inflammatory mediators that play a crucial role in the processes of inflammation (32). IL-6 and TNF-α gene expression was upregulated in most intestinal inflammations such as IBD, colitis, and necrotizing enterocolitis (33–35). In addition, IL-6 exerts an anti-inflammatory role in a pancreatitis model by regulating the generation of cytokines, expression of adhesion agents, and activation of neutrophils (36). Two B. subtilis strains (BS1 and BS2) could decrease the content of TNF-α and IL-6 in a mice model (13). IL-23 promoted the pro-inflammatory cytokines IL-6 and IL-17 in autoimmune inflammatory disease models (37). IL-17A played a pivotal part in the development of dextran sodium sulfate-induced colitis by regulating the balance of Th17 and Treg cells (38). A recent research revealed that L. helveticus and L. rhamnosus suppressed interleukin 17 transcription in Citrobacter rodentium-induced colitis in mice (39). In this study, we found that B. velezensis JT3-1 could diminish the content of TNF-α, IL-6, and IL-17A, while L. plantarum FBL-3a and L. salivarius ZLP-4b merely restrained the IL-17A level. Such results are in accordance with the previous studies, implying that probiotics obtained from livestock in Northwest China exerted a protective and salutary function in mice via modulating cytokine secretion.

Gut microbes play a substantial role in the maintenance of intestinal barrier function and modulation of the immune pathway (21), and the diversity of the gut microbiota is significant to the health of the hosts. We found that the species of bacteria in the gut decreased to a certain extent after probiotic administration, but some positive changes also emerged. The increase of Firmicutes/Bacteroidetes ratio contributes to nutrient intake and energy transformation (40). Proteobacteria include a lot of pathogenic germs such as Salmonella, E. coli, Vibrio cholera, and Helicobacter bacteria which can cause many infectious diseases (41). In Spirochaetes, many pathogens were identified as causes of many illnesses—for instance, Leptospira (leptospirosis), Borrelia burgdorferi (Lyme disease), Treponema pallidum (syphilis), Treponema carateum (pinta), Borrelia recurrentis (relapsing fever), and Treponema pertenue (yaws) (42–44). In this study, we found that the relative abundance of these two bacteria (Proteobacteria and Spirochaetes) was reduced by isolated probiotic pretreatment. Bilophila can activate Th1 cells to promote the production of IFN-γ, but it causes appendicitis as opportunistic pathogens (45). In our study, the abundance of Bilophila is reduced after probiotic supplementation. Lactobacillus is negatively correlated with TNF-α; maybe it is why the FBL-3a group with few Lactobacillus appeared to have higher levels of TNF-α than the other groups (46).

In our laboratory, before the animal experiment, many in vitro tests were conducted to assess the antibacterial activity and safety of JT3-1, FBL-3a, and ZLP-4b, including bile salt acid and tolerance tests, antibacterial tests, hemolytic activity tests, and antibiotic susceptibility assay (47–49). Our results demonstrated that Bacillus and Lactobacillus isolated from livestock in Northwest China can confer benefits to mice by improving the intestinal mucosa integrity and modulating the cytokines linked to inflammation and immunity. Moreover, probiotic administration exerted positive effects on the gut microbiome of mice. This work supported the potential for B. velezensis JT3-1 and L. salivarius ZLP-4b to be functional probiotics based on their capacity of beneficial modulation of the intestinal morphology and immune-related cytokines. Further research should be performed before these strains are served in clinical practice.
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Considerable evidence suggests that dietary energy levels and gut microbiota are pivotal for animal health and productivity. However, little information exists about the correlations among dietary energy level, performance, and the gut microbiota and metabolome of donkeys. The objective of this study was to investigate the mechanisms by which dietary energy content dictates the growth performance by modulating the intestinal microbiome and metabolome of donkeys. Thirty-six nine-month-old male Dezhou donkeys with similar body weights were randomly assigned to two groups fed low- or high-energy diets (LE or HE). The results showed that donkeys fed HE had increased (p < 0.05) the average daily gain (ADG) and feed efficiency (G/F) compared with those that received LE diet. The gut microbiota in both groups was dominated by the phyla Firmicutes and Bacteroidetes regardless of the dietary energy level. However, feeding HE to donkeys significantly decreased (p < 0.05) the ratio of Firmicutes to Bacteroidetes (F/B). Compared to the LE group, feeding HE specifically increased the abundances of unidentified_Prevotellaceae (p = 0.02) while decreasing the richness of unidentified_Ruminococcaceae (p = 0.05). Compared to the LE group, feeding the HE diet significantly (p < 0.05) upregulated certain metabolic pathways involving the aspartate metabolism and the urea cycle. In addition, the increased bacteria and metabolites in the HE-fed group exhibited a positive correlation with improved growth performance of donkeys. Taken together, feeding the HE diet increased the richness of Prevotellaceae and upregulated growth-related metabolic pathways, which may have contributed to the ameliorated growth performance of donkeys. Thus, it is a recommendable dietary strategy to feed HE diets to fattening donkeys for superior product performance and feed efficiency.

Keywords: digestible energy, growth performance, microbiome, metabolome, donkey


INTRODUCTION

The Dezhou donkey (Equus asinus) is an excellent indigenous herbivorous domestic animal in China, with superior productivity and high forage efficiency (1). Donkey meat is considered as a high-quality food with lower fat and cholesterol but provides abundant unsaturated fatty acids and protein content (2, 3). Additionally, donkey-hide gelatin is a traditional beneficial food with a broad range of functions such as improving immunity and disease resistance. Currently, donkey breeding has become a vital industry in livestock husbandry in China. However, there are no nutritional recommendations for donkeys worldwide; therefore, it is of great significance to explore proper dietary strategies to improve the production efficiency parameters in donkeys.

The gut microbiota is the key mediator through which the diet impacts the host health (4) and productivity (5). Additionally, the dietary energy level is considered to be a pivotal factor that impacts the growth performance and health condition of animals (6), and the richness and compositions of the microbial community residing in the digestible tract are tightly correlated with the energy harvest efficiency of the host (7). It has been documented that the dietary energy level could profoundly affect the gut microbiota and thus result in the changes in nutrient digestibility, microbial protein synthesis, and milk production parameters by intervening in the ruminal microbial community (6). The structure of the ruminal microbiome determines the ability to extract energy from feed ingredients (7, 8). However, how the dietary energy level affects the gut microbiota and growth performance of donkeys remains unclear.

The gut microbiota can ferment dietary ingredients to produce many kinds of metabolites that regulate certain metabolic pathways and impact the physiological and pathological status of the host (9). Short-chain fatty acids (SCFAs) are one of the most important bacterial metabolites. They could act as a direct energy source for intestinal cells, activate intestinal immunity, and modulate animal feed intake (10). Furthermore, SCFAs production from the microbial digestion of dietary fibers provides a substantial portion of the daily energy requirements of horses or donkeys (11). Fecal metabolites can reflect the results of nutrient digestion and absorption by both the gut bacteria and the host gastrointestinal tract, providing a better explanation for the effects of the host–microbiota and metabolome interactions on growth performance (12). Thus, metabolomics application would greatly extend our understanding of how different dietary energy levels affect the metabolism. Karisa et al. (13) and Weikard et al. (14) stated that metabolomics can be used to predict feed efficiency (G/F), average daily gain (ADG), average daily feed intake (ADFI), and dry matter intake. However, current knowledge about the relationships between dietary energy levels and bacterial communities or metabolite profiles in the Dezhou donkeys is limited, and such insights are crucial to the development of technologies that support modern donkey husbandry, providing technical guidance for healthy donkey breeding.

In the current study, it was hypothesized that variation in dietary level would impact the growth performance of donkeys by influencing the intestinal microbiota and metabolome. The objectives of this study was to investigate the effect of dietary energy level on the intestinal microbiome, metabolome, and performance of donkeys, and the relationships among them, thus clarifying whether dietary energy level regulates performance by interfering with the intestinal microbiome and metabolome.



MATERIALS AND METHODS

All procedures involving animal care and use were in strict accordance with the animal care and use protocol approved by the Shandong Agricultural University Animal Nutrition Research Institute (Protocol No. S20200068).


Experimental Design, Animals, and Feeding Management

Thirty-six healthy nine-month-old male Dezhou donkeys with similar body weights (126.5 ± 3 kg) were randomly allocated into six pens with six donkeys in each pen (3 × 10 m). The pens were randomly assigned to two dietary treatments with three replicates per treatment. One treatment was fed a control diet formulated following the feeding standard for Dezhou donkeys in China (DB 37/T 3605−2019) (15) (denoted as the LE group), and the other treatment group received a high digestible energy (DE) diet (denoted as the HE group). The diet compositions and nutritional contents are shown in Table 1.


Table 1. Experimental diet composition and nutrient levels.
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This experiment consisted of a 20-day adaptation period and a 40-day fattening period for sample collection. Sufficient diets were made in one batch to prevent any batch effect on dietary treatments. Throughout the experimental period, all donkeys had free access to the assigned diets, which were offered two times a day (at 0600 and 1800 h). Furthermore, all the animals had free access to freshwater. The proximate components of feeds were analyzed according to the Association of Official Analytical Chemists (AOAC) (16), and the contents of neutral detergent fiber and acid detergent fiber were determined by the method of Soest et al. (17). Throughout the experimental period, donkeys in each pen were weighed on days 0, 20, and 40 before the morning feeding to determine the ADG. The daily feed offered, orts, and spillages were collected and weighed daily to determine the ADFI. Feed efficiency was expressed as ADG/ADFI (G/F).



Preparation of Pelleted Total Mixed Ration

The forages for the diets were ground to pass through a 3-mm screen, and all concentrates were ground to pass through a 1.5-mm screen. After mixing, the diet was pelleted at 50–60°C (conditioning temperature) with a compression ratio of 10:1 to form a cylindrical shape (pellet diameter = 6 mm; length = 10–15 mm) using a pelleting machine (18).



Determination of the Microbiome and Metabolome in Rectum Digesta

At the end of the feeding period, digesta in the rectum were collected from six donkeys within each treatment. Samples were stored in 5-ml frozen pipes and were immediately flash frozen in liquid nitrogen until analysis. The microbiome was determined by 16S rDNA amplicon sequencing. DNA was extracted from rectum digesta samples using the cetyltrimethyl ammonium bromide (CTAB)/sodium dodecyl sulfate (SDS) method, and PCR products were purified with a Qiagen Gel Extraction Kit (Qiagen, Germany). Detailed descriptions of microbe determination are provided in Supplementary Material 1. The metabolome was determined by liquid chromatography–tandem mass spectrometry (LC-MS/MS). First, tissues were individually ground, incubated, and centrifuged. Then, the supernatant was injected into the LC-MS/MS system for analysis, i.e., a Vanquish ultrahigh-performance LC system (Thermo Fisher, Waltham, MA, USA) coupled with an Orbitrap Q Exactive series mass spectrometer (Thermo Fisher). The raw data files generated by UHPLC-MS/MS were processed using the Compound Discoverer 3.1 (CD3.1, Thermo Fisher) to perform peak alignment, peak picking, and quantitation for each metabolite. Detailed descriptions of the metabolome determination are stated in Supplementary Material 2. All the raw data involved in the present study were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under accession number PRJNA722156.



Statistical Analyses

In this study, the pen was the experimental unit for growth performance measurements (n = 3) and microbiota analysis (n = 6). ADFI, ADG, and G/F were analyzed in SAS version 9.0 (SAS Institute Inc., Cary, NC, USA). Linear discriminant analysis (LDA) effect size analysis of ruminal microbiota changes was conducted using the online procedure of Galax (http://huttenhower.sph.harvard.edu/galaxy/). Differences were declared to be statistically significant when p < 0.05.




RESULTS


Growth Performance of Donkeys

The growth performance results of donkeys in different stages are presented in Table 2. No significant difference (p = 0.194) was observed for the initial body weight between the LE and HE groups. However, the donkeys fed HE had significantly improved (p < 0.05) body weight (BW) and ADG throughout the experiment. In addition, feeding HE increased (p < 0.05) the G/F ratio of donkeys in the 40-day experimental period.


Table 2. Effects of diets with different energy levels on donkey production performance.
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Profile and Characteristics of Microbiota in the Rectum

The microbiota of rectum digesta was analyzed in the two dietary groups by sequencing the bacterial 16S rDNA V3 + V4 region. High-throughput pyrosequencing of the samples (n = 6/treatment) generated a total of 467,846 and 434,240 raw reads in the LE and HE groups, respectively. After removing low-quality sequences, 436,323 and 401,869 total tags were obtained in the rectum contents of the LE and HE groups, respectively. Considering 97% sequence similarity, a total of 2,120 operational taxonomic units (OTUs) were identified in the LE group, which were assigned to 25 phyla, 39 classes, 82 orders, 141 families, and 247 genera. Meanwhile, 2,063 OTUs were obtained in the HE groups, which belonged to 25 phyla, 37 classes, 70 orders, 127 families, and 239 genera. There were 1,827 OTUs shared by both experimental groups (Figure 1A).


[image: Figure 1]
FIGURE 1. The OTU numbers, beta diversity (PCoA plot), and the relative abundances at the phylum, family, and genus levels of the rectal microbiota of donkeys fed LE or HE diet. (A) Venn diagram of OTUs in the rectal microbiota; (B) principal coordinate analysis (PCoA). The relative abundances of bacteria on the right in each group at the (C) phylum, (D) family, and (E) genus levels. (F) The ratio of Firmicutes and Bacteroidetes. LE and HE represent samples collected in the rectum from donkeys fed LE or HE diet. * means significant difference between the HE and LE group (p < 0.05). Only microbes that have a mean relative abundance of more than 0.5% are displayed.


The sequencing depth almost reflected the total microbial species richness (Goods coverage > 99%). Furthermore, no significant differences were observed in the alpha-diversity indices (the Shannon, Simpson, ACE, PD_whole_tree curves, and Chao1) between groups (Table 3). Principle coordinates analysis (PCoA) based on the weighted UniFrac distance revealed no completely separated sample distribution, suggesting a similar structure of the microbial community between the HE and LE groups (Figure 1B).


Table 3. Alpha-diversity indices of the rectal microbiota of donkeys.
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At the phylum, family, and genus levels, the relative abundance of microbiota with over 0.5% in the rectum was analyzed (Figures 1C–E, Supplementary Tables 1–3). The phyla Firmicutes and Bacteroidetes dominated the rectal microbiota in both groups, with 54.18 and 37.58% abundance in the LE group and 47.45 and 41.61% abundance in the HE group, respectively (Figure 1C). In addition, the ratio of Firmicutes to Bacteroides in the LE group was greater than that in the HE group (Figure 1F). At the family level, 22 families were identified with the relative abundance of more than 0.5%. The dominant families were Ruminococcaceae, Lachnospiraceae, Prevotellaceae, and Rikenellaceae, with richness of 26.44, 15.45, 3.97, and 8.71% in the LE group and 22.56, 11.65, 9.13, and 9.19% in the HE group, respectively (Figure 1D). Moreover, 21 genera showed relative abundances over 0.5%, and the predominant genera were unidentified_Ruminococcaceae, unidentified_Bacteroidales, Lactobacillus, unidentified_Lachnospiraceae, Bacteroides, and unidentified_Prevotellaceae (Figure 1E).



Discrepant Bacteria in the Rectal Microbiota of Donkeys Fed LE or HE

The alterations in the microbial communities between the HE and LE groups at the phylum, family, and genus levels are shown in Figure 2. At the phylum level (Figure 2A; Supplementary Table 1), the relative abundances of Firmicutes, Spirochaetes, and Elusimicrobia in the LE group were significantly higher (p < 0.05) than those in the HE group, while feeding HE increased the abundance of Proteobacteria (p < 0.05). At the family level, the relative abundances of unidentified_Clostridiales (p = 0.042) and unidentified_Elusimicrobia (p < 0.05) were lower in the HE group than those in the LE group. However, the relative abundance of Prevotellaceae and Succinivibrionaceae in the HE group were higher (p < 0.05) than those in the LE group (Figure 2B; Supplementary Table 2). At the genus level, the abundances of unidentified_Prevotellaceae (p = 0.023), Desulfovibrio (P = 0.026), and Succinivibrio (p = 0.04) in the HE group tended to be higher than those in the LE group. In contrast, the relative abundances of unidentified_Ruminococcaceae and unidentified_Elusimicrobia (p < 0.05) were higher in the LE group than those in the HE group (Figure 2C; Supplementary Table 3). Similarly, the linear discriminant analysis (LDA) effect size (LEfSe) analysis indicated that feeding HE to donkeys increased the abundance of Prevotella_ruminicola, unidentified_Prevotellaceae, Gammaproteobacteria, Proteobacteria, and Prevotellaceae in the rectum while decreasing the richness of Bacteroidales_bacterium_Bact_22, Selenomonadales, and Negativicutes compared to those in the LE group (Figures 2D,E). Cladograms were constructed to displayed the phylogenetic distributions of discrepant bacteria in the HE or LE groups (Figure 2E).
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FIGURE 2. The relative abundances of rectal microbiota that was significantly different between the LE and HE groups at the (A) phylum, (B) family, and (C) genus levels. Only microbes that had a relative abundance of more than 0.1% were compared. Linear discriminant analysis (LDA) value distributed histogram and cladogram of different microorganisms (LDA score > 3.5). (D) Linear discriminant analysis (LDA) value distributed histogram. (E) Cladogram constructed to visualize the microbial community relative abundance data at rectum samples between the LE and HE groups. Difference was declared to be statistically significant when *P < 0.05, **P < 0.01.




Profile of Rectum Metabolites and Enrichment of Metabolic Pathways

The rectum metabolites of donkeys fed with LE and HE were analyzed by a non-targeted LC-MS/MS metabolomics platform, and 999 metabolites (positive and negative ions) were detected in the two groups. Among them, 137 differentiated (log2 fold change > 1.2, p < 0.05, variable importance in the projection, VIP >1) metabolites were identified (Figure 3C; Supplementary Tables 4, 5). To compare the distribution of the rectum metabolites of the two groups, the orthogonal projections to latent structures discrimination analysis (OPLS-DA) was conducted (Figures 3A,B). The results displayed a completely separated clustering between the HE and LE groups, suggesting that fecal metabolites were typically differentiated by the energy level of the diets. Compared to the LE group, feeding HE increased (p < 0.05) the concentrations of L-aspartic acid, ornithine, L-glutamine, L-phenylalanine, L-serine, methionine, lysine, L-isoleucine, and N-acetylaspartic acid and decreased (p < 0.05) the concentrations of phenylpyruvic acid and argininosuccinic acid in the gut content. Additionally, by comparing with the Small Molecule Pathway Database (SMPDB), 137 differential metabolites were allocated into 28 metabolic pathways involving the growth-related essential amino acids metabolism and energy metabolism (Figure 3D). Of them, arginine biosynthesis; phenylalanine, tyrosine, and tryptophan biosynthesis; alanine, aspartate, and glutamate metabolism; and phenylalanine metabolism were significantly (p < 0.05) altered by different dietary energy contents.
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FIGURE 3. Orthogonal partial least squares discriminant analysis (OPLS-DA) plot of rectal metabolites in comparisons of the LE and HE groups following (A) positive ion electrospray ionization (ESI+) and (B) negative ion electrospray ionization (ESI–). (C) Identification of the differentially abundant metabolites between the LE and HE groups. Red represents an upregulation, while green represents downregulation; blue represents no change. (D) Enrichment analysis of metabolic pathways.




Correlations Between Donkey Performance, Rectal Differentiated Bacteria, Metabolites, and Modified Metabolic Pathways

A Pearson's correlation analysis was performed to evaluate the correlation between performance, rectal differentiated bacteria, and metabolites (Figure 4). The associations between microbes and metabolites provided a comprehensive understanding of the composition and function of the microbiota.


[image: Figure 4]
FIGURE 4. Correlations between (A) bacteria in which the relative abundance was more than 0.5% and performance parameters, (B) differential metabolites and bacteria, and (C) differential metabolites and pathways that differed significantly (p < 0.05) and performance parameters. Each row in the graph represents a metabolite, each column represents a performance parameter, and each lattice represents a Pearson correlation coefficient. Red represents a positive correlation, while blue represents a negative correlation. (D) Pathway analysis of differential metabolites. The manipulated metabolic pathways are based on the analysis of differentiated ruminal metabolites of donkeys fed HE or LE diets following the Bos Taurus KEGG pathway database. The metabolome view shows all matched pathways according to the p-values from the pathway enrichment analysis and impact values from the topology analysis. The node colors varied from yellow to red, indicating that the metabolites have in the data with different levels of significance. 1, Aspartate metabolism; 2, urea cycle; 3, cardiolipin biosynthesis; 4, glycerol phosphate shuttle; 5, glycerolipid metabolism; 6, arginine and proline metabolism; 7, malate–aspartate shuttle; 8, ammonia recycling; 9, amino sugar metabolism; 10, histidine metabolism.


The predominant genus of unidentified_Prevotellaceae was positively correlated with ADG and G/F, while unidentified_Ruminococcaceae was negatively correlated with the growth parameters (Figure 4A). Unidentified_Prevotellaceae, which showed increased abundance in the HE group, was negatively associated with phenylpyruvic acid and argininosuccinic acid but exerted a positive correlations with L-aspartic acid, ornithine, methionine, lysine, L-isoleucine, and N-acetylaspartic acid (Figure 4B). Furthermore, those metabolites showed positive correlations with BW, ADG, and G/F (Figure 4C). The analysis of metabolic pathways from the differential metabolites revealed that several metabolites concentrations including argininosuccinic acid, citrulline, L-aspartic acid, ornithine, L-glutamine, L-phenylalanine, L-serine, methionine, lysine, L-isoleucine, phenylpyruvic acid, and N-acetylaspartic acid related to arginine biosynthesis; aminoacyl-tRNA biosynthesis; phenylalanine, tyrosine, and tryptophan biosynthesis; and alanine, aspartate, and glutamate metabolism (Figure 4D). In contrast, unidentified_Ruminococcaceae, which showed decreased richness in the HE group compared to that in the LE group, was negatively associated with L-aspartic acid, L-glutamine, methionine, lysine, and N-acetylaspartic (those metabolites were positively correlated with ADG and G/F) and positively associated with argininosuccinic acid and phenylpyruvic acid, which negatively correlated to ADG and G/F (Figure 4C). Additionally, Alistipes and unidentified_Enterobacteriaceae were positively associated with citrulline, L-serine, L-glutamine, L-phenylalanine, methionine, and L-isoleucine. These metabolites including citrulline, L-aspartic acid, L-glutamine, L-phenylalanine, L-serine, methionine, lysine, L-isoleucine, and N-acetylaspartic acid related to aminoacyl-tRNA biosynthesis; phenylalanine, tyrosine, and tryptophan biosynthesis; and alanine, aspartate, and glutamate metabolism (Figure 4D).




DISCUSSION

The results of this study demonstrated that feeding HE to donkeys enhanced the growth performance in terms of ADG and G/F. Similarly, Ge et al. (19) demonstrated that broilers fed HE had greater G/F than the basal energy groups, while Fang et al. (20) indicated that G/F decreased as the dietary metabolic energy level decreased over the entire experimental period. Moreover, Ahmad et al. (21) found that G/F was significantly higher with an increased dietary energy level. Our findings suggested that the dietary energy content changed the composition and abundance of the gut microbial community, and specifically increased the abundance of Prevotellaceae, thus modulating some growth-related metabolic pathways, which contributed to the improved production performance of donkeys.

The structure (composition and richness) and function (metabolic mechanism) of the intestinal microbiome are crucial to animal health and metabolism (22) in a highly dynamic symbiotic relationship. Visconti et al. (23) addressed an intense interplay between the gut microbiome and its host. In this study, alpha-diversity analysis showed no significant (p > 0.05) difference in the rectal bacterial community between the two dietary energy levels. Our previous studies have shown that dietary form affected ruminant microbial composition and abundance and thus the performance of lambs (18). This was consistent with the results of this study.

More than 90% of the species in the bacterial community belong to Firmicutes and Bacteroidetes (24). In our study, Firmicutes and Bacteroidetes were the dominant bacteria, agreeing with the observations from previous studies on microbial communities of monogastric herbivorous animals. For example, Su et al. (22) found that the phyla with the greatest abundances were the Firmicutes (55.01%) and Bacteroidetes (24.76%) in horses. Similarly, Liu et al. (25) pointed out that both Firmicutes and Bacteroidetes are abundant (both accounting for >40%) in the hindgut of Dezhou donkeys. Moreover, Zhao et al. (26) demonstrated that Firmicutes and Bacteroidetes were the most abundant and predominant phyla in horse fecal samples. The F/B ratio is a vital index indicating the composition and richness of the gut microbial community, which exerts a tight linkage to the energy harvest efficiency of ruminants from the diet (7) and the changes in body weight in humans (27). For instance, a high F/B ratio is associated with obesity and the production of SCFAs such as butyrate and propionate (9, 28). In this study, feeding HE to donkeys significantly decreased the ratio of Firmicutes to Bacteroidetes (F/B) with the increased richness of Bacteroidetes, which can degrade dietary carbohydrates and produce the SCFAs (29). SCFAs are the energy source and signaling molecules that regulate the feed intake and immune status of the host (9). Thus, the increased Bacteroidetes proliferation due to feeding HE might be a vital contributor to the improved growth performance. Ruminococcaceae is a family in the phylum Firmicutes and can degrade for the degradation of fibrous carbohydrates, and Prevotellaceae is the dominant family in the phylum Bacteroidetes and can degrade the starch (29). In this study, unidentified_Prevotellaceae and unidentified_Ruminococcaceae in the HE group had significantly higher and lower relative abundances, respectively, than those in the LE group. This could be explained by HE having more starch, as the proportion of corn was higher than that in LE. Sanchez-Tapia et al. (30) stated that Prevotella is associated with the intake of carbohydrates and simple sugars. In addition, cellulolytic Clostridia, which are ubiquitous in cellulosic anaerobic environments, represent a major paradigm for the efficient biological degradation of cellulosic biomass (31). In our study, Lachnospiraceae and unidentified_Clostridiales had greater abundance in LE- than that in HE-fed donkeys, which may be explained by LE having more fiber sources of peanut vine and alfalfa than HE. Lachnospiraceae is the dominant family in the order Clostridiales, within the phylum Firmicutes (32). This belongs to the fibrolytic community and has been associated with the production of butyrate necessary for the health of colonic epithelial tissue (33). Clostridia are known as major producers of short-chained fatty acids, which are important energy sources for enterocytes and also exert immunoregulatory functions (34).

The interaction between the gut microbiota diet is a moderator that impacts the host physiology and metabolic processes (4, 35). When the diet provides adequate amounts of protein, the increase in energy levels produced by adding carbohydrates can improve protein synthesis (36). In this study, we found that feeding different energy levels to donkeys significantly altered the concentration of most metabolites associated with protein digestion and absorption and the biosynthesis of amino acids. Aminoacyl-tRNA synthetases are an essential and universally distributed family of enzymes that play a critical role in protein synthesis, pairing tRNAs with their cognate amino acids for decoding mRNAs (37, 38). In our study, L-phenylalanine, L-glutamine, L-aspartate, L-serine, L-methionine, L-lysine, and L-isoleucine were upregulated in the HE group, which indicated that HE can promote the synthesis of protein. Glutamate was the largest contributor to the tricarboxylic acid cycle intermediate fluxes, and its dietary composition altered L-glutamate catabolism (39). Although cysteine and methionine metabolism had no impact (only two hits), the level of L-methionine in HE-fed donkeys was higher (p < 0.05) than that in LE-fed donkeys. L-Methionine is a precursor to other sulfur-containing amino acids, and it is the essential and limiting amino acid for donkey growth and production. In addition, L-methionine also plays an important role in intestinal bacterial protein synthesis.

The abundance and composition of intestinal microbiota is believed to be correlated with energy harvesting and performance (40). In this study, changes in intestinal microbial abundance induced by diet resulted in a shifted metabolome of intestinal microbiota, as shown by Pearson's correlation analysis. Unidentified_Ruminococcaceae was negatively associated with ornithine, L-phenylalanine, and L-arginine, while it showed a positive correlation with argininosuccinic acid and phenylpyruvic acid. Phenylpyruvic acid and argininosuccinic acid had a negative correlation with donkey parameters, possibly owing to LE altering the arginine biosynthesis pathway and arginine synthesis from argininosuccinic acid, which could cause excessive ammonia in the body that is harmful for growth and health. Unidentified_Prevotellaceae was negatively correlated with phenylpyruvic acid and argininosuccinic acid but showed positive correlations with ornithine, L-phenylalanine, and L-arginine, suggesting that higher production of microbiota-derived amino acids may be positively correlated with higher performance in donkeys. Phenylpyruvate is an intermediate product of the conversion from phenylalanine to valine. Accumulation in the body means that the transformation pathway is blocked, which often leads to phenylpyruvuria and valine deficiency. Valine is a precursor to the synthesis of a range of neurotransmitters and hormones in animals, and its lack can lead to poor growth performance. Argininosuccinic acid is an important component involved in the ornithine cycle in the body, and its enrichment (high content) generally indicates that the excretion of ammonia was blocked. High concentrations of arginine succinate and ammonia caused cytotoxicity and reduced energy utilization and causally resulted in the decreased health conditions and productivity (41).

Several studies have found that both positive and negative associations between specific gut bacteria and metabolism and intestinal microbiota are associated with various metabolic pathways, such as lipid metabolism and amino acid synthesis (42, 43). Our metabolome data revealed that different energy diets alter the concentrations of metabolites in the rectum and indicate that rectal metabolism might be linked with microbial activities. Additionally, Koh and Backhed (44) demonstrated that an absence of microbial compositional changes does not necessarily mean an absence of microbial contributions to host metabolism. However, there is not enough evidence to indicate the microbe species and count relation with certain metabolic products in gastrointestinal samples. Thus, additional efforts have to be directed toward increasing our knowledge in terms of causality and mechanisms.

Taken together, compared to the LE group, feeding the HE diet to donkeys characterized the gut microbiome with a low diversity but improved the richness of certain specific efficient bacteria. Moreover, there were tight correlations between the abundance of microbes, contents of metabolites, and performance in the HE group. This revealed that the interaction of dietary energy content and gut microbiota reshaped the exclusive configuration of the microbial community, which underpinned the alteration of the growth-promoting metabolites and metabolic pathways and thus resulted in the increased production performance of donkeys. It has been suggested that increased enrichment of specific microbes and metabolic pathways rather than the greater diversity contributes to the better energy harvest and improved production performance of animals (7, 40). This was consistent with our current results.

The present results supported our hypothesis that feeding a HE diet altered the gut microbiome and metabolome and upregulated the growth-related metabolic pathways, which underlie the increased production performance and feed efficiency. Additionally, this study provided a new viewpoint for understanding the underlying mechanisms by which different dietary energy content impact the growth performance of animals by intervening in the axis of “microbiome–metabolome–phenotypes” to achieve the superior productivities of animals. The findings also suggested that the specific growth-related microbes and metabolites may be the potential targets for modifying the production performance of animals by specific diet consumption, which provided a novel perspective for developing a dietary strategy to improve the production performance of donkeys reared in an intensive feeding system.



CONCLUSIONS

In conclusion, feeding the HE diet improved the growth performance and feed efficiency by increasing the ADG and G/F ratio. Regardless of dietary energy level, the gut microbiota in both groups was dominated by the phyla Firmicutes and Bacteroidetes. However, feeding HE to donkeys significantly decreased (p < 0.05) the ratio of Firmicutes to Bacteroidetes (F/B). Additionally, feeding HE diet characterized the rectum microbiome with a decreased alpha-diversity and the relative abundance of unidentified_Ruminococcaceae in the rectum, whereas increased abundance of specific microbes involving Fibrobacter, Rikenellaceae, and Veillonellaceae. Meanwhile, feeding HE diets improved the concentrations of L-aspartic acid, ornithine, L-glutamine, L-phenylalanine, L-serine, methionine, lysine, L-isoleucine, and N-acetylaspartic acid in the gut content of donkeys and thus affected some growth-related metabolic pathways mainly involving aspartate metabolism and urea cycle. The increased bacteria and metabolites in the HE group exhibited the positive correlation with the ADG and feed efficiency of donkeys. Thus, the HE diet increased the richness of beneficial bacteria and thus modified the growth-related metabolic pathways, which contributed to the improved performance and feed efficiency of donkeys. These beneficial bacteria and metabolites related to dietary energy concentration are potential targets for regulating growth performance. The present findings also provide an innovative insight for developing the new growth-promoting probiotics and prebiotics.
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Lactic acid bacteria (LAB) are the main microorganisms used as probiotics against gastrointestinal inflammation. The objective of this study was to evaluate the potential probiotic characteristics (antimicrobial activity, artificial gastrointestinal model resistance, cell surface hydrophobicity, and autoaggregation ability) and safety characteristics (hemolytic activity, antimicrobial resistance, and in vivo safety) of LAB isolated from the rumen fluid of an adult female sika deer. Two isolated strains identified as Latilactobacillus curvatus Z12 and Z19 showed good antimicrobial activity against enteropathogenic Escherichia coli (ATCC25922), Salmonella typhi (ATCC14028), and Staphylococcus aureus (ATCC25923). In addition, L. curvatus Z12 exhibited higher artificial gastrointestinal model resistance, cell surface hydrophobicity and autoaggregation ability than L. curvatus Z19. Therefore, regarding safety characteristics, only L. curvatus Z12 was evaluated. Upon assessment of safety, L. curvatus Z12 was negative for hemolytic activity and susceptible to penicillin G and cefamandole. Furthermore, an in vivo safety assessment showed that high-dose L. curvatus Z12 (109 CFU/mL) supplementation not only had no adverse effects on body weight gain, feed intake, and organ coefficients of treated mice but also played a key role in promoting the immune system maturation of treated mice. This research revealed that L. curvatus Z12 possesses desirable probiotic characteristics and could be used as a potential probiotic feed additive to improve sika deer health.

Keywords: rumen, lactic acid bacteria, probiotic, antimicrobial activity, sika deer health


INTRODUCTION

Sika deer (Cervus nippon) is an important economic animal in China due to its velvet antlers, which are used in traditional Chinese medicine (1, 2). With overhunting and habitat fragmentation, the wild sika deer population has been markedly reduced, and captivity breeding of sika deer has become the main method to reduce the pressure on wild sika deer resource depletion. However, diarrhea has become a common disease in captive-bred young sika deer, and severe cases can result in death, leading to significant economic losses. Therefore, diarrhea has turned into a focus of disease control and prevention for captivity breeding of sika deer, although related studies remain lacking.

The gastrointestinal tract (GIT) of ruminants contains a complex and diverse population of microorganisms that provide many beneficial functions to the host. Many studies have reported that the composition and dynamics of the intestinal microbiota are closely related to the occurrence of intestinal diseases (3–5). Once the intestinal microbiota is invaded by exogenous pathogens, the balance of the gut barrier is destroyed, leading to digestive system pathologies such as infectious diseases, metabolic disorders, and intestinal diseases (6). Historically, antibiotics have played an important role in animal husbandry and have been used as feed additives to improve gastrointestinal disorders (7, 8). However, in recent years, the use of antibiotics in animals has been gradually banned due to antibiotic residues in food and increasing bacterial resistance (9). In addition, a recent study showed that the use of therapeutic antibiotics negatively affects the temporal development of GIT microbiota diversity and stability in calves (10). Therefore, finding antibiotic alternatives is very important for livestock animals. Probiotics are living microorganisms that, given in sufficient amounts, have the potential to improve the health of host animals (11). Many studies have reported that probiotic supplementation can not only decrease the incidence of intestinal infections in many animals but also improve growth performance and feed efficiency (12–14). Lactic acid bacteria (LAB) are the main representatives of probiotics and have a long history of use as probiotics (15). They have many benefits for host health, such as promoting the development of the host GIT, enhancing the immune system, and alleviating inflammatory bowel diseases (16, 17). Furthermore, LAB can produce various metabolites, such as hydrogen peroxide, bacteriocins and organic acids (lactic acid and propionic acid), which play a key role in regulating the balance of intestinal microorganisms (18). Therefore, LAB as substitutes for antibiotics have attracted extensive attention in the treatment of animal gastrointestinal diseases (19). One study has shown that LAB can improve the daily gain and diarrhea incidence of dairy calves (20). Studies have also found similar results in other animals, such as poultry (12), silver foxes, and raccoon dogs (21). Therefore, in recent years, there has been increasing interest in the isolation of new probiotics that produce antimicrobial substances, which will become an ongoing practice (22).

LAB isolated from their natural hosts are preferred because they are better adapted to the environment of the GIT, are able to spontaneously proliferate, and have better therapeutic and health care effects than strains isolated from other sources (23). In the present study, some probiotic characteristics (antimicrobial activity, survival in artificial gastrointestinal models, cell surface hydrophobicity (CSH), and autoaggregation ability) and safety characteristics (hemolytic activity, antimicrobial resistance, and in vivo safety) of L. curvatus isolated from fresh rumen fluid of an adult domestic female sika deer were evaluated.



MATERIALS AND METHODS


Sampling

A 50 mL ruminal fluid sample was collected via oral tubing (24) from the rumen of a healthy domestic adult female sika deer that had not received antibacterial treatment for more than half a year and was housed at the research farm center of the Institute of Special Animal and Plant Sciences, Chinese Academy of Agricultural Sciences, in Zuojia, Jilin, China, before morning feeding. The ruminal fluid sample was filtered with four layers of sterile cheesecloth to remove large particles of feed, flushed with CO2, and quickly transported on ice to our laboratory for further analysis.



Isolation and Screening of LAB

The rumen fluid sample was diluted from 10−1 to 10−6 using PBS by the 10-fold dilution method. An aliquot of 100 μL of each dilution was pipetted in triplicate onto Man, Rogosa and Sharpe (MRS) agar plates with CaCO3 containing peptone (10.0 g/L), beef extract (10.0 g/L), glucose (20.0 g/L), yeast extract (5.0 g/L), sodium acetate (2.0 g/L), ammonium citrate dibasic (2.0 g/L), K2HPO4 (1.0 g/L), MnSO4 (1.0 g/L), MgSO4.7H2O (0.2 g/L), Tween 80 (1 mL/L), agar (20.0 g/L), and CaCO3 (20.0 g/L) and spread with a glass spreader. After 48 h of anaerobic inoculation at 37°C, the single colony with the maximum clearing zone of CaCO3 disappearance was selected for further screening and Gram staining. Finally, purified and isolated single colonies were stored in MRS broth (without agar) with sterile 20% (v/v) glycerol (Sigma, USA) solution at −80°C.



Antimicrobial Activity

The antimicrobial activity of the isolated strains was determined by a well-diffusion assay (25, 26). Briefly, the isolated bacterial strains were cultured overnight in MRS broth at 37°C (109 CFU/mL), and the bacterial suspension (BS) was centrifuged at 4°C and 8,000 rpm for 10 min. The cell-free supernatant (CFS) was removed, and the bacterial pellet (BP) was resuspended in the same volume of PBS. Sterile metal cylinders were placed on Luria–Bertani (LB) agar plates containing peptone (10.0 g/L), beef extract (1.0 g/L), yeast extract (5.0 g/L), NaCl (5.0 g/L), and agar (20.0 g/L) at a final concentration of 106 CFU/mL pathogenic indicator bacteria (enteropathogenic Escherichia coli, ATCC25922; Salmonella typhi, ATCC14028; Staphylococcus aureus, ATCC25923) to prepare the wells, and each well was inoculated with 100 μL of MRS broth and the BS, CFS, BP, and CFS pH7.0 of the isolated strains. Eventually, the LB agar plates were incubated at 37°C for 24 h, and the indicator bacterial growth inhibition zone was measured with a Vernier caliper. Separate experiments were performed in triplicate.



Morphological Identification of LAB

The morphological characteristics of isolated strains were observed and recorded under an optical microscope (Leica, Germany) before and after Gram staining to preliminarily identify the species of the isolated strains.



Molecular Identification of LAB

Total genomic DNA was extracted using a DNA extraction kit (Tiangen, China) according to the manufacturer's protocol. Bacterial 16S rDNA amplification was carried out by polymerase chain reaction (PCR) using the universal primers 16S rDNA-F (5′- AGAGTTTGATCMTGGCTCAG−3′) and 16S rDNA-R (5′- GGTTACCTTGTTACGACTT−3′). The PCR parameters were as follows: denaturation at 95°C for 2 min, followed by 30 cycles of 94°C for 20 s, 60°C for 20 s, and 72°C for 40 s, and a final extension at 72°C for 1 min. After the reaction, the PCR amplification products were identified by 1% agarose gel electrophoresis and purified by a DNA gel extraction kit (Thermo, USA). The purified PCR products were sent to Shanghai Biotechnology Engineering Co. Ltd., for identification, the sequence files were input into the NCBI BLAST program for homology comparison to obtain information about the strains with the sequences most similar to that of the isolated bacteria, and then, a phylogenetic tree was constructed via MEGA 7.0 software.



Resistance to Artificial Gastrointestinal Models

Artificial gastrointestinal models simulating the stomach and intestine were prepared according to a previous method (27) (rumen simulation was not considered, mainly because the isolates were derived from rumen fluid). Bacterial pellets from MRS broth cultures at a concentration of approximately 109 CFU/mL were resuspended in artificial gastric juice (pH 2.0) and incubated for 1.5 h at 37°C with stirring at 200 rpm. After incubation, the bacterial pellets were washed twice with PBS by centrifugation at 8,000 rpm and 4°C for 10 min and then resuspended in artificial intestinal fluid and incubated for 2 h at 37°C with stirring at 200 rpm. Bacterial pellet viability was quantified by the dilution method of plate counting before and after incubation in artificial gastric juice and intestinal fluid. Separate experiments were performed in triplicate. The bacterial survival rate was calculated by the following formula:

[image: image]

where Tinitial and Tassay are the number of viable bacteria in pellets (log CFU/mL) before incubation in the artificial gastric juice or intestinal fluid and after incubation in the artificial gastric juice or intestinal fluid, respectively.



Cell Surface Hydrophobicity

The CSH of bacteria was determined by spectrophotometry. The isolated strains were cultured in MRS broth at 37°C for 18–24 h and then centrifuged at 8,000 rpm and 4°C for 10 min. The resulting bacterial pellets were washed two times with PBS and adjusted to 108 CFU/mL (OD630nm = 0.11 ± 0.005; A1). Then, xylene and chloroform were added at a ratio of 1:1, followed by vortexing for 3 min and then incubating at 37°C for 3 h. Finally, the aqueous phase was carefully absorbed, and the OD630nm (A2) was measured. Separate experiments were performed in triplicate. The percentage of CSH was calculated by the following formula:

[image: image]

where A1 and A2 are the absorbances before and after incubation for 3 h, respectively.



Autoaggregation Ability

The method of Wang et al. (28) was used to determine autoaggregation, with some modifications. In brief, the isolated strains were cultured in MRS broth at 37°C for 18–24 h (109 CFU/mL). The pellets were harvested by centrifugation at 8,000 rpm and 4°C for 10 min, washed two times with PBS, and resuspended in the same volume of PBS to record the OD630nm (A3). Then, the bacterial solution was vortexed for 10 s and incubated at 37°C. After 8 h, the upper part was carefully absorbed, and the absorbance was measured at 630 nm (A4). Separate experiments were performed in triplicate. The autoaggregation ability rate was calculated by the following formula:

[image: image]

where A3 and A4 are the absorbances before and after incubation for 8 h, respectively.



Safety Assessment of LAB
 
Hemolytic Activity

Determination of hemolytic activity followed the method described by Reuben et al. (23). After culturing overnight in MRS broth, the isolated strain was streaked on sheep blood agar plates (Oxoid, Germany) and incubated at 37°C for 48 h. Blood lysis zones that appeared around the bacterial colonies were considered to indicate that the strains were hemolytic (β-hemolysis), while green-hued zones (α-hemolysis) or lack of any zones (γ-hemolysis) appearing around the bacterial colonies were considered to indicate that the strains were non-hemolytic.



Antimicrobial Resistance

The antimicrobial resistance of the isolated strain was tested by the disk diffusion method (29), with some modifications. Nine antibiotic discs (6 mm, Oxoid, UK) including penicillin G, ampicillin, cefamandole, azithromycin, streptomycin, gentamicin, tetracycline, vancomycin, and chloramphenicol were selected and analyzed according to the recommendations of the European Food Safety Authority for probiotic strains.

Bacterial pellets from overnight MRS broth cultures were harvested (8,000 rpm and 4°C for 10 min), washed twice with PBS and then resuspended in PBS to obtain a bacterial solution in a logarithmic growth cycle (0.5 McFarland suspension). After that, 100 μL aliquots of the bacterial solution were spotted onto MRS agar plates. Finally, the antibiotic discs were applied to the surface of MRS agar plates within 15 min, and the agar plates were transported to a 37°C incubator. After 24 h of incubation, the inhibition zone diameters/mm (IZD) were measured with a Vernier caliper. Since antimicrobial resistance is studied by using breakpoint values to classify microorganisms as resistant or susceptible, neither EUCAST nor CLSI guidelines have been defined for the breakpoints of the disc-diffusion method for studying antibiotic resistance of LAB (30, 31). Therefore, the breakpoints were defined and classified for each antimicrobial based on the CLSI guidelines (Table 1), and the results were compared with the existing literature to verify the classification of resistance (18, 32). Separate experiments were performed in triplicate.


Table 1. Antimicrobial resistance of the isolated strains.
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In vivo Safety Evaluation
 
Animal Experimental Procedure and Sample Preparation

For in vivo safety evaluation, 60 4-week-old male Charles River CD-1 (ICR) mice were obtained from Liaoning Changsheng Biotechnology Co., Ltd. All mice were housed at 25 ± 3°C and 55 ± 15% humidity with free access to feed and water. After 1 week of acclimatization, the mice were randomly divided into 4 different groups of 15 animals each. Mice in the control group (CON) were gavaged with 0.2 mL of 0.9% sterile saline, while mice in the other three groups were gavaged with 0.2 mL of Z12 at doses of 107 (LZ12), 108 (MZ12), and 109 (HZ12) CFU/mL. Body weight and food intake were measured every 3 days. After 21 days of daily gavaging, the mice were fasted for 12 h and then anesthetized with 10% chloral hydrate (0.0350 mL/10 g). Blood was rapidly collected by heart puncture, and serum was harvested by centrifugation (4,000 rpm and 4°C for 10 min) for further analysis. Organs, including the liver, kidney, spleen, and thymus, were collected and weighed after the mice were sacrificed, and organ coefficients were calculated as organ weight/body weight × 100 (33).



Mouse Serum Analysis

The aspartate aminotransferase (AST), alanine aminotransferase (ALT), and blood urea nitrogen (BUN) levels as well as the malondialdehyde (MDA) content and superoxide dismutase (SOD) activity in serum were determined by use of commercial ELISA kits (Nanjing Jian Cheng Bioengineering Inc., China). The data were measured by an ELISA plate reader (HKM, Guangdong, China) or biochemical automatic analyzer (Selectra-E, Holland).




Statistical Analysis

The data are presented as the mean ± standard deviation (SD) and analyzed using t-tests and one/two-way analysis of ANOVA (GraphPad Prism software) with the default parameters according to experience. Statistically significant differences between groups were considered at P < 0.05.




RESULTS


Antimicrobial Activity

Twenty strains (Z1 to Z20) were isolated from rumen fluid (data not shown). Among them, two isolates (Z12 and Z19) exhibited excellent antimicrobial activity against pathogenic indicator bacteria (Figure 1). Therefore, we chose these two isolated strains for further research. The BS and CFS of Z12 and Z19 presented a significant inhibitory effect against enteropathogenic E. coli, S. typhi and S. aureus compared with the BP (p < 0.0001), and the inhibitory effect of the BS was markedly higher than that of the CFS (p < 0.0001). Moreover, Z12 and Z19 significantly inhibited enteropathogenic E. coli compared with S. typhi and S. aureus (p < 0.0001), but no significant difference was observed between S. typhi and S. aureus. In addition, neither MRS broth nor CFSpH7.0 had inhibitory effects on pathogens.


[image: Figure 1]
FIGURE 1. The inhibitory effects of isolated strains against pathogenic indicator bacteria. Values are displayed as the mean ± SD, ****p < 0.0001 indicates differences between two L. curvatus strains; ####p < 0.0001 indicates differences among the BP, CFS, and BS.




Identification of Isolated Strains

On agar plates, the isolated bacterial (Z12 and Z19) colonies were small, round (diameter of 1–2 mm), milky white, and opaque, with neat and smooth edges. Under a light microscope, the isolated strains were gram-positive bean-shaped rods with rounded ends, curved, in pairs or short chains, spore free and flagella free (Figure 2A). Figure 2B shows that the two isolates were identified as Latilactobacillus curvatus, named Latilactobacillus curvatus Z12 and Z19 (97% sequence homology to GenBank sequences).


[image: Figure 2]
FIGURE 2. Identification of the isolated strains by morphology and 16S rDNA sequences. (A) Gram staining and microscopic examination of isolated strains. (B) A phylogenetic tree of 16S rDNA sequences of isolate strains was constructed by MEGA 7.0 software.




Resistance to Artificial Gastrointestinal Models

The viability of isolated strains in artificial gastric juice and intestinal fluid was determined by using artificial gastrointestinal models. The survival rates of isolates are shown in Figure 3. The initial surviving cell numbers of Z12 and Z19 were 9.52 ± 0.18 and 9.46 ± 0.10 (log CFU/mL), which were reduced to 5.44 ± 0.14 and 4.00 ± 0.02 (log CFU/mL) after exposure to artificial gastric juice. Thus, the survival rates of Z12 and Z19 were 57.20% and 42.24% (p < 0.0001). Moreover, the surviving cell numbers of Z12 and Z19 after treatment with artificial intestinal fluid remained at 9.28 ± 0.11 and 9.26 ± 0.14 (log CFU/mL), and the survival rates were 97.61 and 97.91%. Overall, the survival rates of Z12 and Z19 after gastrointestinal model simulation were 55.87 and 41.36%, respectively, and Z12 showed significantly higher resistance to artificial gastrointestinal models than Z19 (p < 0.0001).
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FIGURE 3. Survival rates of isolated strains after exposure to artificial gastric juice, intestinal fluid, and GIT models. Values were displayed as the mean ± SD, ****p < 0.0001 indicates differences between the two L. curvatus strains.




Cell Surface Hydrophobicity and Autoaggregation Ability

The isolated L. curvatus strains showed suitable CSH and autoaggregation ability (Figure 4). The CSH of Z12 and Z19 partitioning to xylene were 71.95 ± 3.56% and 55.74 ± 3.85% (p < 0.01), while that for partitioning to chloroform was 81.35 ± 4.05% and 84.41 ± 0.99%, respectively (Figure 4A). The autoaggregation abilities of Z12 and Z19 reached 60.98 ± 0.72% and 54.64 ± 0.67%, respectively (p < 0.001; Figure 4B).
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FIGURE 4. CSH and autoaggregation ability of L. curvatus strains. (A) CSH based on partitioning to xylene and chloroform and (B) autoaggregation ability of L. curvatus strains. Values displayed are the mean ± SD, **p < 0.01 and ***p < 0.001 indicate differences between the two L. curvatus strains; #p < 0.05 indicates differences between xylene and chloroform.




Safety Evaluation
 
Hemolytic Activity and Antimicrobial Resistance

According to the above results, Z12 showed better probiotic characteristics than Z19. Therefore, we evaluated only the safety of Z12 in the following study. Z12 was negative for hemolytic activity (data not shown), and its antimicrobial resistance levels are presented in Table 1. Z12 was highly susceptible to penicillin G and cefamandole, showed intermediate resistance to azithromycin and showed resistance to ampicillin, vancomycin, streptomycin, gentamicin, tetracycline, and chloramphenicol.



Effect of Z12 on Body Weight, Food Intake, and Organ Coefficients in Mice

Body weight, food intake and organ coefficients are commonly used health status parameters to evaluate the safety of isolates. First, we studied the influence of Z12 supplementation on body weight and food intake in mice. The results showed that supplementation with different doses of Z12 had no marked effect on body weight, food intake, average daily gain (ADG) or average daily food intake (ADFI) compared with those of the CON group (Figures 5A–D). Next, we investigated the impact of Z12 on organ coefficients. As shown in Figure 6, the HZ12 and MZ12 groups had significantly higher thymus coefficients than the CON group; moreover, the thymus coefficient in the HZ12 group was markedly higher than that in the LZ12 group (Figure 6A), indicating that the addition of 108 and 109 CFU/mL Z12 can promote the development of the thymus, a major immune organ. The spleen, liver and kidney coefficients showed no significant effect among all groups (Figures 6B–D).
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FIGURE 5. Effect of LZ12 supplementation on body weight and food intake in mice. Body weight (A) and food intake (B) were measured every 3 days, and ADG (C), and ADFI (D) were calculated at the end of the trial period. Values were displayed as the mean ± SD.
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FIGURE 6. Effect of LZ12 supplementation on organ coefficients in mice. The thymus coefficient (A), spleen coefficient (B), liver coefficient (C), and kidney coefficient (D) were calculated as thymus/spleen/liver/kidney weigh/body weigh × 100. Values displayed are the mean ± SD, *p < 0.05 and **p < 0.01 indicate differences among the four different groups.




Effect of Z12 on Serum Biochemical Parameters and Antioxidant Indexes in Mice

The mice in the HZ12 and MZ12 groups had significantly decreased serum ALT and BUN levels compared with those of the mice in the LZ12 and CON groups (Figures 7B,C). Moreover, the mice in the HZ12 group showed a significant decrease in the serum MDA content compared with that of the mice in the CON group (Figure 8B); however, the serum AST levels and SOD activity showed no marked effects in the different groups, but with the increase in Z12 dose, serum SOD activity showed an increasing trend (Figure 7A, Figure 8A).
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FIGURE 7. Effect of Z12 on serum biochemical parameters in mice. The levels of serum AST (A), ALT (B), and BUN (C) were determined by use of commercial ELISA kits. Values are displayed as the mean ± SD, **p < 0.01 and ****p < 0.0001 indicate differences among the four different groups.
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FIGURE 8. Effect of LZ12 supplementation on antioxidant indexes in mice. The levels of serum SOD (A) and MDA (B) were determined by use of commercial ELISA kits. Values are displayed as the mean ± SD, *p < 0.05 indicates differences among the four different groups.






DISCUSSION

Probiotics are non-pathogenic living microorganisms that may have beneficial effects on the host by increasing the number of intestinal microorganisms, thereby inhibiting the growth of pathogens (18). L. curvatus is a member of the genus Latilactobacillus, which has excellent health benefits. In 2013, it was listed as a qualified presumption of safety (QPS)-recommended biological agent added to food or feed by the European Food Safety Administration (34). Earlier studies have reported that L. curvatus species were mainly isolated from some fermented meat, plants, and dairy products, as well as the gut of monogastric animals (35, 36). However, no related study has been conducted in ruminants. In the present study, we identified two strains of L. curvatus from fresh rumen fluid of an adult female domestic sika deer and evaluated their probiotic and safety characteristics, providing a theoretical basis for the study of sika deer-derived probiotics as feed additives against gastrointestinal inflammation in sika deer.

In recent years, there has been increasing interest in the isolation of new strains that produce antimicrobial substances because of the potential industrial application of probiotics for inhibiting the growth of pathogens. In this study, Z12 and Z19 exhibited strong antimicrobial activity against indicator pathogens, including enteropathogenic E. coli (ATCC 25922), S. typhi (ATCC14028), and S. aureus (ATCC25923). Moreover, the antimicrobial activity of BS and CFS was stronger than that of BP. These results suggested that Z12 and Z19 have excellent antimicrobial activity and that their antimicrobial activity might be mediated by their metabolites. An earlier study reported that LAB can produce a variety of antibacterial metabolites, including organic acids, inhibitory enzymes, hydrogen peroxide, and bacteriocins (16). In the present study, after the pH of the CFS was neutralized (CFSpH7.0), their inhibitory effects on pathogens completely disappeared, indicating that the inhibitory effects of L. curvatus may be due to the produced organic acids.

Exposure to the GIT is the main stress that could reduce the viability of most ingested probiotics due to the low pH (1.5–3.5) value of gastric juice and the antimicrobial activity of bile salts and pancreatic juice in intestinal fluid (37). Hence, probiotics must be able to survive in gastrointestinal conditions to perform their physiological functions. Previous studies have shown that L. curvatus PA40 and L. curvatus DN317 isolated from Kimchi (a traditional fermented Korean side dish) and chicken ceca have high survival rates under simulated gastric juice (pH 2.5) and bile acid conditions (18, 36). Similar results were also found for Z12 and Z19, which remained viable after artificial gastric juice (pH 2.0, survival rates of 57.14 and 42.28%, respectively) and intestinal fluid (survival rates of 97.48 and 97.89%, respectively) conditions. These results indicate that strains Z12 and Z19 could survive and perform their physiological functions under gastrointestinal conditions but Z12 has a higher tolerance than Z19.

In addition, measuring the CSH and autoaggregation ability of probiotics are generally considered to be suitable methods for identifying potential adherent bacteria, as they are associated with adhesion to epithelial cells and play a significant role in preventing pathogen colonization (26). CSH >50% is considered to be highly hydrophobic (38). In this work, the hydrophobicity of the two isolates ranged from 55.74 to 84.41% using xylene and chloroform; thus, the two isolates presented strong affinities to the tested solvents. In addition, Z12 also showed high autoaggregation ability (60.98%), which was consistent with results for L. curvatus strains A61 and DN317 reported in previous studies (36, 39). However, the autoaggregation ability of Z19 (54.64%) was significantly lower than that of Z12, which may be due to the complex interactions among molecules on the surface of the bacteria, such as secretory factors and proteins. It has been shown that internal factors may determine the potential aggregation phenotype (17). Overall, Z12 displayed more suitable CSH and autoaggregation abilities, which could lead to colonization of the GIT and more effectively prevention of pathogenic bacteria than that by Z19.

Notably, LAB as probiotics must be safe for the host and have no hemolytic activity (17) or transferable and acquired antimicrobial resistance (36). In this study, Z12 had no lytic activity against sheep blood erythrocytes, so it can be considered a safe candidate for probiotics. Generally, LAB are sensitive to broad-spectrum antibiotics (e.g., tetracycline and chloramphenicol), macrolides (azithromycin), glycopeptides (vancomycin), and β-lactam antibiotics (e.g., ampicillin, penicillin, and cephalothin) but resistant to aminoglycosides (e.g., streptomycin and gentamicin) (25, 32). However, in our study, some contradictory resistance results were found for Z12, which displayed resistance to ampicillin, vancomycin, tetracycline, and chloramphenicol but sensitivity to penicillin G and cefamandole and intermediate resistance to azithromycin. The differences in antimicrobial resistance and susceptibility to antimicrobials between LAB may be due to the impermeability of the cell wall (40) or multidrug transporters and defects in cell wall autolysis systems (41). Furthermore, L. curvatus DN317 has been found to be sensitive to ampicillin, vancomycin, gentamicin and streptomycin (36) and resistant to chloramphenicol. L. curvatus PA40 has been found to be moderately resistant to tetracycline, vancomycin and erythromycin (18), while L. curvatus A61 (39) has been found to be resistant to ampicillin. These results suggest that there are also resistance differences even between L. curvatus strains, which possibly varies depending on the resistance genes of the subspecies. To date, however, no data have been published on antimicrobial resistance genes of L. curvatus. In fact, there are various opinions as to whether probiotics showing resistance to specific antimicrobials are desirable since antimicrobial-resistant probiotics also have potentially negative effects, such as the transfer of resistance to intestinal pathogens or antibiotic-induced diarrhea (25). However, previous studies have shown that mobile elements such as phage, transposases and insertion sequences were not found in the complete genomes of L. curvatus SRCM103465 (CP035110.1), L. curvatus MARS6 (CP022474), and L. curvatus 20,019 (CP026116.1), as well as their upstream and downstream 5 kbp sequences downloaded from NCBI, indicating a low transfer risk of antimicrobial resistance genes in L. curvatus species (32).

Although L. curvatus was listed as a QPS-recommended biological agent added to feed, potential toxicity-related factors must be considered and evaluated. The impacts on animal health are usually used to assess the safety of probiotic isolates. In the current study, no noteworthy differences were observed in mouse body weight or food intake among the four disparate groups. The thymus coefficient, a marker of immune system development (42, 43), was increased markedly in the MZ12 and HZ12 groups. Moreover, when the body is subjected to stimuli, induced oxidative stress can cause damage to some organs, such as the liver and kidney (44). In our study, mice were gavaged daily for 21 days with different doses of Z12, which may result in certain stimulation or toxicity to mice. Therefore, some major indexes suggestive of hepatotoxicity (AST and ALT) and nephrotoxicity (BUN) as well as indexes of oxidative injury (MDA) and antioxidant capacity (SOD) were also examined. The serum levels of ALT and BUN were significantly decreased in the MZ12 and HZ12 groups compared with those in the CON and LZ12 groups; furthermore, the MDA content decreased markedly in the HZ12 group, while SOD activity, although there was no significant difference among all the groups, showed an increasing trend with increasing Z12 dose. These results indicated that high-dose Z12 supplementation not only has no toxic effects on mice but also plays an important role in promoting the development of the immune system and alleviating organ damage caused by oxidative stress. Z12 isolated from rumen fluid is safe and has probiotic characteristics, including antimicrobial activity, tolerance to artificial gastrointestinal models, CSH and autoaggregation ability. In addition, high-dose (109 CFU/mL) supplementation with Z12 has an excellent ability to promote immune system development and alleviate the damage to organs caused by oxidative stress. Hence, Z12 could be used as a potential sika deer-derived probiotic but should not be administered in combination with therapeutic antimicrobials, such as penicillin G and cefamandole.
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Immunotherapy With Egg Yolk Eimeria sp.-Specific Immunoglobulins in SPF Leghorn Chicks Elicits Successful Protection Against Eimeria tenella Infection
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Avian coccidiosis is the first to most economically important parasite disease affecting poultry industries worldwide. Current prevention measures are largely based upon prophylactic chemotherapy supplemented by the application of live attenuated or wild-type parasite vaccines. However, the rising appearance of drug resistance, consumer's concern for antibiotics use in poultry production and higher manufacturing cost of live vaccines has driven to adopt new technologies aimed at increasing animal health and production efficiency. Supplementing chickens with egg yolk Eimeria sp.-specific immunoglobulins can be a viable alternative to avoid severe outbreaks of the disease. Twelve-week-old SPF White Leghorn chickens were experimentally infected with a large dose of E. tenella. During the prepatent period, the birds were supplemented by oral gavage with 60 or 120 mg/bird of hyperimmune egg yolk Eimeria species-specific immunoglobulins Y (Supracox®, SC) on a daily basis. The animals were euthanized 7 days post-infection (PI) and their passive immune protection was evaluated. Birds treated with 120 mg/bird of SC showed more viability, increased body weight gain (BWG), a normal hematocrit level (HCT), reduced oocyst output per gram of feces (OPG) or cecal tissue (OPGC), and fewer cecal lesions compared to the untreated infected (UI) control group. Birds supplemented with 60 mg/bird of SC did not show any significant difference on BWG, HCT, OPG, OPGC, and cecal lesion score when compared with the UI group. An ELISA test of the SC showed a weak cross-reactivity of IgY toward two asexual zoite stages of E. tenella. Western blot analysis of the sporozoite with SC showed few antigens barely recognized, while more stained bands were detected in the merozoite (≈82, ≈60, ≈54, ≈40, ≈38, ≈27.5, and ≈13 kDa). Oral immunotherapy using egg yolk polyclonal IgYs against Eimeria sp. represents an effective and natural resource against severe E. tenella infection favoring the gradual withdrawal of the anticoccidial drugs and antibiotics.
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INTRODUCTION

Avian coccidiosis is one of the most common enteric diseases of poultry, and it is caused by several protozoan parasites of the genus Eimeria (1). The disease is characterized by reduced weight gain and feed conversion efficiency and is the most economically significant parasitic infection of the global poultry industry (2). Eimeria tenella is one of the seven most prevalent Eimeria species in chickens; it is the causative agent of cecal coccidiosis, causing severe tissue damage that results in hemorrhage, nutrient malabsorption, diarrhea, and gut microecological disturbance (3, 4). Coccidiosis is controlled prophylactically with anticoccidial feed drugs (2). Vaccination with live or attenuated parasites is routinely used to confer protection by adaptive immunity (5). Nevertheless, both measures are associated with some drawbacks, including the emergence of drug resistance and the potential reversion to virulence of the live vaccines, on top of their high production expenses (2). These issues have driven the development of new control strategies (6, 7). Several anticoccidial products have been tested as potential alternatives for drug or live vaccines; these include a sub-unitary gametocyte vaccine (8–11), herbal extracts (12), probiotics (13), and antibodies (10, 11, 14–17).

Humoral immunity is the primary defense to eliminate toxins or invading pathogens (18, 19). Passive immunization relies on the transfer of humoral immunity in the form of active antibodies from one individual to another (15, 20). Antibodies are regularly obtained from mammalian or chicken sera; however, this procedure is invasive and animals usually have to be euthanized in order to obtain a sufficient amount of antibodies (6, 18). The isotype antibody transferred from the serum of breeder hens to egg yolks is immunoglobulin Y (IgY), which offers natural passive immunity to offspring (9, 11, 15). Various studies have demonstrated that the immunization of breeder hens and passive transmission to their offspring can play important roles in combatting coccidiosis (8, 9, 15). However, few studies have been conducted to evaluate the protection of poultry from coccidiosis by passive immunization using egg yolk pathogen-specific secretory hyperimmune antibodies as immunotherapy (6, 18). Oral passive immunoglobulin Y-based immunotherapy is a highly attractive strategy in that it is environmentally friendly, nontoxic, and reduces the numbers of animals required for antibody production (6). Lately, it has received special attention because of the feasibility of large-scale commercial production, the non-invasive methods employed, and its cost-effective features (6).

The prolonged use and misuse of conventional antimicrobial drugs has spawned antibiotic resistant microbes prompting scientists to search for other microbial-control options. In particular, the use of IgY as a novel mode of immunotherapy using oral chicken immunoglobulin Y to confer passive immunity has gained much interest as an inexpensive non-antibiotic alternative for the prophylaxis and treatment of a wide variety of infectious diseases (19). Several researchers have successfully tested the ability of egg yolk immunoglobulins to control infectious diseases in chickens (6, 18). In one study using egg yolk hyperimmune IgY powder obtained by spray-drying, Lee et al. (21) demonstrated that the continuous oral feeding of young chicks with egg yolk IgY powder from hens previously immunized against three species of Eimeria conferred significant protection against E. acervulina infection. Another study pointed out the efficacy of this same hyperimmune egg yolk IgY powder against infection with E. maxima and E. tenella (22). In a recent study, lyophilized egg yolk IgY powder from hens immunized against five Eimeria species was prophylactically given to chickens; it was demonstrated to be able to provide partial protection against experimental infection with E. tenella (23). However, there are no details about oral immune passive therapy using IgY antibodies against three different Eimeria species in birds infected with a large dose of a heterologous wild-type strain of E. tenella.



MATERIALS AND METHODS


Animals

Sixty-four fertile specific-pathogen-free (SPF) eggs (provided by ALPES, S.A. de C.V. Tehuacan, Puebla, Mexico) were hatched in the Department of Avian Medicine and Poultry Science, College of Veterinary Medicine and Zootechnics (FMVZ), National Autonomous University of Mexico (UNAM). After hatching, all the 1-day-old SPF Leghorn chickens were reared in Eimeria-free floor pens inside a well-ventilated room. An appropriate light schedule, clean water, and feed without anti-coccidia drug were provided according to the life stage and strain of the chickens used.



Parasites

The wild-type strain of E. tenella used here was isolated from a clinical outbreak in broilers housed in a farm in Queretaro, a central state in Mexico. The methodology used for the oocyst separation from feces, sporulation, and the storing of oocysts of E. tenella has been described elsewhere (24, 25). The procedures used for preparing infective doses and quantifying oocysts in feces have previously been described (25).



Antisera and Egg Yolk Polyclonal IgYs Against E. tenella

The immune sera for the ELISA and Western blot analysis were obtained from six 8-week-old hybrid pullets (Hampshire × Rhode Island Red × Plymouth Rock Barred) inoculated by gavage with 5 × 103 sporulated oocysts of E. tenella. All birds were boosted twice at 4-week intervals. The pullets were housed in cages with raised wire netting floor inside a coccidia-free room to avoid oocyst cross-contamination. The negative control birds (n = 4) were maintained under the same conditions in an adjacent room and were inoculated by gavage with phosphate-buffered saline solution (PBS; 0.01 M, pH 7.4) only. In order to obtain reference antisera, 2 weeks after the last immunization, all pullets were wing-bled. The blood was allowed to clot for 1 h at room temperature and then overnight at 4°C; afterwards, it was centrifuged at 2000 × g for 5 min, aliquoted, and stored at −20°C until use.

The chicken egg yolk polyclonal immunoglobulins against E. tenella were obtained from four SPF White Leghorn pullets (12 weeks old) injected subcutaneously with an experimental vaccine formulated with 5.3 × 106 whole sporozoites of E. tenella mixed with a nanoparticle-based adjuvant (IMS 1313 N VG PR Seppic Montanide™, France) (EtSz-IMS1313) (26). All birds were boosted three times at 2-week intervals. The pullets were housed in cages with a raised wire netting floor inside a coccidia-free room. Negative control birds (n = 2) were maintained under the same condition in an adjacent room and were injected subcutaneously with PBS only. The reference antisera against the complete sporozoite of E. tenella were obtained from blood of every SPF White Leghorn chickens, it was collected from Vena cutanea ulnaris 1 week after the last immunization. Serum was harvested by clotting (1 h at room temperature and then overnight at 4°C, then it was centrifuged at 2000 × g for 5 min), aliquoted, and stored at −20°C until use. Two weeks after the last immunization some eggs from each SPF White Leghorn hens were picked up to obtain IgYs from the egg yolk.



Egg Yolk Polyclonal IgY Antibodies for Immunotherapy Trial

A suspension of egg yolk hyperimmune IgY antibodies against Eimeria sp. (Supracox®, SC; Investigacion Aplicada, S.A, de C.V. IASA, Puebla, Mexico) was used in this study. According to the manufacturer, SC was prepared with egg yolks of specific pathogen-free Leghorn hens hyperimmunized with live oocysts of the three major Eimeria species, E. tenella, E. acervulina, and E. maxima. The immunization schedule of SPF White Leghorn hens was carried out by infecting birds with 6 × 103 sporulated oocysts of E. tenella, E. acervulina, and E. maxima through the oral (natural) route. This immunization schedule started at 60 days of age and continued at 4-week intervals throughout the whole egg production cycle. IgY antibodies were obtained by removing the lipid components from egg yolk with solvents, followed by protein precipitation and purification (Avid AL, Unisyn Technologies, Tustin, CA, USA). Then, the IgYs were spray-dried and resuspended in sterile water. The protein concentration was evaluated with the Bradford reagent (BioRad, Hercules, CA, USA) following the manufacturer's instructions.



Egg Yolk Polyclonal IgY Antibodies for Analysis

The egg yolk polyclonal IgYs against whole sporozoites of E. tenella were isolated according to the water solution method described by Akita and Nakai (27). Briefly, the egg yolk was separated from the white. The yolk was thoroughly mixed with fresh cold distilled water (1:10, v/v). The mixture was adjusted to pH 5.1 with 0.1 mol/L HCl, then incubated overnight at 4°C. The water supernatant containing the IgYs was collected by centrifugation at 10,000 × g for 25 min at 4°C, then filtered through Whatman no. 1 filter paper. Two-step salt precipitation was performed to purify the IgY in the filtrate supernatant. First, ammonium sulfate was added to a 35% saturation and the mixture was stirred at 4°C for 1 h. The precipitate was collected by centrifugation at 10,000 × g for 25 min at 4°C and suspended in deionized water (~1,500 μl). Secondly, the ammonium sulfate was added to a 20% saturation, and the mixture was stirred at 4°C for 1 h. The precipitate was again collected by centrifugation at 10,000 × g at 4°C for another 25 min and suspended in PBS. Finally, the precipitate was dialyzed against PBS. Gentamicin was added to the IgY preparation and adjusted at final volume of 1,200 μl (30 mg/ml) into 1.5 ml Eppendorf tube, and then it was frozen at −20°C until further analysis.



Isolation and Purification of Two Asexual Zoite Stages of E. tenella (Sporozoites and Merozoites)

The release of sporocysts was achieved by vortexing sterilized sporulated oocysts (2.5 × 107) at 2,000 rpm with 1 mm diameter glass beads (Sigma, St. Louis, MO, USA) for 1 min 10 sec. Sporocysts were purified using a 50% Percoll gradient (density 1.13 g/ml, GE Healthcare, Piscataway, NJ, USA) (28), resuspended at 1 × 106/ml in excystation medium, and incubated at 42°C for 150 min with end-over-end mixing. The excystation medium consisted of PBS with 0.75% (w/v) taurodeoxycholic acid (Sigma, St. Louis, MO, USA) and 0.25% (w/v) trypsin from porcine pancreas Type II-S (Sigma, St. Louis, MO, USA). Freshly excysted sporozoites (Sz) were washed and then purified at a 60% Percoll gradient (density, 1.13 g/ml; GE Healthcare, Piscataway, NJ, USA) (28). Sporozoites for the immunization schedule were resuspended in sterile PBS divided into 1 mL aliquots, gradually frozen at −70°C at the rate of 1°C min−1 and stored at −70°C until required.

To obtain second-generation merozoites (Mz), three 10-week-old hybrid pullets were inoculated by gavage with 5 × 105 sporulated oocysts of E. tenella and euthanized 112 h post-infection (PI). The intestines of these birds were processed for merozoite isolation, as described before by Liu et al. (29). The merozoites were purified using the method described by Geysen et al. (30). Each purified parasite (Sz and Mz) was suspended in sterile PBS with a protease inhibitor (cOmplete™ Roche Applied Science, Mannheim, Germany).



Preparation of Antigens From Sporozoites and Merozoites

Both asexual zoites stages were separately disrupted by five freeze–thaw cycles. The final suspension was centrifugated at 2,000 × g for 18 min at 4°C. The supernatants were collected, and the protein concentration was assessed with the Bradford reagent (BioRad, Hercules, CA, USA), using a standard curve prepared with bovine serum albumin (Sigma, St. Louis, MO, USA) in the concentration range of 1–5 μg/μl. Antigens were stored in 200 μl aliquots at −70°C until they were required.



SDS-PAGE and Antibody Purity Analysis of Egg Yolk IgYs From Supracox®

The quality and purity of immunoglobulins Y from SC were identified by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE was conducted under reducing and denaturing conditions with 7% stacking gel and 12% separation gel on an electrophoresis device (Bio-Rad Laboratories, Hercules, CA, USA). The protein bands were stained with Coomassie brilliant blue (CBB) (Bio-safe Coomassie, Bio-Rad, Hercules, CA, USA). The gel was analyzed measuring density after background subtraction using Image J.JS ImJoy gel analysis tool (http://rsbweb.nih.gov/ij/index.html). IgY antibody activity was evaluated with ELISA.



ELISA

The reactivity of the anti-sporozoite serum and antisera against E. tenella to the sporozoite and merozoite antigens was evaluated by ELISA, essentially as described by Constantinoiu et al. (31). Briefly, 96-well microtiter plates (MaxiSorb, Nunc, Roskilde, Denmark) were coated at 4°C overnight with 1 μg of a sporozoite or merozoite antigen in 100 μl of carbonate buffer (0.1 M sodium bicarbonate and 0.1 M sodium carbonate, pH 9.6). Control wells were incubated with 100 μl of carbonate buffer only. After washing four times on a shaker with a saline solution (S) (120 mM NaCl, 25 mM Tris-HCl, pH 7.9) containing 1% Tween 20 (ST), non-specific binding sites were blocked by incubation with 110 μl of 5% skim milk in ST (STM) for 1 h at 37°C in a static oven. After four washes with ST, sera diluted in STM (1:10 and 1:100) were added to the test and control wells and incubated for 1 h at 37°C. Negative control sera from unimmunized birds were included in each plate. After incubation, the plates were washed four times with ST and incubated with their respective secondary antibody peroxidase conjugate (anti-chicken) (Jackson ImmunoResearch Laboratories, Inc. West Grove, PA, USA) diluted 1:1000 with STM. After 1 h of incubation at 37°C, the plates were washed four times and the enzymatic reaction was developed by adding 100 μl of OPD chromogen (o-phenylenediamine dihydrochloride, SIGMA, St. Louis, MO, USA) at a concentration of 5 μg/10 ml in citrate buffer (0.1 M citric acid, 0.1 M sodium citrate pH 4.5, and 20 μl of 30% hydrogen peroxide) for 10 min in a shaker under dark conditions. The absorbance produced by substrate hydrolysis was read at 450 nm with an ELISA microplate spectrophotometer (Epoch, BioTek, Winooski, VT, USA). All sera samples were analyzed in duplicate.

The IgYs in SC and egg yolk polyclonal immunoglobulins against the whole sporozoites of E. tenella were diluted (1:100) and detected with the secondary antibody peroxidase conjugate (anti-chicken) (Jackson ImmunoResearch Laboratories, Inc. West Grove, PA). When required, positive and negative controls sera from our SPF White Leghorn chicks immunization program were included at 1:100 dilution. The wells were filled with 100 μl of secondary antibody diluted 1:6,000 in STM. After 1 h of incubation at 37°C, the plates were washed four times and the enzymatic reaction was developed by adding 100 μl of the TMB chromogen (3,3′,5,5′-tetramethylbenzidine liquid substrate system, Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 10 μg/10 ml in citrate buffer (0.1 M citric acid, 0.1 M sodium citrate pH 4.5, and 60 μl of 30% hydrogen peroxide) for 10 min in a shaker under dark conditions. The enzymatic reaction was stopped by adding 100 μl of 2N H2SO4 solution. The absorbance produced by substrate hydrolysis was read at 450 nm. All sera were analyzed in duplicate. All samples were analyzed three independent times to identify outliers.



SDS-PAGE and Western Blot

Amounts of 20 μg of each purified fraction of sporozoites and second-generation merozoites were separated by 12% SDS-PAGE under reducing conditions. The resolved proteins were either stained by CBB or electrotransferred to polyvinylidene difluoride membranes (PVDF) (Bio-Rad, Hercules, CA, USA) according to Constantinoiu et al. (32). PVDF membranes were probed with anti-E. tenella sera (1:100), sera from uninfected birds (1:100), egg yolk IgYs from the SC (1:25), and egg yolk polyclonal specific anti-sporozoite antibodies (1:25). Horseradish peroxidase (HRP)-conjugated rabbit anti-chicken IgY (Jackson ImmunoResearch Laboratories, Philadelphia, PA, USA) were used as a secondary antibody at a dilution of 1:1500 (v/v) in 5% (w/v) STM. The blots were visualized with 3,3'-diaminobenzidine (10 mg/5 ml) (DAB tablets, SigmaFast™, Sigma-Aldrich, St Louis MO, USA).



Experimental Design

One-day-old SPF White Leghorn chickens (n = 64) were randomly allocated to four groups with four replicates in each one (n = 4 chickens/replicate). The birds in group one did not receive the SC and served as an untreated–uninfected control group (UU). During the prepatent period of E. tenella infection, chickens in group two were individually treated once per day by oral gavage with 2 ml of SC (60 mg/bird), while chickens in group three were also individually treated once per day by oral gavage, but with 4 ml of SC (120 mg/bird). The birds in group four did not receive the SC and served as an untreated–infected control group (UI). At 86 days of age, all birds were weighed, and those in groups 2, 3, and 4 were orally (naturally) infected with 3 × 104 sporulated oocysts of E. tenella each. The clinical signs and mortality of birds in every group were recorded daily. Feces from every group were collected separately at 5–7 days PI. The feed consumption during the prepatent period was recorded. At 7 days PI, all chickens were weighed, wing-bled, and euthanized in accordance with NOM 033-ZOO-2010 (Mexican regulation). Table 1 shows the details for the group and experimental design.


Table 1. Group and experimental design.
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Parameters to Assess Immunotherapy Efficacy

The effectiveness of passive immunity was evaluated based on survival rate, body weight gain (BWG), lesion score, feed conversion ratio (FCR), range of hematocrit (HCT), oocyst output from the feces per gram (OPG), oocysts per gram of the ceca tissue (OPGC), and anticoccidial index (ACI). Survival rate was calculated dividing the number of surviving chickens × 100 by the number of initial chickens. The body weight (g) of every bird was measured at 86 days of age (before infection) and at 93 days (7 days PI). The relative BWG was calculated as follows: the average body weight gain of chickens in the treated group or untreated–infected control group × 100 / the average body weight gain of chicks in the untreated–uninfected control group. At 7 days PI, the cecal lesions from all infected birds were scored on a graded scale in a blinded fashion by two independent observers following the method described by Johnson and Reid (33). FCR was expressed as a ratio of grams of feed consumed to grams of body weight gained during prepatency. At 7 days PI, every chicken was wing-bled and the HCT ratio was determined for every blood sample. For OPG counting, chicks from every group (16 chicks/group) were placed in collection cages (4 chicks per collection cage) and fecal droppings were collected between 5 and 7 days PI. Pooled fecal material was suspended in 2 L of 2.5% potassium dichromate and OPG was determined according to the method of Long et al. (24). The oocysts per gram of cecal tissue (OPGC) were counted as previously described by Juárez et al. (25). ACI is a synthetic criterion for assessing the protective effect of an anticoccidial drug and is calculated as follows: (survival rate + percent relative weight gain) − (lesion index + oocyst index) (34).



Statistical Analysis

All data were analyzed by ANOVA using the general linear model (GLM) of SAS (SAS/STAT 9.2 software, SAS Institute Inc., Cary, NC, USA). The normal distribution of residuals and variance homogeneity of the data were tested by UNIVARIATE procedure and the Bartlett's test, respectively. The chicken euthanized for observations (four for every replicate) of coccidiosis lesion scores and HCT ratios, constituted an experimental unit. These data were expressed as arithmetic means ± SD (standard deviations). For all the remaining traits studied, every cage was used as an experimental unit, and data were expressed as means ± SEM (standard errors of means). When the overall analysis showed the presence of significant differences between groups, significant differences (P < 0.05) between means were separated by a post-hoc analysis (Tukey's test).




RESULTS


Antisera Against E. tenella

The kinetics of the antibody response to both asexual stages of E. tenella following immunization with 5 × 103 sporulated oocysts of E. tenella in hybrid pullets increased over time, as shown by the ELISA (Figure 1). The antibody response to sporozoite and merozoite antigens was of similar intensity and followed the same pattern. From 2 weeks PI, both responses were different (P < 0.05) from those of unimmunized birds. For both antigens, high antibody levels were detected 2 weeks after the first immunization and peaked 2 weeks after the first boost immunization. The antibody levels then declined slightly toward 10 weeks PI, and the second booster did not show any effect on the antibody levels (Figure 1).
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FIGURE 1. Comparison of the time course of the antibody response to sporozoite (Sz) and merozoite (Mz) antigens in pullets immunized with E. tenella by gavage. Sera dilutions of 1:10 (continuous line) and 1:100 (dotted line) are shown. The arrows indicate the boost immunizations at intervals of 4 weeks. Sera from unimmunized pullets (–) did not show any reactivity with the Sz and Mz antigens. At each time point, the arithmetic means ± standard deviations of the absorbance units (O.D.) of sera collected from six birds are shown. The line plots denoted as a are significantly different (P < 0.05, according to Tukey's multiple range test) from those denoted as b.




Antisera Against Whole Sporozoites of E. tenella

The kinetics of the antibody response to sporozoite and merozoite antigens following immunization with the experimental vaccine to SPF White Leghorn chicken were compared (Figure 2). The antibody response to both asexual zoite-stage antigens was of similar intensity and followed the same pattern. For both antigens, high antibody levels peaked 2 weeks after first immunization; the antibody levels then plateaued until 6–7 weeks PI (Figure 2). From the sera peak until the end of the immunization schedule, antisera (1:100) reactivities against sporozoite antigens were slightly higher than that against merozoite antigens (Figure 2).


[image: Figure 2]
FIGURE 2. Antibody response to sporozoite (Sz) and merozoite (Mz) antigens in SPF Leghorn chickens immunized subcutaneously with whole sporozoites of E. tenella. Sera dilutions of 1:10 (continuous lines) and 1:100 (dotted lines) are shown. The arrows indicate the boost immunizations at intervals of 2 weeks. Sera from the four unimmunized birds (–) did not show any reactivity with Sz and Mz antigens. At each time point, the arithmetic means ± standard deviations of absorbance units (O.D.) of sera collected from four chickens are shown. The line plots denoted as a are significantly different (P < 0.05, according to Tukey's multiple range test) from those denoted as b.




SDS-PAGE of Egg Yolk IgYs From Supracox®

The average yield of IgYs in the SC suspension was 30 mg/ml. The purity of IgY from the SC was up to 91%, as revealed by SDS-PAGE. The SC contains two major protein bands (lane 1 and 2) representing heavy chains and light chains of IgY, with expected molecular weights of ≈68 and ≈27 kDa, respectively (Figure 3).
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FIGURE 3. Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) pattern of purified egg yolk immunoglobulins (IgY) of Supracox® (SC). M stands for protein molecular weight marker; lane 1 and 2, IgY purified by spray-drying. The bold arrows indicate the heavy and the light chains of IgY.




ELISA of Supracox® and Egg Yolk IgYs Against Whole E. tenella Sporozoites

The immune reactivity of positive antisera from SPF White Leghorn chickens to merozoite and sporozoite antigens was the highest, and it was identical (3.84 O.D.) for both supernatants (Figure 4). The antibody titers from polyclonal egg yolk immunoglobulins against the whole E. tenella sporozoites showed a higher reactivity than the IgYs from the SC. The polyclonal egg yolk IgYs from birds immunized with the experimental vaccine showed a slightly higher reactivity against sporozoite (2.87 O.D.) than against merozoite antigens (2.68 O.D.). The SC showed low levels of antibodies, and the reactivity against merozoite antigens (0.28 O.D.) was slightly higher than the antibody response to sporozoite antigens (0.24 O.D.). The immunoreactivity of sera from unimmunized SPF White Leghorn chickens to both asexual zoite stages of E. tenella antigens was the lowest (<0.12 O.D.) (Figure 4).
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FIGURE 4. Reactivity of the IgYs in Supracox®, polyclonal egg yolk IgYs from birds immunized with the whole E. tenella sporozoites (IgY vs. Sz), positive antisera [SPF Sera (+)], and negative sera [SPF Sera (–)] to sporozoite (Sz) and merozoite (Mz) antigens in ELISA. Sera from unimmunized SPF White Leghorn birds did not show any reactivity to sporozoite and merozoite antigens. Each bar represents the arithmetic mean ± standard deviation of absorbance units (O.D.) (n = 6) of two independent observations (sera at 1:100). Bars that are not denoted by the same letter (A–C) represent significantly different values (P < 0.05) according to Tukey's multiple range test.




Western Blot of Supracox® and Egg Yolk IgYs Against Whole E. tenella Sporozoites

The polypeptide profiles of sporozoites and merozoites in the CBB-stained gel were complex but similar between them with more than 25 bands identified in each stage. Some bands were common to both stages, while others were stage-specific (Figure 5A). Differences in the protein profiles of the two asexual zoite stages were particularly evident at molecular weights of <50 kDa. Sporozoites showed either single bands at about ≈230, ≈120, ≈105, ≈94, ≈68, ≈47, ≈42, and ≈38 kDa, as well as two bands between ≈22 and ≈25 kDa. Merozoites showed single bands at ≈120, ≈105, ≈56, ≈47, ≈44, ≈38, and ≈26, with a strongest stained large diffuse band in the ≈10–12-kDa range.


[image: Figure 5]
FIGURE 5. Sporozoite (Sz) and merozoite (Mz) proteins of a wild-type E. tenella strain resolved by SDS-PAGE on a 12% gel and stained by Coomassie brilliant blue (A) or probed in immunoblots with pooled antiserum from birds orally (naturally) immunized with sporulated oocysts of E. tenella (B), polyclonal egg yolk IgYs from birds immunized with whole E. tenella sporozoites (C), and polyclonal egg yolk IgYs from birds immunized against Eimeria sp. (Supracox®) (D). Sera from unimmunized SPF White Leghorn birds did not show evidence of reactivity (data not shown). The pooled antiserum was diluted 1:100 in (B) and the egg yolk IgYs suspension was diluted 1:25 in (C, D). M stands for protein standard.


The preparation of SC and the IgYs collected from SPF White Leghorn birds immunized with the experimental vaccine were independently used to probe the resolved proteins of purified Sz and Mz antigens. Only a small proportion of the total proteins present on CBB-stained gels was recognized by the experimental IgYs (Figures 5C,D). For both asexual zoite stages of E. tenella, there were differences in the number and intensity of the staining of antigens recognized by each IgY preparation. The strongest reaction of polyclonal egg yolk IgYs from SPF birds inoculated with whole E. tenella sporozoites occurred with the Sz antigen. Sporozoite antigens single bands were identified at ≈120, ≈105, ≈82, ≈64, ≈47, and ≈17.5 kDa, as well as large diffuse band between ≈22 and ≈27 kDa, additionally, the two proteins at ≈34 and ≈27 kDa were barely visible in this blot (Figure 5C). This same preparation reacted with two common merozoite antigens at ≈105 and ≈82 kDa, as well as with an immunodominant merozoite-specific antigen in the ≈25–27 kDa range (Figure 5C). The SC showed a wider pattern of recognition in the merozoite than in the sporozoite (Figure 5D). The Western blot analysis showed that the SC reacted clearly with an ≈82 kDa protein and very weakly with four proteins of ≈60, ≈34, ≈24, and ≈17 kDa in the sporozoite. The clearest protein bands detected with the SC in the merozoite were at ≈82, ≈60, ≈54, ≈40, ≈38, ≈27.5, and ≈13 kDa, and three proteins were detected less clearly at ≈24, ≈20, and ≈17.5 kDa (Figure 5D). A dominant protein at ≈82 kDa was recognized in both asexual zoite stages of E. tenella by each egg yolk polyclonal IgY preparation. The antisera obtained from birds infected orally (naturally) with sporulated oocysts of E. tenella recognized 13 intensely stained protein bands in the sporozoite antigen and 14 immunodominant bands in the merozoite antigen (Figure 5B). Several of these protein bands were also recognized by both egg yolk polyclonal IgYs preparations, but with less intensity.



Parameters of Protection Offered by Supracox®

The protective efficacy of the SC against a severe E. tenella infection in terms of BWG, FCR, HCT, survival rate, mean lesion score, OPG, OPGC, and ACI is shown in Tables 2, 3. Although chickens in the untreated-infected group showed a 25% mortality and none of the SPF Leghorn chickens supplemented with 60 mg of SC died, the remaining traits studied did not show any differences between these two groups. The birds supplemented with 120 mg of SC and challenged with a large dose of E. tenella were successfully immunoprotected. The results from this group were statistically indistinguishable from the results observed in the UU control group. The BWG of the group treated with 60 mg of SC was significantly lower (P < 0.05) than the BWG of the UU control group and the group treated with 120 mg of SC (Table 2). The group treated with 60 mg of SC showed the highest feed conversion ratio. The HCT was normal for chickens in the group treated with 120 mg of SC and in the UU group. The HCTs of chicks with 60 mg of SC and birds of the UI control group were significantly lower (P < 0.05) than normal HCT (Table 2). A significant alleviation (P < 0.05) of the cecal lesion was observed in birds from the group treated with 120 mg of SC compared with the cecal lesion score recorded in the 60 mg of SC and UI groups (Figures 6, 7). No statistically significant differences were shown in the lesion score between the 60 mg SC group and the UI group (Table 3). The highest reduction in OPG was observed in the 120 mg SC group compared with the OPG from the 60 mg SC group or the UI control group. In the 120 mg SC group, the reduction in OPG was up to 71.8% (Table 3). Compared with the 60 mg SC group, the birds treated with 120 mg of SC showed a significant reduction in OPGC after infection with E. tenella. In the infected groups, the ACI of the untreated–infected group was the lowest (47), and the group treated with 120 mg of SC showed the highest ACI (155) (Table 3).


Table 2. Parameters of protection at 7 days post-infection with a crowded dose of E. tenella to SPF White Leghorn chickens supplemented with Eimeria sp.-specific IgYs during the prepatent period.
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Table 3. Immunotherapy protection by the Eimeria sp.-specific IgYs against a severe E. tenella infection in SPF White Leghorn chickens.
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FIGURE 6. Severe lesions in both ceca sacs of SPF White Leghorn chick infected with a high dose of sporulated oocysts of E. tenella and treated by oral gavage with purified egg yolk immunoglobulins (60 mg IgY) of Supracox® during prepatent period, all birds from this group recovered quickly after the patency period.
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FIGURE 7. Severe lesions in ceca sacs of SPF White Leghorn chick infected with a high dose of sporulated oocysts of E. tenella, this bird did not receive any treatment of immunotherapy based in purified egg yolk immunoglobulins (IgY) of Supracox® during prepatent period, at least 25% of these birds died through this time.





DISCUSSION

Vaccination with live or attenuated oocysts of Eimeria sp. is routinely used to confer protection by inducing adaptive immunity. However, very little research has been conducted on the protection of poultry from clinical coccidiosis by passive immunization using parasite-specific hyperimmune egg yolk antibodies (18). Cellular and humoral immunity are both involved in the protection of chickens against Eimeria infection (1). Most studies have shown that cellular immunity is very important, whereas the role of humoral immunity is relatively minor (1, 20, 35). However, several studies have confirmed the ability of antibodies to block the invasion, development, and transmission of some pathogens in the poultry and livestock (6, 18). The oral administration of specific IgYs has been shown effective against gastrointestinal pathogens, such as Escherichia coli, Campylobacter sp., Salmonella sp., infectious bursal disease virus, Newcastle disease virus, rotavirus, and Helicobacter pylori (6, 18, 19, 36, 37). Passive and maternal immunity mediated by antibodies have been shown effective against Eimeria infection (8–11, 21–23, 38). However, since the early studies of Danforth and McAndrew (14) and Smith et al. (15) concerning immune protection with specific IgY against Eimeria sp., little attention has been paid to passive immune therapy for the control of clinical coccidiosis outbreaks in chickens.

The present study shows a significant anticoccidial therapeutic effect in birds treated with IgYs by oral gavage during an E. tenella clinical infection assay. The treatment of chicks challenged with a large dose of the wild-type strain of E. tenella with the IgY preparation SC resulted in null mortality, less oocyst shedding, normal hematocrit levels, lower cecal lesion score, and increased ACI, as well as an improvement in the growth performance and welfare status of the chickens. The infection dose of oocysts used in our study was higher than the quantity of oocysts used in similar studies (11, 21–23). A crowded dose was used in order to truly test the therapeutic effect of supplementation with these specific IgY Eimeria sp. (SC) in conditions closest to the worst-case scenario of an unexpected Eimeria infection occurring in a broiler barn when birds are growing (39). As a matter of fact, our data indicated that the dose given as a therapeutic prescription from the manufacturer of this IgY suspension (60 mg/bird/daily) prevented deaths in chickens in this group, but this dose did not protect as successfully against clinical signs as the higher dose of IgYs we used here (120 mg/bird/daily) (40). The passive immune protection offered by the lower dose of IgY treatment was weak, while successful immune protection with a higher dose of IgYs was maintained throughout prepatent period. These differences were probably due to the differing efficiencies of the two IgY quantities by themselves. Hence, the partial protection by the lower dose of IgYs could have been due to the higher quantity of sporulated oocysts present in the crowded dose used in our E. tenella infection trial (39). Apparently, the quantity of oocysts overcome the minimum amount of IgYs that is required to neutralize the E. tenella infection. Indeed, it was much higher than the quantity of oocysts that broilers normally are exposed to under field conditions (8). Nevertheless, none of the birds experimentally infected and treated with any dose of SC died; instead, they recovered quickly from the illness, while 25% of the birds that were infected and did not receive any treatment died.

To the best of our knowledge, the preparation of egg yolk-specific IgYs against Eimeria sp. has never been used before in any experimental assay to evaluate the immune therapeutic effect on clinical coccidiosis experimentally induced with a large dose of E. tenella. At first glance, we can conclude that the dose of IgYs that the manufacturer of the SC recommends (60 mg of IgY/bird/day) (40) might be used in the field as a valuable immune therapeutic tool against E. tenella outbreaks; however, in order to avoid any negative effect on the future performance of flocks, we recommend applying the SC at 120 mg of IgY/bird/day. Additionally, it should be considered that dosage lower than 60 mg of IgY/bird/day could put down birds at greater risk of death.

The recovery of fewer sporozoites of Eimeria tenella from the lumen of the ceca of homologously challenged immunized chickens suggests that the intraluminal destruction of the initial invasive stages may be one of the main mechanisms involved in the immune-mediated restriction of the replication of Eimeria (41). The most likely explanation of this effect is the action of secreted specific antibodies (42). Such antibodies have been detected in the gut, and their concentration is directly correlated with the magnitude of the effect (41, 42). While the exact mechanism through which IgY counteracts pathogen activity has not been determined, it is known that neutralization mechanisms largely depend upon efficient antigen–antibody interaction (19). Some researchers have proposed several mechanisms to explain how the specific IgYs protect against pathogen activity (6, 18). The main one involves binding of the antibodies to specific antigens on the pathogens, thus impairing their growth or biological functions. For example, the IgY antibody binds to bacterial structures, such as the flagella, fimbriae (sexual pili), outer membrane proteins, and lipopolysaccharide (LPS), and inhibits bacterial adhesion to the intestinal wall. This reduction in adherence to the lining reduces bacterial growth and their ability to colonize the intestinal cells (18, 43). Tsubokura et al. (36) suggested that the inhibition of bacterial growth or colonization observed due to IgYs treatment could be the result of bacterial agglutination, causing a reduction in colony forming units, rather than of direct effects on individual bacteria. Although agglutination may be a mediator of growth inhibition, it is unlikely to be the most important one because cross-linking of bacteria is precluded by the steric hindrance of the Fab arms of the IgYs bound to their surface (43). Although Rose and Hesketh (41) speculated that agglutination could be the major inhibitory mechanism in the invasion of E. tenella sporozoite in the enterocytes of immunized hosts, several in vitro studies have suggested that inhibition of adhesion is the dominant mechanism by which specific IgY counteracts Eimeria activity (14, 16, 38). Opsonization followed by phagocytosis, inhibition of enzyme activity, and toxin neutralization are other mechanisms proposed to explain the action of IgY (18, 19). Binding of specific IgY to bacteria may also alter the bacterial cellular signaling cascades and thus reduce the production and release of toxins (18). Although the IgYs applied against Eimeria sp. in our study could prevent the internalization of both asexual and sexual zoite stages of E. tenella in enterocytes, suggesting adherence-blockade or deactivation of Eimeria-specific invasion proteins (e.g., AMA1–RON2 interaction) by the inhibition of its enzyme activity or proteolytic processing (18, 43, 44), the exact mechanism through which these specific IgYs protected birds is not yet known. Knowing the major mechanism of action of these IgYs could contribute to the better design of strategies and specific immunoglobulins to obtain the most efficient immune protection effects. Therefore, further intensive studies are needed to uncover the major anti-protozoal action of IgYs against Eimeria sp. infections.

In the present study, the BWG, oocyst shedding, viability, hematocrit, lesion score, and ACI were used for the accurate assessment of the immune protection by IgYs. When all parameters were analyzed separately or using the ACI only, protective effects were observed in the group treated with a higher dosage of IgYs. This desirable result might be due to the targeting of the polyclonal IgYs against many different life-cycle stages of E. tenella. However, which of these stages are more affected is not yet known. Interestingly, while in the immunoblots, the SC preparation showed the most reactivity to merozoite antigens, the egg yolk IgY preparation from SPF birds immunized with the experimental vaccine was more reactive to the sporozoite antigen. Further studies are needed to elucidate which specific life-cycle stage of Eimeria sp. is more affected by each experimental polyclonal IgY (10, 11, 29). When the results of the group supplemented with 120 mg of SC were compared with the outcome of the untreated–infected control group, in terms of all studied traits, the IgYs clearly showed an enhanced resistance of birds against the E. tenella infection. However, when birds supplemented with 60 mg of SC were compared with this UI group, no significant difference in BWG, hematocrits, oocyst output, or cecal lesion score were observed, while the only significant difference observed was in terms of mortality. The differences observed between both groups treated with the SC might be associated with the antibody titer levels of IgYs reached at the intestinal level of every bird (41, 42). This would suggest that the quantity of IgYs taken orally by every bird could show a dose–response relationship, as discussed below.

Although the group supplemented with 60 mg of the SC only differed compared to untreated–infected group in terms of viability; the reason why none of the birds died in this group is not known. Some researchers have pointed out that when germ-free chicks (gnotobiotic) were challenged with large doses of pathogenic sporulated oocysts of E. tenella, although some birds showed severe lesions and profuse bleeding into the ceca, none died (3, 4, 45, 46). However, when birds with a “normal” gut microbiota were challenged even with less E. tenella oocysts than dose used to challenge of gnotobiotic birds, almost all the “normal” birds displayed severe cecal lesions, and, unexpectedly, some of them died without exhibiting clinical signs (3, 4, 45, 47). According to Kimura et al. (46), serious infection with Eimeria sp. increases the growth of pathogenic microorganisms, such as Clostridium perfringens, during the first 7–10 days PI; this puts gut microbiota out of balance during the 2 or 3 weeks after infection with Eimeria sp. In this same period, Macdonald et al. (3) observed that all differential operational taxonomic units (OTUs) belonging to the family Enterobacteriaceae showed a moderate but persistent increase. MacDonald et al. (3) later showed that the main pathology effect in the ceca after enterocyte damage by E. tenella infection can in great part be attributed to microbiome dysbiosis caused by anaerobic and facultative-anaerobic organisms, such as coliform and non-coliform Enterobacteriaceae and Clostridium sp. Hence, the pathological damage caused by E. tenella infection is strongly associated with cecal microbiota dysbiosis (4).

Although the birds in the group treated with 60 mg of SC did not display a successful antiprotozoal protection, as shown by the group supplemented with 120 mg of SC, none of these birds died. According to the SC blot analysis, some IgYs recognized several specific epitopes in the E. tenella sporozoites and several more in the merozoites; we cannot be sure that all the IgYs in the SC are involved in conferring 100% immune protection against E. tenella infection by themselves. Therefore, we can deduce that after E. tenella infection, the SC might have other IgYs (e.g., vs. E. acervulina and E. maxima) or undefined substances that, by unknown mechanisms, counteract the pathogen activity of E. tenella by itself or from secondary opportunistic bacteria, thus preventing the deaths of these birds. An examination of the immune protection mechanism that these unknown IgYs or substances display upon bacterial interaction at the gut level while a pathogenic Eimeria sp. infection occurs might be illuminating.

In order to evaluate their prophylactic action, in previous studies, IgY powder from the egg yolks of layer hens immunized with Eimeria sp. was orally supplemented to chickens during the growing period. In contrast, the present study analyzed the therapeutic action of the hyperimmune egg yolk Eimeria sp.-specific IgY suspension supplemented by oral gavage during a severe E. tenella infection. The therapeutic dosage of IgYs supplemented here significantly affected the protection efficacy in an apparent dose–response relationship. Similar results with a dose–response feature were also seen with similar lyophilized products supplemented as prophylactics in feed (21–23). Lee et al. (21) reported that the supplementation of broiler diets with low levels of hyperimmune IgY egg yolk powder (SC) (0.01, 0.02, 0.05, or 0.5%) significantly reduced oocyst production but had no effect on the BWG when the chickens were challenged with 1 × 104 oocysts of E. acervulina, while supplementation with higher levels of SC (10 or 20%) protected the birds from subsequent challenge with E. acervulina, and the birds showed greater BWG and lower oocyst production than observed in the untreated–challenge group. Lee et al. (22) also showed similar effects, with increased BWG, reduced intestinal lesions, and less fecal oocyst shedding following challenge with either E. maxima or E. tenella when birds were fed diets supplemented with SC in a dose–response relationship. In both reports, hyperimmune IgYs were produced in laying hens immunized with the three major species of Eimeria (E. acervulina, E. maxima, and E. tenella) (21, 22). In another study, hyperimmune IgY antibodies were generated, immunizing layer hens with five species of Eimeria (E. acervulina, E. maxima, E. tenella, E. necatrix, and E. praecox), and the IgYs were isolated in pure form and lyophilized (23). When birds were fed with this lyophilized powder at different levels (0.01, 0.02, 0.05, 0.10, 0.50, or 1%), this IgYs compound conferred protection against challenge with 1 × 104 oocysts of E. tenella in a dose–response relationship. Xu et al. (23) supplemented a group of birds with the highest level of lyophilized powder (1.0 %); subsequently, the group was challenged with 1 × 104 oocysts of E tenella, showing an ACI of 160.4. Although this value was slightly higher than the ACI we recorded here for our group treated with 120 mg/day/bird of hyperimmune Eimeria sp.-specific IgYs (SC) (ACI = 155), we have to consider that the E. tenella infection dose in our group was higher (3 × 104 sporulated oocysts) than the infection dosage administered by Xu et al. (23). This indicates that the SC supplemented as immunotherapy at the higher dose had as successful a protection efficacy as the lyophilized powder tested by Xu et al. (23) at their highest level. All these studies strongly suggest that supplementing diets or drinking water with hyperimmune egg yolk Eimeria sp.-specific IgYs is a promising strategy for controlling unexpected infections of avian coccidiosis, and might significantly reduce the economic losses caused by this disease.

Thus far, all these studies have used live parasites administered through the oral (natural) route in their hyperimmunization programs. Our Western blot results showed that several bands were clearly identified on both life-cycle stages of E. tenella from pullets that were orally (naturally) immunized, while few antigen bands from both asexual zoite stages of E. tenella were recognized by the SC preparation. On the other hand, the ELISA reactivity of the SC preparation toward both asexual zoite stages of E. tenella was lower compared with the reactivity shown by the egg yolk IgYs preparation from SPF birds immunized subcutaneously with whole sporozoites of E. tenella. The SC preparation apparently showed a lower reactivity in both ELISA and Western blot analyses; regardless of this, the IgYs in the SC successfully protected the birds against large infection with E. tenella. Although we found that SPF Leghorn chickens immunized subcutaneously with intact sporozoites produce antibodies that apparently recognized the same specific antigens at each stage, this antisera showed a slight preference toward sporozoite antigen. SPF White Leghorn chickens injected with the complete sporozoite vaccine apparently show a higher level of humoral response (Sz and Mz = ≈2.6 OD) than pullets immunized by natural (oral) route (Sz and Mz = ≈1.9 OD) (Figures 1, 2). This is consistent with previous evidence that showed that the sporozoites parentally inoculated are more immunogenic by this route than birds naturally (orally) immunized (48). A parenteral route of immunization would be a suitable way to obtain a high amount of circulating specific-antibodies and, consequently, enhance the titers of Eimeria sp.-specific IgYs in egg yolk (10, 11, 20, 26). Furthermore, the accurate identification of immunogenic parasite proteins targeted by a protective antibody response against avian coccidiosis will allow the application of passive immunization technology (10, 11, 29, 32, 38, 49). Further studies concerning immunization strategies using defined protective Eimeria antigens or their epitopes injected through the parenteral route are required. Chicken monoclonal antibodies against parasite molecules involved in cell invasion have already been described (8, 14, 38, 49). The construction of a phagemid display antibody library of a single-chain variable fragment (scFv) that can block Eimeria invasion is another promising technology that could lead to the development of a novel immunotherapy strategy against coccidiosis (16, 17, 50). Such technologies must be developed to identify the key protective epitopes of Eimeria parasites, and further research on this issue is warranted. Oral immunotherapy represents a novel strategy to prevent severe pathological lesions and mortality when a large dose of E. tenella unexpectedly infects birds and the use of anticoccidials, such as chemical drugs or ionophores, is forbidden.



CONCLUSIONS

The oral passive immunotherapy of chickens using Eimeria sp.-specific hyperimmune IgYs from egg yolk is powerful enough to control clinical signs, mortality, economic losses, and the pressure of infection by the parasite. Moreover, immunotherapy administered by oral gavage with egg yolk Eimeria sp.-specific IgYs represents a natural means to successfully control E. tenella infections.
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The use of antibiotic growth promoters (AGPs) has historically been the most important prophylactic strategy for the control of Necrotic Enteritis (NE) caused by some Clostridium perfringens toxin types in poultry. During the last five decades, AGPs have also been supplemented in feed to improve body weight gain and feed efficiency as well as to modulate the microbiome (consisting of microbes and their genes both beneficial and potentially harmful) and reduce enteric pathogens, among other benefits. New regulatory requirements and consumer preferences have led to strong interest in natural alternatives to the AGPs for the prevention and control of illnesses caused by enteric pathogens. This interest is not just focused on the direct removal or inhibition of the causative microorganisms but also the improvement of intestinal health and homeostasis using a range of feed additives. A group of promising feed additives is short- and medium-chain fatty acids (SCFA and MCFA, respectively) and their derivatives. The use of SCFA and MCFA, including butyric, caproic, caprylic, capric, and lauric acids, has shown strong effects against NE in broilers both at experimental and commercial levels. These fatty acids also benefit intestinal health integrity and homeostasis. Other effects have also been documented, including increases in intestinal angiogenesis and gene expression of tight junctions. Chemical modifications to improve stability and point of release in the intestine have been shown to improve the efficacy of SCFA and MCFA and their derivatives. The aim of this review is to give an overview of SCFA, MCFA and their derivatives, as an alternative to replace AGPs to control the incidence and severity of NE in poultry.
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INTRODUCTION

Necrotic enteritis (NE) is a poultry illness caused by toxin-producing strains of Clostridium perfringens (CP) type A, type C and type G (1). NE is a pathology of global concern, with important consequences for flock productivity and economic viability (2). The total cost of NE outbreaks worldwide has been estimated to be over 2 billion dollars annually (3, 4). NE can present itself as a sudden increase in mortality or simply as a subclinical illness (2). CP is a normal inhabitant of the poultry gastrointestinal tract (GIT), although it does not always lead to NE. As an illness, NE is multifactorial requiring certain predisposing factors for its development, including some not completely known specific diet components (5), poor management leading to stress (6), and the presence of other intestinal pathogens like coccidia (Eimeria spp.) (7), Salmonella (Salmonella Typhimurium) (8) and Avian Pathogenic Escherichia coli (9). For example, components of the diet including b-glucans, mannans, cellulose, and lignin that cannot be digested by the animal can increase the viscosity of the intestinal contents, and can promote the development of NE (10). In addition, high concentrations of diet protein of animal-origin, such as meat and (or) fish meal are associated with a higher risk of NE. The association of these diet ingredients with NE is primarily due to the higher potential for undigested nutrients reaching the lower GIT and becoming a substrate for pathogenic bacteria such as CP and altering the microbiome of the chicken (11, 12). Other dietary changes, or increases in stocking density and rapid growth can also cause stress, leading to increased inflammation and immune activity, which can make animals more susceptible to infections like coccidiosis (6, 13, 14).

Eimeria acervulina and E maxima infection make vulnerable to NE through the induction of local T cell-mediated inflammatory outcomes that enhance intestinal mucogenesis resulting in increased water, mucus content in fecal material leading to diarrhea (15). A possible relation between coccidial-induced mucogenesis and the NE outbreaks was supported in a pig model of total parenteral nutrition (16). This nutritional model induces small intestinal inflammation with concomitant increase of acidomucin goblet cells and density of mucolytic bacteria such as CP similar to intestinal coccidiosis in the chicken. Mucin, the primary protein component of mucus, is an ideal substrate for the proliferation of CP, as this bacterium has chitinase which is involved in mucine degradation (17, 18). On the contrary, mucus may exert a protection, during in vivo conditions, in the ceca against Campylobacter jejuni avoiding the bactericidal effects of medium chain fatty acids (MCFA) in Broilers (19).

Since the 1980s antibiotic growth promoters (AGPs) have been utilized widely in poultry diets to improve performance and feed conversion (20). They have also been utilized to protect animals from the adverse effects of enteric microorganisms (pathogenic and/or opportunistic) (21) as well as to modulate inflammation (22). Reports shows that 24.6 million pounds of antimicrobials are used for non-therapeutic purposes in chickens, cattle, and swine, compared with just 3.0 million pounds used for human medicine (23). Estimations by the pharmaceutical industry-sponsored Animal Health Institute are more conservative, suggesting that of 17.8 million pounds of antimicrobials used for animals, only 3.1 million pounds are used non-therapeutically (23). Antibiotics have come under increasing scrutiny by some scientists, consumers, and government regulators due to the potential development of human pathogenic multi-drug-resistant bacteria after prolonged use (24).

The control of NE in particular has been based on the use of AGPs and ionophore anticoccidials. In some regions including the United States and Asia, ionophore anticoccidials and AGPs are used in combination. Therefore, there is an urgent need to develop alternative strategies and interventions that allow for the management of NE from a control and prevention perspective.



ETIOLOGICAL AGENT

The etiological agent of NE is NetB toxin-producing CP, a Gram-positive non-motile rod bacillus that forms subterminal spores. It is a strict anaerobe, although, these bacteria can survive in the presence of oxygen and/or in low superoxide concentration, which makes it an anaerobic aero-tolerant bacillus (25). CP is mainly found in the environment and in the GIT of humans, mammals and birds as a part of normal intestinal microbiota (26). However, under certain predisposing conditions, CP can act as a potent pathogen causing a variety of histotoxic and enteric diseases in humans, pigs, sheep, cows, and birds (27). CP produces at least 20 different toxins (28, 29) and a new classification has been proposed into the 7 toxigenic types A to G based on the combination of 6 exotoxins known as alpha, beta, epsilon, iota, CPE (Clostridium perfringens enterotoxin) and NetB (toxin related to necrotic enteritis) produced by the bacteria (30). In addition to the above six toxins, CP produces several hydrolytic enzymes and other toxins including lecithinase, hyaluronidase, collagenase, dinases, sialidases (affecting sialic acid in the host cell membrane), amylase, and hemolysin (perfringolisin or PFO or theta toxin) (31).



PATHOGENICITY

NE occurs when CP proliferates in high numbers in the GIT and produces extracellular toxins, resulting in necrotic lesions which causes increased mortality, rapid loss in performance as well as severe necrosis of the intestinal mucosa (32, 33). In recent years it has been suggested that the pore-forming NetB-positive CP is probably the main cause of NE in poultry (34). In fact, CP NetB-toxin has been reported to induce NE without the presence of alpha-toxin (35). The importance of NetB in NE was demonstrated when a NetB-targeted mutant of a virulent CP chicken isolate was constructed by homologous recombination and did not cause NE in an experimental chicken model and virulence was restored when the gene was reintroduced into the same strain (36). The cause of tissue damage and cell death appears to be similar to that caused by many other pore-forming toxins in that the pores formed by NetB allow the free flow of ions such as Na+, Cl−, and Ca2+ which can lead to osmotic cell lysis (37). However, the mechanism of cell death has not been conclusively elucidated for this toxin.



CONTROL OF NE IN BIRDS

Control strategies that can be utilized to manage NE include reduction of infection pressure of pathogens, boosting of the immune response and nutritional strategies using specific feed additives. Pathogen reduction strategies generally involve establishing effective biosecurity at the farm site, use of AGPs, and longer down-time between flocks as well as strict cleaning and disinfection protocols.

AGPs have been used as an effective tool to improve animal performance because they positively modify the GIT microbiota, decreasing bacterial fermentation, reducing the thickness of the GIT wall and suppressing bacterial catabolism (38). All of these mechanisms potentially lead to improved nutrient availability as well as contribute to the health and performance of the bird (20). Thus, dietary AGPs not only improve poultry growth and feed conversion ratio, can but also help control outbreaks of enteric diseases (3).

Prior to the discovery of the NetB toxin, vaccination was focused on toxins that may not have been associated with NE, e.g., α-toxin (39). Therefore, the vaccines had only limited efficacy in controlling NE. On the other hand, coccidiosis vaccination has been used to protect birds for the occurrence of NE (40, 41), given that coccidiosis is one of the predisposing factors (3). However, most NE experimental models are based on using oral inoculation of coccidia with about 70.000 and 5.000 sporulated oocyst per bird of E. acervulina and E. maxima respectively, in non-vaccinated animals at day 7 of age (42, 43). This Eimeria (E. acervulina and E. maxima) vaccination has been shown to cause mucogenesis and intestinal damage favoring the growth of CP resulting an NE lesions (15, 44). However, protection of birds against NE was partially achieved by vaccination with recombinant NetB (rNetB) or other antigen-related or combination vaccines but further research and development is needed if full protection is to be achieved (45).



NATURAL CONTROL ALTERNATIVES

Nutritional mitigation strategies have been widely used to reduce enteric diseases such as NE, with a focus on intestinal homeostasis (46). Some of the nutritional interventions that have shown potential for improving intestinal health include the inclusion in diets of short chain fatty acids (SCFA) and MCFAand their derivatives, prebiotics, probiotics, essential oils, vaccination, enzymes, and phytobiotics in poultry diets (1, 6, 47, 48).



SHORT AND MEDIUM-CHAIN FATTY ACIDS

Organic and inorganic acids are widely used in both raw materials and finished animal feeds to inhibit bacterial growth as well as enteric pathogens. The mode of action of these acids is based on the basic principle that undissociated organic acids (non-ionized, more lipophilic) can penetrate the bacterial cell wall triggering an ionization of fatty acids, which results in disruption of the normal physiology of certain types of bacteria (49–51) including an increase in fluidity, solubility, permeability, and instability of the bacterial membrane (52, 53). Specifically, an in-vitro study showed that E.coli was negatively affected by the presence of acetate. In a modeling study based on the impact of weak acids (Benzoic, Nitric and Sorbic) on yeast the mechanisms of inhibition of the yeast are defined rapid diffusion of undissociated molecules through the membrane followed by these molecules once inside the cells releasing protons resulting in cytoplasmic acidification and reduced growth. In an in vitro study, 100% of Pseudomonas aeruginosa in a biofilm was killed by acetic acid (51). During these activities, the detergent properties of the fatty acids play a key role in preventing biofilm assembly (54). After that, the bacteria inner fluid leak into the outside of the cell, inhibiting growth and causing bacterial death (55).It has been proposed that the undissociated fatty acids, once they are inside of the bacteria, an intracellular acidification occurs, which adversely affects their amino acids and enzymes (56, 57). In addition, MCFA inhibit bacterial toxin production and expression of other virulence factors by interfering with signal transduction (58, 59). The effect of these acids is both bactericidal (killing) and bacteriostatic (growth-inhibiting) depending on the concentration, synergism among them, and target bacterium (60, 61). The acids most commonly used in diet supplementation for the control of microorganisms are formic acid, benzoic acid, citric acid, carboxylic acids (all SCFA) and their salts and as well as some MCFA including Caproic (C6:0), Caprylic (C8:0), Capric (C10:0) and Lauric acid (C12:0) (62, 63).

Although important health benefits of SCFA and MCFA have been identified in in-vitro models, direct addition of these compounds in animal feed had been limited due to their pungent odor and unpleasant taste. New products have been developed through the formation of calcium and/or sodium salt with the fatty acids or esterification of these acids prior to addition to feed. Esterification has an important advantage as the esterified SCFA and MCFA escape gastric digestion thus reaching the small intestine where they can exert their effect (61, 64). When these acids, in salt or esterified form are fed to animals, positive effects on growth performance, intestinal microbial growth and health status of the animals are seen (65). The potential effect of SCFA and MCFA without any protection would be limited because of prompt absorption and metabolism or both in the gastric area of the intestinal tract.

An important factor for an organic acid to control pathogens in the animal is the pH of the digesta in different regions of the GIT. For example, in the poultry GIT, the passage of organic acids through the proventriculus is critical because of the effect of pH on the dissociation of these acids (66). The pKa value of the acid is the pH at which 50% of the acid appears in its undissociated form (water-soluble molecule) and 50% in its dissociated form (fat-soluble molecule). This balance changes depending on the pH of the medium. The pKa value determines the capacity of an acid to get close to bacteria, as well as determining whether it is a pH-reducing or antimicrobial acid (Table 1).


Table 1. pKa values for different organic acids with potential antimicrobial capacity (67).
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MCFA have a higher pKa value than other organic acids, so they are more effective in controlling microbial growth than in reducing pH. The higher the pKa value and the smaller the difference between the acid's pKa and the pH in specific area of the GIT (proventriculus, gizzard, small intestine, ceca, colon), the more the balance will shift to the undissociated form and the greater the antimicrobial effect (68). SCFA and MCFA will remain mostly undissociated in the acidic environment of the upper gastrointestinal tract (69). Undissociated free fatty acids can readily cross the cell membrane of the pathogens and exert their bactericidal activity more easily in the whole GIT and not only in the proximal area (70). Additionally, the efficacy of SCFA and MCFA may be enhanced when supplied in their monoglyceride forms. The reason for this is that these fatty acids are not absorbed in the upper intestine and would not be released as free fatty acids without lipase activity that occurs in the duodenum, and, hence, might have higher bactericidal activity in the distal part of the intestine (i.e. hindgut). Given their molecular structure and supposed undissociated character, monoglycerides of MCFA are assumed to have antibacterial potency which is less pH dependent when compared to their corresponding free fatty acids (71).

However, some studies have shown no consistent effects of SCFA and MCFA. For example, the supplementation of 400 mg per ton of feed of Lauric acid did not reduce NE occurrence when in a model of co-infection with netB-positive CP and multi-species Eimeria was applied to induce NE (72).



ANTIMICROBIAL ACTIVITY OF SCFA OR MCFA AND THEIR DERIVATIVES (ALFA MONOGLYCERIDES)

Non-dissociated and non-polar acids pass more efficiently through the liposoluble membrane of the bacteria. Once inside the bacteria, the acid dissociates, releasing hydrogen ions (protons), drastically reducing the intracellular pH of the microbe. This decrease in pH causes the bacteria to try and protect itself by expelling those protons which is an energy demanding process (73). If the required expenditure of energy is high, it can lead the death of the bacteria. Concurrently, the newly dissociated acid inside the microbial cell also have antimicrobial activity by interfering with gene transcription and subsequent protein synthesis, which affects the capacity of the bacteria to multiply and its ability to infect the intestinal mucosa (24, 74).

In addition to the need to be present in their undissociated form, another characteristic of fatty acids, both in free and salt forms, is their rapid intestinal absorption, which is closely related to their solubility in the watery intestinal content. MCFA and SCFA are quite soluble and as a result tend to diffuse directly into enterocytes, showing little dependence on bile salts or other emulsifying substances (3). This rapid absorption drastically reduces the presence of acids in the intestine, especially in the lower GIT. To increase the presence of these acids in the distal portion of the GIT, high inclusion levels in the diet are required with more than 0.5–1% diet inclusion often necessary to ensure antimicrobial activity in the lower tract (75). To minimize rapid intestinal absorption in the upper intestine, encapsulation in a hydrogenated lipid matrix (3, 76) slows the release of these acids in the GIT. The action of endogenous pancreatic lipases on the lipid-based encapsulation allows for a slow release of the acids contained inside. However, it is difficult to optimize the balance between degradation of the lipid matrix along the small intestine as it will depend, in large part, on levels of lipase secreted by the animal (77, 78). The goal is to balance the rate of degradation of the encapsulation matrix such that an effective amount of acid reaches the distal intestine while minimizing the amount of acid remaining to be eliminated in the excreta (79).

1-α monoglycerides (esterified adducts of a fatty acid and a glycerol molecule) can be formed with several organic acid including SCFA and MCFA. The linking of the acid to the glycerol occurs at the first position of a glycerol molecule via an ester bond. The success of alpha-monoglycerides lies in this unique molecular structure. The molecules are pH independent and less susceptible to enzymatic breakdown, which makes them active in the entire GIT. Research shows that alpha-monoglycerides have a much stronger antimicrobial effect compared to conventional organic acids (73, 80, 81). The amphipathic monoglycerides form micelles that penetrate the cell membrane and alter membrane permeability (82). This is explained by their mixed character (water and lipid soluble) leading to their entry through the bacterial membrane. SCFA 1-α monoglycerides can penetrate through the aquaglyceroporins in the bacterial wall (Figure 1). These are protein structures that act as channels allowing the entry of glycerol, which is used by the bacteria as an energy source.
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FIGURE 1. Proposed mode of action of SCFA and MCFA Monoglycerides. Alpha-monoglycerides can pass through the GIT without dissociating (as a by-pass effect) since they are linked to a glycerol. To carry out their antimicrobial functions, FA must penetrate the bacterial membrane and dissociate within the bacteria. Alpha-monoglycerides are absorbed by the bacterium through membrane proteins called aquaporins, which are selective toward glycerol due to its energetic capacity. Once they are inside the bacterium, the FA dissociates from the glycerol likely under the effect of specific enzymes (bacterial lipase), releasing its cationic (H+) and its anionic (A–) fraction (83). As the bacterium does not have a nuclear membrane, the nucleic acids are free in the cytoplasm and the anionic portion of the acid interacts directly with them, affecting the processes of translation, transduction, and replication. Bacterial pathogenesis depends on the expression of virulence factors that are encoded at the DNA, and those depend on transduction and translation mechanisms, therefore there would be a negative impact on the pathogenic capacity and on the expression of resistance mechanism in microorganisms (58, 59, 76). On the other hand, the cationic fraction (H+) of the acid decreases the internal pH of the bacterium, denaturing proteins and affecting the enzymatic activity. The catabolic activity of the enzymes depends on the pH, therefore, if the pH decreases, the isoelectric point needed for the catabolic activation is modified and the metabolism of the bacteria decreases, leading to bacteriostasis (73). To counteract the decrease in pH, the bacterium tries to remove the hydrogen ions through membrane protein complexes (ATPases) that lead to significant energy expenditure.


MCFA 1-α monoglycerides disrupt the phospholipid membrane of pathogens forming micelles at lower concentrations than MCFAs, which helps to explain why monoglycerides are often more biologically potent than other types of SCFA and MCFA. For some bacteria the longer-chain acids or longer-chain monoglycerides may be more effective (for example, C12 may prove to be more effective than C10 or C8), but with other types of bacteria the situation may be the opposite. (84). For example, the C12 monoglyceride (glycerol monolaurate, abbreviated as GML) has a lower critical micelle concentration (CMC, defined as the concentration of surfactant above which micelles form) value (60 μmol/L at pH 7.4) and typically greater potency than both the C12 fatty acid (lauric acid; CMC of 900 μmol/L at pH 7.4) and C10 monoglyceride (glycerol monocaprate; CMC of 600 μmol/L at pH 7.4) (85). Another important consequence of MCFAs and monoglycerides targeting pathogenic membranes is that it is more difficult for susceptible pathogens to develop resistance to these compounds. It is generally acknowledged that there is a very high barrier for pathogens to develop resistance to fatty acids and monoglycerides (80, 86). This antimicrobial activity has been confirmed for different SCFA and MCFA monoglycerides, which are effective against intestinal pathogens such as Salmonella Typhimurium, E.coli, Campylobacter jejuni, and Clostridium spp (62, 79, 86). An interesting effect was shown with the inclusion of 3 mg/kg of Caproic acid to the feed of Broiler Chickens which suppress the expression of Salmonella pathogenic genes required for invasion of host cells as well as decreasing the amount of bacteria (87). It was also reported that the application of an emulsion mixture of MCFA (Caproic, Caprylic, Capric and Lauric acids) in drinking water at 0.4% vol/vol decreased the susceptibility to colonization and prevented Campylobacter jejuni survival (88).

Minimum inhibitory concentrations (MICs) are defined as the lowest concentration of an antimicrobial that will inhibit the visible growth of a microorganism after overnight incubation (89) and are considered the “gold standard” for determining the susceptibility of bacteria to the antimicrobials and recently has been used to test natural compounds as replacement for antibiotics. When evaluating the antimicrobial effect of various organic acids in vitro, MCFA showed lower minimum inhibitory concentrations (MIC) compared to other fatty acids such as butyric acid (Table 1). In an experimental in vitro model of NE in broilers, lauric acid, butyric acid and essential oils (eucalyptus, clove with its active ingredient eugenol and components of essential oils such as thymol, carvacrol and cinnamaldehyde) were tested individually, it was shown that lauric acid had antimicrobial activity against CP with a MIC of 0.063 mg/mL compared with butyric acid of 6.88 mg/mL (1).

When tested in vivo in Broiler Chickens, killing or inhibition of CP was associated with the prevention of intestinal injuries (1). These researchers also showed that butyrate did not inhibit CP, although butyrate has been reported to be a stimulant of intestinal villus growth (90). Butyrate is a preferred energy-providing substrate over glucose and glutamine for colonic epithelial cells and may account for approximately 70% of the total energy consumption of the colonocytes (91). Other documented effects of butyrate (in a Caco-2 cell culture model) are increase cell proliferation in the small and large intestine (92, 93), and enhance piglet intestinal barrier associated with its role in facilitating tight junction assembly (90). Overall, the combination of butyric acid, MCFA, and essential oils reduces the incidence of gross lesions and promotes intestinal mucosal integrity in the control of NE.

However, research has shown better results using a mix of organic acids (consisting of Formic, Lactic, Propionic, Butyric, Acetic, Citric, Sorbic and Benzoic acids) used in comparison with MCFA blends included in feed at a 0.2%. This study pointed out that organic acids improved the ceca environment, beneficial microorganism (numbers and species variety of probiotic bacteria in the ceca) more so than MCFA and that feed to gain ratio over the whole production cycle (1 to 42 d of age) was better in Broilers fed the organic acids as compared to those fed the MCFA (94).

The antimicrobial activity of organic acids and their derivatives against several gram-negative and gram-positive bacteria including CP were reported in an in vitro trial (62). The MICs in mg/L (±SD) of the organic acids and their derivatives against CP strain ATCC 12,915 are shown in Table 2 for butyric acid, valeric acid, and monobutyrin and monolaurin against CP (62). The results suggested that valeric and butyric acid have similar antimicrobial activity against gram-negative and gram-positive bacteria. The mode of action of these acids is based on their ability to penetrate the bacterial cell membrane and acidify the cell cytoplasm and thus inhibiting bacterial growth. In vitro conditions may be affected by buffering capacity of the solution that contains the free acids (Butyric and Valeric). The solution used for MIC determination in this study (41) had a low pH and, in those conditions, the acids perform well.


Table 2. MIC in mg/L (+SD) of various organic acids and their derivatives against Clostridium perfringens strain ATCC strain 12,915 (control strain recommended by the British Society for Antimicrobial Chemotherapy-BSAC) (62).
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Some combinations of encapsulated organic acids blended with essential oils were assessed to mitigate NE, including Malic, Fumaric, Capric, Caprylic, Caproic and Lauric acid as well as calcium Butyrate, as sources of SCFA and MCFA in Broiler Chickens. In a study, recycling litter was used as a challenge, with this litter selected from a commercial poultry flock there was clinical NE outbreaks was diagnosed (95). These researchers reported that the supplementation with calcium Butyrate plus essential oils (Cinnamaldehyde, Carvacrol and Thymol (8:1:1 parts of each) as well as a blend of organic acids (Fumaric and Citric acid) and MCFA (Capric, Caprylic, Caproic and Lauric acid) plus calcium Butyrate ameliorated the negative effects of a NE challenge on performance and mortality (95). These researchers found a dose was important as high doses were detrimental to animal performance.

The efficacy of SCFA in combination with high doses of MCFA has been shown to be more effective in improving performance parameters in a NE challenge model in Broiler Chickens. (96). Moreover, a monoglyceride blend of MCFA (Butyric, Caprylic and Capric acid) enhanced the overall feed efficiency of birds compared with the non-supplemented group in a phase dependent effect. Higher doses (0.2%) of monoglyceride MCFA supplementation appear to be beneficial in grower phase (d 10–24) and low doses (0.075%) improved the performance in the finisher phase (d 24–35) (96). In another study, a blend of Monoglyceride of MCFA (Butyric, Caprylic, and Capric acids) and buffered Formic acid, used at 0.03 to 0.05% inclusion rate in the diet, showed the potential to improve intestinal health and reduce the mortality caused by NE induced by inoculation of a blend of field isolated Eimerias (E.acervulina, E.maxima and E.brunetti) followed by a CP challenge (97).

Other researchers have evaluated individual MCFA monoglycerides. Valeric acid (C5) was tested in a NE challenge trial (Coccidia vaccine follow by CP) (98). They demonstrated that low doses of Valeric acid (0.5 and 1.5%) improved performance but did not decrease NE lesions. They also showed that Valeric acid positively affected the morphology of the intestinal mucosa (98). The effects of Lauric acid, a MCFA, on induced NE was not effective in reducing the incidence and severity of NE (72). This contrasts with a previous study showing that the same inclusion of Lauric acid decreased NE incidence (from 50 to 25%) compared with an uninfected untreated group (1).



ROLE OF THE MICROBIOTA IN CONTROL OF NE

As mentioned elsewhere in this review, other microbes can have an important role in an NE mitigation and prevention strategy. The acquisition of a diverse, stable microbiome during development is very important in resisting endemic challenges such as NE. The development of a healthy microbiome can be aided in many ways through nutrition, water quality, and other management choices. While the feed can be a source of microbes for the GIT, many bacteria found in common feed substrates are not ideally suited to long term survival in the GIT. Bacteria that aid in the development of a healthy microbiome can be supplemented with probiotic feed additives. The variety of probiotics available in the poultry industry is too large to cover in this review; however, some have shown promising benefits in the reduction of the incidence and severity of NE (99, 100). In addition to supplementation through the diet, the environment can be an important factor in microbiome-mediated resistance to NE. Studies evaluating the recycling or reuse of litter in poultry barns have demonstrated lower levels of toxin-producing CP in the ileum of broilers on used litter vs. fresh (101, 102), suggesting the contribution that previous flocks can have in helping in the development of a balanced and healthy microbiota in chicks.

The extent to which other GIT microbes affect or are affected by NE is still under investigation. It has been reported that even in the absence of clinical NE, the addition of predisposing factors of NE such as high levels of fish meal and non starch polysaccharides can reduce the levels of several butyrate and lactate producing bacteria (103). These bacteria include Lactobacillus johnsonii, Ruminococcaceae, and Candidatus savagella, all of which have previously been associated with GIT homeostasis and better animal health (104, 105). It is difficult to demonstrate a causal relationship between these microbiome changes and susceptibility to CP overgrowth and NE, but the fact that these and related species normally make up a significant portion of the ileal and/or cecal microbial populations suggests that in healthy animals, they play an important role in maintaining balance between normal GIT microbial constituents (11, 106).

The impact other microbes have on the incidence of CP can be driven by several mechanisms; competitive exclusion (the competition for a particular resource or niche in the GIT), release of bacteriocins, and possibly even the interruption of CP quorum sensing in pathogenic populations. From in vitro studies into the quorum sensing mechanisms used by NetB-producing CP there is a strong suggestion that this is an important step in the pathogenesis of CP in poultry (107). Our understanding of quorum sensing in complex communities such as the GIT microbiome is in its infancy. Researchers have reported several instances of interspecies cross-talk and interference in quorum sensing (108, 109).



SCFA, MCFA AND THE MICROBIOME

Though the GIT microbiome may help regulate CP pathogenesis in several ways, secretion of metabolites such as butyrate and other SCFA are likely an important part of these mechanisms. Many common GIT bacteria ferment dietary fiber and even protein and produce SCFA (110). Firmicutes such as Faecalibacterium, Clostridium, and Ruminococcaceae are the principal producers of SCFA in the hindgut, and Akkermansia and Bifidobacterium also produce lactate and limited quantities of butyrate (111). Cross feeding is an important factor in the production of SCFA in the GIT, and one of many ways in which changes in bacterial composition can affect the host. Certain metabolites of bacterial fermentation are substrates for other bacteria to ferment, altering the composition of the GIT metabolome in important ways. For example, acetate and lactate produced by Bifidobacterium and Bacteroidetes can be consumed by butyrate-producing microbes such as Faecalibacterium and Roseburia (112).

Additionally, the GIT contains a group of g-protein coupled receptors called free fatty acid receptors, capable of reacting to SCFA. This results in a variety of different responses affecting various host systems, including the secretion of GIT hormones such as peptide YY (PYY) and glucagon-like peptide 1 (GLP1) (113). These molecules are important for the proper regulation of insulin, satiety, and appetite stimulation. Additional downstream impacts of SCFA-free fatty acid receptor (FFAR) signals include various inflammatory and immune responses (114).

SCFA, specifically butyrate, and MCFA do not typically exert strong effects on the microbial composition of the normal chicken GIT (115). However, in situations in which the GIT microbial homeostasis is challenged or susceptible to change, i.e. during periods of stress or pathogen challenge, supplementation with butyrate seems to reduce the impact of the challenge on the microbiota (116, 117). This suggests that SCFA can exert a homeostatic effect in the GIT microbial population. This is an important part of minimizing intestinal pathogens, as stress-related dysbiosis makes the normally resistant microbial community more susceptible to pathogenesis from normal constituents such as CP. Interestingly, supplementation with butyrate can decrease some butyrate-producing species in the chicken cecum. The authors speculate that this could be a feedback mechanism in response to the increased sodium butyrate coming into the GIT from the diet (117). This supports an increasingly recognized facet of the microbiome, a relentless movement toward stability and homeostasis. This complicated community is comprised of hundreds of individual members, each acting in conjunction with other species, the digesta (substrates) and the host to achieve a balance that allows for stable growth and colonization.

Work on MCFA and the microbiota lags considerably behind SCFA, for a few reasons. Though MCFA are nutritionally important and interact with the host in some of the same ways as SCFA, they are not products of microbial fermentation, but are in commercial diets that contain palm kernel, coconut or milk meals or fats. While SCFA, particularly butyrate, are major energy sources for enterocytes and microbes alike, MCFA are primarily metabolized by the host, in the liver (118).

In the last 25 years, the approach to research and ultimately solutions to production problems has had a reductionist approach focusing on understanding parts of the system rather than integrating parts with the whole. That is, looking at small parts of the problem disregarding in most cases the animal as a whole and as a superorganism. Recently, we have been seeing more and more insights into the whole animal universe with numerous components that interact and are the essence of whole animal health. We are just beginning this incredible journey into understanding, from a holistic standpoint, how the environment, feed, digesta, microbiome, and host interact at every turn. A new nascent knowledge on the interaction between the microbial community in the GIT and the cells of immune system affecting whole parts of the body is emerging based on the assumption that intestinal microbes may shape the course of inflammatory illnesses such as autoimmune human diseases like Crohn's disease and Multiple Sclerosis (119). However, outside influences or runaway growth of a few members can upset this balance, the pressure of other community members works constantly to return the community to a balance that favors as many members as possible, rather than a few opportunistic species. The question that arises is if the microbiome differs because animals that are sick or is it different because it causes disease? (120). More mechanistic studies instead of only correlational studies are needed to understand this relationship.



CONCLUSIONS

Enteric diseases, especially NE, are a major concern in the poultry industry due to production losses, increased mortality, reduced bird welfare and increased risk of contamination of poultry products intended for human consumption. Additionally, public concern about the threat of antibiotic-resistant pathogens has forced the poultry industry to consider alternatives to antibiotic-based prevention of NE. Strategies to control NE in the absence of AGPs have focused on nutrition and biosecurity. Some promising alternatives include organic acids, SCFA, MCFA and their derivatives, probiotics, prebiotics, enzymes, plant extracts, bacteriophages, and vaccination.

The use of SCFA and MCFA in the form of alpha monoglycerides as an alternative for the control of NE has shown important results in the improvement of intestinal health and therefore in the prevention of the proliferation of pathogenic CP and the release of its toxins which generate strong damage in the intestinal epithelium. Although the full mechanism of action of SCFA and MCFA is not well-known, broad-spectrum activity has been demonstrated against gram positive and gram-negative bacteria such as Salmonella, Campylobacter, and Clostridium spp, making them a viable solution to reduce the use of AGPs. They also have synergistic effects when used together and can thus reduce the magnitude and duration of treatments.
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The three Bacillus strains present in Norum™ were initially selected by their excellent to good relative enzyme activity (REA) production score for amylase, protease, lipase, phytase, cellulase, β-glucanase, and xylanase. Further studies confirmed that the three isolates also showed an antibacterial activity, Gram-positive and Gram-negative poultry pathogens. Norum™ (Eco-Bio/Euxxis Bioscience LLC) is a Bacillus spore direct-fed microbial (DFM). The Bacillus isolates were screened and selected based on in vitro enzyme production profiles. Moreover, in chickens fed high non-starch polysaccharides, this DFM demonstrated to reduce digesta viscosity, bacterial translocation, increase performance, bone mineralization, and balance the intestinal microbiota. In the present study, we present the whole-genome sequence of each of the three isolates in Norum™, as well as the synergistic, additive, or antagonistic effects on the enzyme production behavior of the three Bacillus strains and their combinations when grown together vs. when grown individually. The whole-genome sequence identified isolate AM1002 as Bacillus subtilis (isolate 1), isolate AM0938 as Bacillus amyloliquefaciens (isolate 2), and isolate JD17 as Bacillus licheniformis (isolate 3). The three Bacillus isolates used in the present study produce different enzymes (xylanase, cellulase, phytase, lipase, protease, and β-glucanase). However, this production was modified when two or more Bacillus strains were combined, suggesting possible synergistic, antagonistic, or additive interactions. The Bliss analysis suggested (p < 0.05) that the combination of Bacillus strains 1–2 and 1–2–3 had intermediate effects and predicted that the combination of Bacillus strains 2–3 could have better effects than the combination of all the three Bacillus strains. In summary, the current study demonstrated the need of selecting Bacillus strains based on quantitative enzyme determination and data analysis to assess the impacts of combinations to avoid antagonistic interactions that could limit treatment efficacy. These results suggest that using Bacillus strains 2–3 together could lead to a new generation of DFMs with effects superior to those already examined in Bacillus strains 1–2–3 and, therefore, a potential alternative to growth-promoting antibiotics. More research utilizing poultry models is being considered to confirm and expand the existing findings.
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INTRODUCTION

Recent regulations to avoid antibiotics in animal production have led to the evaluation of new viable alternatives in terms of efficacy, costs, acceptability, and practicability (1). Despite the numerous alternatives that have been evaluated to replace antibiotics in the modern poultry industry, the group of probiotics has shown promising results (2). Despite the success of the lactic acid bacteria (LAB) probiotic for use in commercial poultry, there is still a pressing need for shelf-stable, cost-effective, and feed-stable (tolerance to the heat pelletization process) commercial probiotics to increase compliance and widespread use (3).

Bacterial spore formers, mainly of the genus Bacillus, are among the many probiotic products available today. Some (but not all) have been shown to prevent certain gastrointestinal disorders when used in their spore form, and the diversity of species used, and their applications are astounding. While not all Bacillus spores are heat tolerant, some isolates are the most strenuous life forms on the planet and can survive in scorching environments (4–6). Several studies conducted in our laboratory have shown that antimicrobial substances can be released by live vegetative cells or endospores against Gram-positive bacteria like Clostridium perfringens and Clostridium difficile (7, 8), as well as food-borne pathogens like Salmonella Enteritidis (9). As a result of these findings, products containing Bacillus spores are sold as probiotics. They have potential advantages over more common LAB products because they can be used as direct-fed microbials (DFM). Studies in our laboratory showed that DFM could ameliorate the severity of aflatoxicosis (10, 11) and necrotic enteritis in broiler chickens (12). More recently, we have shown that the Bacillus spores used as DFM improved intestinal integrity, bone mineralization, and reduced ammonia excretion in turkey poults fed with a rye-based diet (13). Interestingly, some, but not all, isolates of ingested Bacillus spores have been shown to germinate in the small intestine. According to scientific evidence, spores are just not passing through the gut; they have a close relationship with the host cells and microflora, which can enhance their probiotic potential (14). The sporulated form of these microorganisms can germinate in the aggressive conditions of the gastrointestinal tract and produce biofilms to protect themselves and tolerate the acidic pH, high osmotic concentrations of sodium chloride, and bile salts (15).

Spores of Bacillus strains have shown to have a significant effect on improving growth, feeding efficiency, and the immune system due to maintaining balance in the intestinal ecosystem and reducing emission of ammonia in the excreta of broilers (16). Probiotic effects of these microorganisms have been associated with a considerable number of combined mechanisms, such as the competitive exclusion of common poultry pathogens, release of active antimicrobial substances against Gram-positive bacteria, improvement of intestinal morphology, immunomodulation, and the reduction of toxic compounds (17, 18). Besides these essential mechanisms, the use of Bacillus strains as feed probiotics in poultry production is related to their capacity to produce beneficial chemical compounds for the host such as bacteriocins, organic acids such as lactic acid, hydrogen peroxide, diacetyl, and carbon dioxide, as well as the production of extracellular enzymes, such as protease, lipase, cellulase, xylanase, phytase, and keratinase, which can improve digestion by breaking down some chemical bonds, increase nutrient absorption, decompose antinutrient agents in feedstuffs, and support the host endogenous enzymes (7, 19, 20).

There are some evidence to suggest that different Bacillus species and subspecies interact with the digesta and the gut microbiota in a variety of ways (16, 21, 22). A commercial DFM, containing two or more defined strains geared to boost poultry performance, must be selected to observe synergistic or additive effects to avoid compromising the efficiency of the product.

Norum™ (Eco-Bio/Euxxis Bioscience LLC, Fayetteville, AR, USA) is a Bacillus spore DFM, previously identified by 16S rRNA sequencing as Bacillus amyloliquefaciens (two isolates) and one isolate of Bacillus subtilis, which were isolated in our laboratory and screened based on in vitro enzyme production profiles and pathogen reduction (7–9, 12). In addition, these isolates were shown to reduce digesta viscosity, bacterial translocation, improve performance, bone quality parameters, and balance intestinal microbiota in chickens raised with rye-based diets or corn distiller-dried grains with solubles (23, 24). Hence, the objectives of the present study were to complete the genome sequence of each of the three isolates in Norum™ and to evaluate the synergistic, additive, or antagonistic effects on the enzyme production behavior of the three Bacillus strains and their combinations by the Bliss independence analysis. Therefore, evaluating when they are grown together in comparison with when they are individually cultivated is vital for the proper selection of suitable probiotic strains with the potential as a commercial probiotic for poultry.



MATERIALS AND METHODS


Bacillus-Direct Fed Microbial

Norum™ is a commercial Bacillus-direct fed microbial patented by the University of Arkansas (25). The three Bacillus strains present in Norum™ were initially selected by their excellent to good relative enzyme activity (REA) production score for amylase, protease, lipase, phytase, cellulase, β-glucanase, and xylanase (7, 8). Further studies confirmed that the three isolates also showed an antibacterial activity against Gram-positive and Gram-negative poultry pathogens (8, 9).



Genome Sequence

Previous identification using 16S rDNA sequence revealed that the isolates of the commercial DFM (Norum™) were one Bacillus subtilis isolate (isolate 1) and two Bacillus amyloliquefaciens (isolates 2 and 3) (7). From each isolate, DNA extraction from overnight cultures was performed with a DNeasy UltraClean microbial kit (Qiagen LLC, Germantown, MD, USA) following the protocol of the manufacturer. Library preparation using Nextera XT DNA library preparation kit (Illumina, Inc., San Diego, CA, USA) and sequencing was performed at the University of Illinois at Chicago Sequencing Core (UICSQC) using a NextSeq 500 instrument (Illumina, Inc.) with 150-bp paired-end sequencing. Trimming was performed in the software package CLC Genomics Workbench v11.0.1 (Qiagen). Trimming was performed using default parameters with a threshold of Q20. Sequences demultiplexed in the BaseSpace cloud computing environment provided by the UICSQC. Genome assembly quality was determined by the QUAST quality assessment tool (26).



Bacillus Strains and Culture Conditions

Bacillus isolates were independently grown in tryptic soy broth (TSB, Becton Dickinson, Sparks, MD, USA) at 37°C for 24 h. Then 100 μl of the culture of each of the Bacillus isolates were added to the selective culture media to produce enzymes as describe below.


Cellulase Production

For evaluation of cellulase activity, the cellulose-Congo red was used and consisted of 0.50 g of K2HPO4 (Fisher Scientific, San Francisco, CA, USA), 0.25 g of MgSO4 (Sigma Chemical Co, St. Louis, MO, USA), 1.88 g of ashed, acid-washed cellulose powder (J. T. Baker Chemical Inc., Phillipsburg, NJ, USA), 0.20 g of Congo red (J. T. Baker Chemical Inc., Phillipsburg, NJ, USA), and 1,000 ml of distilled water (27). Isolates were incubated at 37°C for 24 h.



Xylanase Production

For evaluation of xylanase activity, the medium used to screen Bacillus isolates contained 3 g of NaNO3, 0.5 g of K2HPO4, 0.2 g of MgSO4·7H2O, 0.02 g of MnSO4·H2O, 0.02 g of FeSO4·H2O, 0.02 g of CaCl2·2H2O, and 1,000 ml of distilled water. Besides, 1 g of yeast extract and 5 g of beechwood xylan (Sigma Chemical Co., St. Louis, MO, USA) were used as carbon sources (28). Isolates were incubated at 37°C for 24 h.



Phytase Production

For determination of phytase activity, Bacillus isolates were screened in a medium that contained 10 g of dextrose, 0.3 g (NH4)2SO4, 0.5 g of MgSO4, 0.1 g of CaCl2, 0.01 g of MnSO4, 0.01 g of FeSO4, 5 g of Na-phytate, and 1,000 ml of distilled water. The phytate media was autoclaved at 121°C for 15 min. Isolates were inoculated and incubated at 37°C for a maximum of 120 h (29, 30).



Protease Production

For evaluation of protease activity, a skim milk medium was prepared containing 25 g of skim milk, and 1,000 ml of distilled water. The mixture was stirred thoroughly and autoclaved at 121°C for 15 min. Bacillus strain was incubated at 37°C for 24 h (31).



Lipase Production

Lipase activity was assessed using the Spirit blue medium (Difco Laboratories, Detroit, MI, USA) composed of 10 g of pancreatic digest of casein, 5 g of yeast extract, 0.15 g of the dye spirit blue and 1,000 ml of distilled water. The medium was sterilized at 121°C for 15 min and cooled to 50°C in a water bath, before being mixed with 30 ml of a lipoidal solution prepared with 100 ml of olive oil, 1 ml of polysorbate 80, and 400 ml of warm water (60°C). Isolates were incubated at 37°C for 24 h (32).



β-Glucanase Production

This is composed of carboxymethylcellulose 0.5% (w/v) as sole carbon source and Mandels medium as nitrogen full complex (33, 34). The components were mixed, sterilized, and autoclaved at 121°C and 1 atm for 15 min. Isolates were incubated at 37°C for 24 h.




Quantitative Assays for Enzyme Determination

For evaluating enzyme production in combinations of two or three isolates of Bacillus, equal volumes of each inoculum of Bacillus were added to the different culture media to have a final volume of 100 μl (50 μl of each inoculum for the combination of two strains and 33 μl of each inoculum for the combination of three strains). The determination of each enzyme was performed five times in independent Bacillus cultures (n = 5). The three Bacillus isolates used in the present study produce different enzymes (xylanase, cellulase, phytase, lipase, protease, and β-glucanase). Quantification of each enzyme was performed using commercial enzyme-linked immunosorbent assays kits as describe below.


Xylanase Production

With slight modifications, xylanase production was determined using a commercial assay kit (Megazyme International Ireland, Item No. XYLS 05/17, Bray, Co. Wicklow, Ireland). Briefly, 300 μl of the culture medium of each Bacillus isolate was placed in 1.5-ml Eppendorf tubes, followed by the addition of 300 μl of 0.1 N acetic acid solution. Subsequently, 8 μl of distilled water or 8 μl of control xylanase solution was added to each tube. Tubes were kept at room temperature for 20 min with occasional shaking and centrifuged at 1,500 × g for 10 min. Then 200 μl of each supernatant was placed in an Eppendorf tube containing a Xylazyme AX tablet. These tubes were incubated for 30 min at 50°C, and 800 μl of Trizma (2%, pH = 9.17) was added to each one to be later centrifuged for 10 min at 1,500 × g. Finally, 100 μl of the supernatants was placed in 96-well Bacti flat-bottom plates for measurement at 590 nm using an ELISA plate reader (Synergy HT, multimode microplate reader, BioTek Instruments, Inc., Winooski, VT, USA). Xylanase quantification was performed by interpolation on a calibration curve that was prepared under the same conditions as the samples.



Cellulase Production

The Azo-Barley Glucan method provided for a commercial kit with slight modifications (Megazyme International Ireland, Item No. K-MBGL 03/11, Bray, Co. Wicklow, Ireland) was followed for the quantification of cellulase. Briefly, 25 μl of CellG5 substrate solution was dispensed in 96-well plates and preincubated at 40°C for 3 min. Subsequently, 25 μl of the culture medium of each Bacillus isolate or a standard solution, previously preincubated at 40°C for 3 min, were placed in each well. At the end of the 30 min incubation period, 100 μl of Stopping Reagent were added. Absorbance was measured at 405 nm using an ELISA plate reader. For each set of assays, a reagent blank value was determined using an uninoculated culture medium, as well as a calibration curve.



Phytase Production

For phytase determination, a Megazyme kit (Megazyme International Ireland, Item No. K- PHYT 05/19, Bray, Co. Wicklow, Ireland) was used to make some modifications to the protocol. Briefly, protocol modifications consisted of reducing sample and reagent volumes by half. However, the main modification was in the preparation of the calibration curve, keeping the same temperature conditions and incubation times constant. The absorbance of samples, blanks, and calibration curve was measured on an ELISA plate reader set to 655 nm.



Lipase Production

Quantification of lipase was performed following the protocol of a commercial assay kit (Sigma-Aldrich, Item No. MAK047, MO, USA) with some modifications considering liquid samples. In this case, aliquots of 100 μl of each culture medium from the Bacillus isolates or only culture medium as blank were placed in 0.5-ml Eppendorf tubes containing 100 μl of a lipase assay buffer. The samples and blank were centrifuged at 13,000 × g for 10 min, and 50 μl of each supernatant was placed in 96-well plates. Subsequently, 50 μl of a master reaction mix containing 2% of lipase substrate was added to each well, and plates were incubated at 37°C for 3 min protected from light. In addition to the samples and blank, a positive control was prepared using a solution of known lipase concentration and to generate a calibration curve to quantify the samples by interpolation. Samples were measured at 450 nm using an ELISA plate reader after 3 min of incubation, followed by every 20 min, until one of the samples presented an absorbance of a similar magnitude to the last level of the calibration curve.



Protease Production

Protease activity was determined with a commercial kit (Thermo Scientific, Item No. 23263, IL, USA) using succinylated casein and trinitrobenzene sulfonic acid (TNBSA) as primary reagents. However, sample and reagent volumes and incubation times were modified and standardized for our purposes. Briefly, 100 μl of a succinylated casein solution or assay buffer was placed in two independent sets of microplate wells. Then 50 μl of the culture medium of each Bacillus isolate diluted 10 × or standards of a calibration curve was added to both sets of microplate wells, together with their respective blank, which contained all the elements except the succinylated casein solution. Plates were incubated for 60 min at room temperature. Finally, 50 μl of TNBSA working solution was added to each well and incubated for another 60 min. Absorbance of wells was measured on an ELISA plate reader set to 450 nm.



β-Glucanase Production

The β-glucanase production of each Bacillus isolate and their combinations was determined using a commercial assay kit (Megazyme International Ireland, Item No. K-MBGL 03/11, Bray, Co. Wicklow, Ireland) following the Azo-Barley glucan protocol with slight modifications. Briefly, 250 μl of the culture medium of each Bacillus isolate was placed in 1.5-ml Eppendorf tubes and 250 μl of an extractant buffer solution (40 mM sodium acetate buffer with 40 mM sodium phosphate buffer, pH 4.6). The tubes were thoroughly stirred on a vortex mixer and centrifuged for 10 min at 1,000 × g. Subsequently, 250 μl of the sample supernatants or extracting buffer solution for the blank was placed with 100 μl of azo-barley glucan substrate in 1.5-ml Eppendorf tubes, mixed and incubated for 30 min at 30°C. At the end of the incubation, 200 μl of a precipitating solution composed of 30% of a sodium acetate (10%)/zinc chloride (1%) buffer solution adjusted to pH 5 and 70% of a mixture of 95% ethanol with 5% methanol (industrial methylated spirits) were added to each tube. Finally, the tubes were centrifuged for 10 min at 1,000 × g, and the supernatants were placed in 96-well Bacti flat-bottom plates for measurement at 590 nm using an ELISA plate reader.




Statistical Analysis

Data from all enzyme production were subjected to analysis of variance (ANOVA) as a completely randomized design using the general linear model procedure of SAS (35). Means were separated with Tukey's multiple-range test at p < 0.05 considered as significant.

Furthermore, to evaluate synergistic, antagonistic, or additive effects of the combinations of two or three strains of Bacillus, the data were subjected to a Bliss independence analysis considering single doses of the treatments with replicates (36). ANOVA analysis and Tukey's honestly significant difference test at 95% confidence were used to assess the difference between the predicted enzyme production and the measured enzyme production resulting from the combinations at the experimental level using STATGRAPHICS Centurion XV. If the difference between the predicted enzyme production and the experimental measurement of enzyme production in the combinations of Bacillus isolates was not significant (p ≥ 0.05), then the combination had an additive effect. However, the combination exhibited a synergistic effect when the experimentally measured enzyme production was more significant than the predicted enzyme production (p < 0.05). In contrast, when the experimentally measured enzyme production was significantly less than the predicted enzyme production (p < 0.05), then the combination had an antagonistic effect (37).




RESULTS


Bacillus Genomes

A comparison with the results of the identification of Bacillus spp. isolates by 16S rDNA sequence analyses (7) and the whole-genome shotgun deposited at DDBJ/EMBL/GenBank of each Bacillus strains in Norum™ are summarized in Table 1. Sequencing of the three isolates generated 20,908,684, 14,341,220, and 17,436,246 reads for AM1002, AM0938, and JD17 isolates, respectively. The AM1002 genome assembly consisted of a 4,050,061-bp draft genome with 14 contigs more than 200 bp in length, with an average coverage of 694 ×, and an N50 value of 1,056,702, and GC content of 43.7%. The AM0938 genome assembly resulted in a 4,191,507-bp draft genome with 49 contigs more than 200 bp in length, with an average coverage of 470 ×, an N50 value 253,637, and GC content of 45.81%. Last, the JD17 genome assembly consisted of a 4,647,487-bp draft genome with 84 contigs more than 200 bp in length, with an average coverage of 579 ×, an N50 value of 626,821, and GC content of 45.58%. Only isolates AM1002 and AM0938 previously identified as Bacillus subtilis and Bacillus amyloliquefaciens by 16S rDNA sequence, respectively, were confirmed to be of the same genus and species. However, the whole-genome sequence of isolate JD17 gave B. licheniformis instead of Bacillus amyloliquefaciens. All genomes are deposited to NCBI and are available with accession numbers SAMN21479894, SAMN21479895, and SAMN21479896, respectively (Table 1).


Table 1. Identification of Bacillus spp. isolates by 16S rDNA sequence analyses (7) and whole-genome sequence by the National Center for Biotechnology Information (NCBI)* present in the Bacillus direct-fed microbial (DFM) (Norum™).
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Enzyme Determination

Table 2 shows the comparison of enzyme production of the three Bacillus strains and their possible combination when two or three strains were associated. Although the results in Table 2 show evident enzyme productive behaviors, it is impossible to determine synergistic, antagonistic, or additive effects in the groups consisting of combinations. Therefore, a Bliss independence analysis was performed to detect possible interaction effects between the different Bacillus strains.


Table 2. Evaluation of synergistic, additive, or antagonistic effects on the enzyme production behavior of three strains of Bacillus and their combinations by Bliss quantitative analysis.
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Xylanase Production

The results of xylanase production showed that Bacillus 3 had the highest production of this enzyme compared with the other strains, while combination 1–2 showed the lowest production. However, in Figure 1, a synergistic effect was observed in the combinations involving Bacillus strains 1–2 and 1–2–3, with the combination 1–2, producing the highest xylanase enzyme combinations. Meanwhile, the combination 2–3 showed an additive effect, with an enzyme production statistically similar to that of strain 2 individually. In contrast, the combination 1–3 presented statistically similar concentrations for each of the strains separately, indicative of an antagonistic effect.


[image: Figure 1]
FIGURE 1. Comparison of groups to evaluate the interaction of three strains of Bacillus on the production of xylanase by Bliss independence analysis in single dose with replicates, considering the Tukey test at 95% confidence for comparisons. p < 0.05 indicates significant differences.




Cellulase Production

Cellulase production (Figure 2) showed that a combination of strains 1–3 had a synergistic effect in the production of this enzyme. Furthermore, combinations 2–3 presented an additive effect since the enzyme produced was statistically equal to both strains individually grown. Contrarily, when strains 1–2 and 1–2–3 were cultivated together, an antagonistic effect was observed in the cellulase production, with amounts of enzyme produced lower than those obtained with strain 2 individually grown (Table 2).


[image: Figure 2]
FIGURE 2. Comparison of groups to evaluate the interaction of three strains of Bacillus on the production of cellulase by Bliss independence analysis in single dose with replicates, considering the Tukey test at 95% confidence for comparisons. p < 0.05 indicates significant differences.




Phytase Production

Figure 3, corresponding to phytase production, shows no synergistic effects in any combination of the strains. Therefore, the joint growth of these strains did not provide any advantage to produce this enzyme. However, additive effects could have been observed in the combinations 1–2 and 2–3, since there were no differences between the enzyme amounts produced by the combination of strains and their predicted values. Furthermore, combinations 1–3 and 1–2–3 showed that phytase production could be affected when these strains are grown together, which can be interpreted as an antagonistic effect since there were statistically significant differences between the amounts produced by the combination of these strains and their predicted value.


[image: Figure 3]
FIGURE 3. Comparison of groups to evaluate the interaction of three strains of Bacillus on the production of phytase by Bliss independence analysis in single dose with replicates, considering the Tukey test at 95% confidence for comparisons. p < 0.05 indicates significant differences.




Lipase Production

According to the comparison of lipase production presented in Figure 4, combinations corresponding to the strains 1–2, and 1–2–3 exhibited an effect that could be categorized as additive since enzyme production was similar to individually grown strains. An additive effect was considered because the experimental enzyme production in the combinations was similar to Bacillus 1, although the predicted value was statistically lower than these groups. Considering the behavior of combinations 1–3, given that there were no significant differences between the experimental lipase production and its predicted value, it is suggested that an additive effect was presented. However, in the strain combination 1–3, a clear antagonistic effect between these strains could be observed.


[image: Figure 4]
FIGURE 4. Comparison of groups to evaluate the interaction of three strains of Bacillus on the production of lipase by Bliss independence analysis in single dose with replicates, considering the Tukey test at 95% confidence for comparisons. p < 0.05 indicates significant differences.




Protease Production

The results of the quantitative protease determination are summarized in Table 2. Interestingly, protease was the enzyme most produced by the Bacillus strains. However, in Figure 5, the combinations of strains 1–2, 1–3, and 1–2–3 presented an antagonistic effect since protease concentrations in the predicted group were significantly higher than the experimental combination group. Conversely, combination 2–3 showed an evident synergistic effect, being the combination that produced the highest amount of enzyme, even more than the amount produced by strains 2 and 3 individually.


[image: Figure 5]
FIGURE 5. Comparison of groups to evaluate the interaction of three strains of Bacillus on the production of protease by Bliss independence analysis in single dose with replicates, considering the Tukey test at 95% confidence for comparisons. p < 0.05 indicates significant differences.




β-Glucanase Production

Figure 6 shows the results corresponding to β-glucanase production. The only combination, strains 2–3, showed a synergistic effect since this enzyme production was considerably improved compared with strains grown individually, which is corroborated with the statistical differences between the enzyme produced by the combination of these strains and their predicted values of the Bliss analysis. Conversely, a combination corresponding to the strains 1–2-−3 presented an effect that could be categorized as antagonistic since enzyme production was not improved compared when strains were grown individually, reflected in a notable statistical difference with the 1–2–3 predicted value. β-glucanase production by the combination of strains 1–2 and 1–3 appears to have an additive effect when grown individually because they did not show an improvement effect of β-glucanase production compared with only strain 1.


[image: Figure 6]
FIGURE 6. Comparison of groups to evaluate the interaction of three strains of Bacillus on the production of β-glucanase by Bliss independence analysis in single dose with replicates, considering the Tukey test at 95% confidence for comparisons. p < 0.05 indicates significant differences.






DISCUSSION

The recent increase in the use of Bacillus spp. strains as probiotics is due to bacterial resistance problems derived from the overuse of antibiotics at subtherapeutic doses, that is, growth-promoting antibiotics in production systems (38). This trend is marked global since several species of the genus Bacillus produce antimicrobial compounds, such as lipopeptides, surfactin, bacteriocins, and bacteriocin-like inhibitory substances, which affect both Gram-positive and Gram-negative harmful bacteria, making them the most promising viable alternatives to the use of antibiotics (8, 39). In addition, these probiotic bacteria can produce enzymes, such as amylase, protease, lipase, phytase, cellulase, β-glucanase, and xylanase, which have a beneficial effect not only on the digestibility and utilization of nutrients to promote the productive parameters (8) but also have an antimicrobial effect due to their ability to attack the pathogenic microorganism directly, interfere with biofilm formation, and/or catalyze reactions that result in the production of antimicrobial compounds (40, 41).

The current approach to probiotic strain selection is, in general, based on the experience of results gained in models with animals or the qualitative evaluation of these bacteria in vitro, ignoring the role of enzyme capacity (16). Therefore, in the present study, a quantitative analysis of the production of different enzymes of one Bacillus subtilis strain (1: AM1002) and two Bacillus amyloliquefaciens strains (2: AM0938 and 3: JD17), previously described (23) was performed, in order to know the effect of the inclusion of more than one strain within a product.

Analyzing the results of Table 2, the three Bacillus strains used in the present study produce different amounts of enzymes (xylanase, cellulase, phytase, lipase, protease, and β-glucanase). However, this production was modified when two or more Bacillus strains were combined, suggesting possible synergistic, antagonistic, or additive interactions. In this sense, to determine the possible effects produced in the combinations of the different Bacillus strains, a Bliss independence analysis of interactions was performed. This analysis is based on the probability theory for independent events and is used to analyze data for drug combinations by comparing observed vs. predicted responses (42, 43) and to identify synergistic, antagonistic, or additive effects (36, 37).

Considering the total results of the enzyme production present in each of the figures, the combination of Bacillus strains 2–3 was the one that presented the best results since their interaction led to synergistic and additive effects in all the cases. The assessment of effects by the Bliss independence analysis was important since each of the evaluated enzymes has different activity properties. In the case of xylanase, a common non-starch polysaccharide-degrading enzyme, it has shown an improvement in the digestibility of nutrients due to its effect on the decrease in intestinal viscosity, as well as on the improvement of immunity, reduction in the effects of Salmonella infections, and in the maintenance of intestinal epithelium in broilers challenged with Clostridium perfringens (44, 45).

Cellulase has important effects at the level of improvement of productive parameters and the increase in organic acids, such as propionic, which acts as a bacteriostatic reducing the colonization of pathogenic bacteria (46).

Phytase is included in poultry diets to improve the digestibility and assimilation of inorganic phosphorus, reducing environmental contamination by this element. Likewise, it has been shown to have a significant effect on the improvement of productive parameters and improvement in bone mineralization (47), in the same way as protease (48), the enzyme that was produced in higher concentration compared with the other enzymes in the present study.

Lipase has been shown to have a positive effect on the productive parameters in broilers and antimicrobial activity on Gram-negative bacteria since it acts at the level of lipopolysaccharides and exopolysaccharides present in broiler biofilms (49, 50).

Due to its direct effect on the decrease of intestinal viscosity and increase in the digestibility and use of fibers in poultry diets, as well as its antimicrobial activity against Gram-positive and Gram-negative bacteria, β-glucanase has been widely used in the poultry industry (33, 51).



CONCLUSION

The present study showed that the selection of Bacillus strains based on quantitative methods of enzyme determination and adequate data analysis is essential to evaluate the effects that could occur in combinations of Bacillus strains to avoid interactions of the antagonistic type that could compromise the effectiveness of the treatments. The results demonstrated that the combination of Bacillus strains 2–3 was the group with the best prospects, which could lead to a new generation of DFMs with effects superior to those already evaluated in the combination of Bacillus strains 1–2–3, resulting in a viable alternative to the use of growth-promoting antibiotics. Further studies to confirm and expand the results in the present study using poultry models are currently being evaluated.
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Primer sequence (5' — 3)

CGTTTGGGAGTGGGCTTTAA
GCTGATGGCAGAGGCAGAA
TGCAGCTCCAAGGCTTTTAAG
CTCAAAGGCCAAGAACATTCCT
CAGCACCTCCTCCCTGTCA
GGCTTCATTGCTGCCCTGTA
GCTCTCAGTGCCGCTGATG
GAAACCTCTCCCTGGATGTCAT
CGCTGTCACCGCTTCTTCA
CGTCTCCTTGATCTGCTTGATG
GCTTCGACGAGGAGAAATGC
GGTAGGTCTGAAAGGCGAACAG
CCAGAGCCTGGTCACGATGT
CGATACGGAAGGAAGGGATGA
AAGCTCAGGACAACGAGATCCT
TTTCCCCCCCACGTAGAAG
GTTGGGCAGTTTCACAGGAATAG
GCCGCCTGGTCATACAGTGT
CTCCAACGCCTCACAAACCT
GCCTTTGGTCATTTCCATCTG
CTCGAAGTAGCCCAGCACATT
CATGTCCAGAGGTGTCAGTCTGA
GGCTGAAACGTGGCACAAA
GAGTCCAAGCCCAGAAGACAAG
TCCCCTGCAACCAATTCG
AGCGCAGGATCTCCTCGTT
GGGCGCTGACCATCGAT
CATCTTCCCCGCGTACTTTC
TGGCTTCCATGTGCATGAAT
AGCACCTGCGCTGGTACAC
GCTGGAGCCCCACATCAGT
GGTGGCGTGGTGTTTGCT
GATTGCACCTGTGAAAGCATTG
CGGGTATATATGCTTGAGTGTCGTT
TCCTCCAGGCAGCTATCAAGAT
GACAACCACAGAGCTCATGCA
CTGCTGACCGACCTCTATGACA
GGTTGAGGGTGCGCAGTCT
ACCTCAAAGATCATCCAGTCCAA
TGGGACACAGTCAGTGTGCAT
CTTGCTGTCGGGTCCAATG
CGAGGGAAGTGCTCTGTTTAAGA
CCGGCTCGCCATGAAG
ATCGCGATGACCAGCAGAA
CCTGCTGCACCACTTACATAACA
TGCTGTAGTGCCTCTGGATGA
TGCTGCTTGGAGTGAAAATGC
CAGCAGAGAAGCCAAAATCAAA
TCCCCTCCCGTTACTTGGAT
GCGCTCGTCGGCATGTA

Orientation

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Product size (bp)

61

63

64

63

63

62

l

63

a3

59

57

59

58

61

67

74

61

63

60

54

63

62

60

#Accession number refer to Genbank (National Center for Biotechnology Information). TNF-a, tumor necrosis factor-alpha IL, interleukin; C3, complement component 3; CAR, C-
reactive protein; NLR, NOD-like receptor; GPX, glutathione peroxidase; SOD, superoxide dismutase; TLR, tol-lie receptor; MyD88, myeloid differentiation primary response 88; CCLL4,
chemokine-like ligand; CXCL, C-X-C motif chemokine ligand: CCL, C-C motif chemokine ligand.
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Parameter scP

Heterophils, % 55.21°
Lymphooytes, % 39.14°
Heterophilymphocyte 1470
Monocytes, % 2.16
Eosinophils, % 012
Basophils, % 337

Lcp

41.34°
48.39°
0.86°
300
014
743

abmeans in each row with different superscripts are significantly different (P < 0.05).

SP-LCP

41.80°
52112
0.84°
262
0.14
3.33°

SEM

2975
2.982
0.143
0.467
0.036
0.854

P-value

0.010
0.026
0.014
0472
0.901
0.012
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Parameter

Ingredient (/kg)
Maize

Soybean meal (48%)
Spirulina Aigae
Poultry fat

Dicalcium phosphate
Limestone

Salt

Sodium bicarbonate
Choline-CI

Mineral Premix*
Vitamin Premix*
Phytase
Coceidiostat
DL-Methionine
L-Lysine HCI
L-Threonine
L-Arginine

L-Valine

L-soleucine
L-Tryptophan
Estimated compostion (g/kg)
Crude protein

AME (MJ/kg)
Calcium

Available phos.

Met + Cys

Arg

Digestble Met + Cys
Digestible Lys
Digestible Thr
Digestible lle
Digestible Vel
Digestible Trp
Digestile Arg
L-Threonine

scP

633.1
312.3
0.0
21.8
7.79
108
37
14
08
1.0
0.4
0.1
05
31
a
11
0.0
0.0
0.0
0.0

201
14.4
8.4
42
91
12.0
85
84
93
24
18.0
84
11.0
74
75
83
24
12.1
1.1

Lcp

718.3
221.6
0.0
145
8.4
1.1
1.0
5.8
13
1.0
0.4
0.1
05
3.8
4.9
23
22
1.69
129
0.2

170
143
8.4

4.2

9.0
118
83
79
9.1

20
12.3
8.4
1.0
7.4
73
8.3
1.8
116
23

SP-LCP

7459
1045
100.0
93
44
139
05
58
18
1.0
04
0.1
05
27
5.1
1.2
23
03
03
02

170
14.3
84
4.2
9.4
121
85
8.4
96
241
13.0
8.4
1.0
74
7.3
8.3
18
1.6
A2,

*Added per kg of finished feed: Vitamin A, 30,864 IU; vitamin D3, 22,046 IU; vitamin
E, 220 IU; vitamin B12, 0.05 mg; menadione, 6.0mg; riboflavin, 26.5mg; D-pantothenie

acid, 39.7; thiamine, 6.2mg;

iacin, 154.3; pyridoxine, 11.0myg; folic aci

3.5mg; biotin,

0.33mg; zinc, 100; iron, 15; manganese, 100; copper, 15; iodide, 1.20; selenium, 0.25;

calcium, 69.
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Category Lipid component'* Average P-value'?

Blank 8w 16w 24w 8wvs. 16w 8wvs.24w 16wvs. 24w

INCREASED AT 16 WEEKS AND/OR 24 WEEKS P. (16 W/24 W) COMPARED WITH 8 WEEKS Pl (8W)

Fatty acid FA27:1) 21 2,905 11,031 12,207.5 0.128 0.003 0594
metabolite
FA (28:0) 64 1,2206 4,682.5 42895 0012 0.026 0.186
AAHFA (5:0/26:0) 59 5605 255325 4,867 0.426 0,032 0371
AH2FA (4:0/25:0) 22 7135 1,605 2,449 0.411 0.036 0.432
GmpE (26:0) 53 3355 1,167 1,462 0.249 0.010 0549
Glycerolipid TG (45:1) 203 3365 800 7985 0370 0.049 0997
MGDG (18:0/20:2) 11 439 1,652.5 59 0.041 0316 0.044
Phospholipid ~ MLCL (16:0/16:0/18:2) 0 237 8925 4525 0.006 0.069 0.038
CL (e/e)(28:1e/30:1¢) 11 2,0245 25915 53785 0568 0.038 0099
GL (e/e)(30:1e/33:3¢) 0 1,785 1,2085 24525 0.835 0.024 0222
CL (30:1e/30:3¢) 0 125 219 2965 0.140 0013 0.198
DLCL (16:0/16:0) 16 3,637.5 17,440 10,366 0.175 0,045 0327
DLCL (16:0/18:2) 0 1,863 5,436 2,487 0.002 0.628 0.200
HBMP (18:0/18:1/g18:1) 11 100 237 3315 0017 0.240 0.496
HBMP (14:0/16:0/18:0) 0 1585 3415 4245 0081 0,047 0289
PG (18:2/18:2) 16 1,3535 20835 2,179 0.007 0.620 0950
Sphingolipid CerPl (d44:0) 0 158 7005 990 0.056 0.039 0.060
AcylCerPG (t18:0/16:0/15:0) 0 361 27585 2,101 0052 0.041 0324
Sterol lipids SIE (18:1) 930 504815 798125 118,907.5 0.286 0.030 0.200
StE (18:0) 236 4,940 9,7405 11,280 0.298 0.007 0646
SisLG1 157 301645 64,382 49,213 0.049 0067 0.181
Stigmasterol Gt o1 5,205 8517 7,433 0275 0,047 0603
DECREASED AT 16 WEEKS AND/OR 24 WEEKS P. (16 W/24 W) COMPARED WITH 8 WEEKS PL. (8W)
Fatty acid FA(17:0) 2,265 1335104 9098225 3688525 0619 0.038 0543
metabolite
FA (18:0) 151,628 6089247 47392065 2,362,945 0711 0.036 0546
FA(19:1) 0 555,886 950715 64,656.5 0018 0.004 0246
FA (20:3) 23 105675 28285 2,005 0.123 0.039 0717
FA (24:1) 348 2461105 127,115 94,8235 0.088 0.009 0309
FA (24:2) 35 21,430 18,737.5 12,986 0.298 0.044 0887
FA(O) (18:0) 67 93,970 20,635 16,832 0.067 0.043 0862
FA(2OH)(16:0) 164 1,059,824.5 315,401 86,486 0.173 0.135 0.034
FA(20H)(18:0) 241 270228 175671 65,1405 0.098 0.025 0.020
FA(2OH)(19:0) 40 296285 23000 12,6825 0.120 0.020 0059
FA(2OH)22:1) 21 359005 223245 20,2115 0061 0015 0252
FA(2OH)24:1) 66 380587.5 212,605 181,281 0.060 0.046 0515
Glycerolipid MGDG(sn2+0)(16:0/16:0) 44 245945 86565 11,126 0.018 0.033 0301
AMGDGM(e) (16:1e/17:0/18:1) 0 1,1695 467 3445 0,037 0.045 0.146
AMGDG(e)(18:1e/14:0/18:1) 0 o725 5385 475 0.043 0.020 0244
GPMGDG(e)(34:1e) 34 23,957 11,8635 10,900 0.189 0.044 0870
GPMGDG(e)(34:3e) 7% 5,551 3,790 4,866 0.041 0768 0655
DGDG(16:0/18:2) 21 1,161 1,267 7285 0.705 0,023 0228
DGDG(18:0/18:1) 0 6435 442 308 0.421 0018 0554
DGDGe)(18:1e/18:1) 0 6,650 2918 1,610 0244 0015 0563
DGDG(e)(17:1e/18:1) 0 7125 3375 1705 0.172 0.025 0391
ADGDG(16:0/18:1/g16:0) 0 7465 630 4155 0.457 0.048 0255
TG(51:4) 51 3,101 4,3435 1,829 0.702 0037 0.492
TG(60:4) 0 1,959 1,8985 1,046 0934 0.035 0372
DG (16:0/19:1) 338 68,8525 387535 31,749 0.025 0.117 0571
Phospholipid ~ PE(16:0/16:1) 11 364.5 262.5 765.5 0.016 0531 0.459
Lyso PC (20:0) 190 25315 23735 427 0.893 0.014 0284
PE (18:0) 134 1,6195 1,485 373 0.844 0014 0286
Sphingolipid AcylCer(phyto_aOH)(118:1/24:0/2:0) o 44125 2,782 7085 0281 0.010 0226
3-0-AcylSM (d36:1/16:0) 0 579 427 188 0210 0.082 0.006
Sterol lipid Taurin (19:1) 16 962.5 5025 1575 0.049 0.041 0.133
dehydro cholesterol 856 24255 3,8535 1,4085 0212 0.007 0127
Prenol lipid Goenzyme QOH2 155 786205 11,9855 14,2755 0.049 0.031 0.747
Coenzyme Q11 88 17,740 7,237.5 3,685 0.089 0014 0299
Coenzyme Q11H2 0 39285 952.5 7575 0077 0.035 0805
Others Tocopherol 76 16,937 6,8595 56615 0.003 0.040 0459

pi, post-infection.
*1 The abbreviation of each lipid component is defined in Supplementary Table 2.
*2 P < 0.05, indicated in bold.
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Genus

INCREASED RELATIVE ABUNDANCE AT >16 WEEKS RI. COMPARED WITH 2/8 WEEKS P,

Clostridium IV
Sporobacter
Acetanaerobacterium
Ruminococcus
Saccharofermentans
Subdoligranulum
Shuttieworthia
Ethanoligenens
Anaerotruncus
Papilibacter
Dehalobacter
Guggenheimella

Blautia
Lactobacilus
Gemmiger
Desemzia
Fusicatenibacter
Clostridium XVa
Oscilibacter
Bavaricoccus

3.91+080 3.61+£037 1.0000
0.49 £ 0.35 0.58 +0.40 1.0000
0.83+0.18 122£026 1.0000
0.89+0.16 0.86+0.13 1.0000
0.79+£0.13 0.89£0.23 1.0000
1.08 £0.19 091 £0.17 0.8886
0.64 £ 0.09 0.76 £0.12 1.0000
0.53+0.16 0.62+0.16 1.0000
0.41£0.08 0.39£0.10 1.0000
0.40 £0.18 0.42 £0.06 1.0000
0.16 £ 0.03 0.21+£0.08 1.0000
0.15+ 0,02 037 £031 1.0000
DECREASED RELATIVE ABUNDANCE AT >16 WEEKS PI. COMPARED WITH 2/8 WEEKS P
7.65+0.13 8.30+1.01 1.0000
4.37 £3.03 8.98+4.25 0.5700
6.46 £ 1.10 557 +1.21 1.0000
4.19+2.19 5.76 £1.30 0.4308
3.60 £ 0.39 3.78£0.54 1.0000
2.31 £0.40 2394039 1.0000
2.30 £ 0.66 218034 1.0000
1.24 £0.30 1.00£0.16 1.0000
1.24 £0.32 0.79£0.26 1.0000

Lacticigenium

0 weeks p.i.

Mean = SD (%)

2/8 weeks p.i.

Mean = SD (%)

P-value to

owpii.

Bacterial genera exhibiting >0.50% of relative abundance on average in total are listed. p.i, post-infection.
“P-values were calculated using a non-parameltric joint ranked Dunn test.
Bold values represent P-values of <0.05.

Mean = SD (%)

6.96 £ 1.04
3.66 +£0.96
237 £0.40
1.62+021
1.44 £0.34
127 £025
1112021
1.14+035
1.03£0.14
084017
0.85+0.29
0.76+0.13

6.33+£0.68
281£143
3.86+0.87
354£1.16
289041
1.63+£024
1.64£026
0.45+0.08
0.25£0.06

16/24/32/40 weeks p.i.

P-value to*
owpii. 28w p.i.
0.0438 00017
0.0239 0.0030
0.0036 00107
0.0488 00017
0.0255 00133
0.9690 0.0127
0.0085 0.0208
0.0225 0.0265
0.0488 00017
0.0144 0.0044
0.0085 0.0063
0.0344 0.0452
00089 0.0048
1.0000 00226
0.0324 00361
1.0000 0.0265
0.1791 0.0095
00939 0.0036
0.1408 0.0286
00111 0.0053
0.0085 0.0063
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Treatment CON NG HI Lo SEM P-value
BW, g

Initial 366 366 36,6 366 07 0.998
D7 157 159 161 162 27 0651
D 14 (0 dpj) 461 457 472 473 88 0509
D20 (6 dpj) 860" 743° 794 724° 17 <0.001
D22 (8 dpj) 10172 7634 934° 842¢ 22 <0.001
ADG, g

DOto7 200 204 21.0 208 03 0.169
D7t014 435 419 444 446 1.0 0214
DOto 14' 527 322 333 336 06 0.434
D14t020 66.5% 47.7° 53.7° 41.9% 16 <0.001
D 1410222 69.4° 38.2¢ 57.8° 46.9° 19 <0.001

CON, basal diet; NC, basal diet for E. maxima-infected chickens; Hi, maltol at 10.0 mg/kg feed; LO, maltol at 1.0 mg/kg feed; SEM, standard error of the mean (n = 20/treatment until
day 20 and 16/treatment at day 22).

"Before infection.
2After infection.

ADG, average daily gain; BW, body weight; D, day; dpi, days post-infection; all chickens except CON were infected by oral gavage at day 14 with 1.0 x 10° oocysts/chicken of

E. maxima.

a=d\eans in the same row with different superscriots differ (P < 0.05) and the difference was re-evaluated by PDIFF option in SAS when P-value between treatments was <0.05.
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Type

Reference

Pro-inflammatory

Thi

TJ proteins.

Muscle cell

Th, T helper cells; TJ, tight junction.

Target gene

GAPDH

L1

IL-6

IL-8

IL-17F

TNFSF15

IFN-y

IL-10

Claudin-1

JAM2

Occludin

Z0-1

MyoG

Pax?

Primer sequence (5'-3)

F-GGTGGTGCTAAGCGTGTTAT
R-ACCTCTGCCATCTCTCCACA
F-TGGGCATCAAGGGCTACA
R-TCGGGTTGGTTGGTGATG
F-CAAGGTGACGGAGGAGGAC
R-TGGCGAGGAGGGATTTCT
F-GGCTTGCTAGGGGAAATGA

R-AGCTGACTCTGACTAGGAAACTGT

F-TGAAGACTGCCTGAACCA
R-AGAGACCGATTCCTGATGT
F-CCTGAGTATTCCAGCAACGCA
R-ATCCACCAGCTTGATGTCACTAAC
F-AGCTGACGGTGGACCTATTATT
R-GGCTTTGCGCTGGATTC
F-CGGGAGCTGAGGGTGAA
R-GTGAAGAAGCGGTGACAGC

F- CCTGATCACCCTCTTGGGAG

R- GCTGCACTCACTCATTGGCT
F-AGCCTCAAATGGGATTGGATT
R-CATCAACTTGCATTCGCTTCA
F-GAGCCCAGACTACCAAAGCAA
R-GCTTGATGTGGAAGAGCTTGTTG
F-CCGCAGTCGTTCACGATCT
R-GGAGAATGTCTGGAATGGTCTGA
F-TGACCCTGTGCCCTGAAAGC
R-TCGTTCACCTTCTTCAGCCTCC
F-AAGGCCAAGCACAGCATAGA
R-GCGCTGCTTCCTCTTCAAAG

PCR product size (Kb)

264

244

254

200

17

292

259

272

145

59

68

63

178

108





OPS/images/fvets-08-667425/fvets-08-667425-t002.jpg
Ingredients (%) Basal diet

Com 55.78
Soybean meal 37.03
Soybean oil 297
Dicalcium phosphate 1.80
Calcium carbonate 151
Salt 038
Poultry Vit Mix® 022
Poultry Mineral Mix® 0.15
DL-Methionine 0.10
Choline-chloride, 60% 006
Total 100
Calculated values (%)

CP % 24.00
Ca, % 1.20
AP, % 051
Total Lys, % 1.40
Total Met, % 0.49
Total Cys + Met, % 080
ME, Moal/kg 35

“Vitamin mixture provided the following nutrients per kg of diet: vitamin A, 2,000 1U; vitamin
D3, 22 U; vitamin E, 16mg; vitamin K, 0.1mg; vitamin B1, 3.4mg; vitamin B2, 1.8mg;
vitamin B6, 6.4 mg; vitamin B12, 0.013mg; biotin, 0.17 mg; pentothenic acid, 8.7 mg; folic
acid, 0.8mg; niacin, 23.8mg.

PMineral mixture provided the following nutrients per kg of diet: Fe, 400mg; Zn, 220 mg;
Mn, 180mg; Co, 1.3mg; Cu, 21mg; Se, 0.2mg. CR. crude protein; AR, avaiable
phosphorus.
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Genes

ASB2

FBXO32

ARNTL

CCL19

POU2AFT

PER3

p-actin

Primer sequence (5'-3')

F: CCTCCTACCTCTTCACATAGCA
R: TCACCTCATAGCCAGCATCAA
F: CGTTGTAAGGCTGTTGGA

R: CTGATGTTCTGCTGGTCTT

F: ACTACGCAGACCAACAAG

R: CCAAGGATGCCAGTTCAT

F: TCTCTGCCTTAGTCTCCTG

R: AGCTGCATCCTGTAGTCC

F: CCAGTGAAGGAGCTATTGAA
R: CCATTGGTGAGTAGGAAGG

F: TGCTACAAGAAGTCAGGAAG
R: TGCTACCAAGGCTACCATA

F: GCGTGACATCAAGGAGAAGC
F: GGACTCCATACCCAAGAAAGAT

Product size (bp)

176

129

11

132

112

128

187

Annealing temperature (°C)

56.0

50.0

50.0

52.0

52.0

51.0

60.0

Accession No.

XM_0156287761.2

NM_001030956.1

XM_015286335.2

NM_001302168.1

NM_204176.2

NM_001289779.2

NM_205618.1
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Dietary EP levels  Carcass yield, % Semi-eviscerated Eviscerated Breast muscle Leg muscle Abdominal fat

(makg) carcass yield, % carcass yield, % yield, % yield, % yield, %
0 91.62 78.05 62.42 15.20° 10.75 235
1000 91.75 78.77 63.41 16.18% 2055 237
2500 90.47 78.26 62.29 15.82% 21.26 221
4000 91.71 7996 64.44 16,55 19.98 265
5500 91.41 79.02 62.37 17.42% 2091 255
7000 91.72 80.22 63.67 18.41° 2092 222
SEM! 0.49 080 094 098 0.69 035
Contrast pvalue

Linear 0.590 0.155 0.252 0.621 0.654 0.646
Quadratic 0.183 0543 0547 0905 0.144 0562
Cubic 0.089 0.345 0213 0.665 0.545 0.622

1SEM, standard error of mean.
a-by/ajyes in the same line with different small letter superscripts mean significant difference (o <0.05), while with same or no letter superscripts mean no significant difference (o > 0.05).
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Items D1-21 D 22-35

Ingredients (%)

Comn 57.2 60.74
Soybean meal, CP 45% 2924 25.03
Corn gluten meal, CP 60% 44 3.83
Soybean oil 3.41 5
Limestone 091 1.02
Dicalcium phosphate 207 1.93
Salt 032 0.7
Methionine, 9% 033 037
Lysine-HCI, 24% 168 128
Threonine, 98.5% 0.18 0.18
Vitamin premix® 0.06 0.05
Trace mineral premix® 0.1 0.1
Choline, 50% 0.1 0.1
Calculated values

ME (keal/kg) 3020 3200
CF (%) 63 75
Lys (%) 15 12
CP (%) 222 20.07
Met (%) 065 064
Met+Cys (%) 137 141
Ca (%) 09 095
Total P (%) 071 0.66

aProvided per kilogram of diet: 15,000 1U of vitamin A, 3,750 IU of vitamin D3, 37.5mg of
vitamin E, 2.55mg of vitemin K3, 8mg of thiamin, 7.5mg of riboflavin, 4.5mg of vitamin
B6, 24 g of vitamin B12, 51mg of niacin, 1.5mg of folic acid, 0.2mg of biotin, and
13.5mg of pantothenic acid.

bProvided per kiogram of diet: 37.5mg of Zn, 37.5mg of Mn, 37.5mg of Fe, 3.75mg of
Cu, 0.83mg of |, and 62.5mg of S.
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Gene symbol

LOC100540260
LOC100545456
LOC104917316
LOC104912995
LOC100546239
LOC104916149
LOC104914158
LOC104911266
LOC100544663
LOC100540834
LOC104916315
LOC104914637
LOC104912630
LOC104913148
LOC100543592
LOC104914991
LOC109364129
LOC104914821
LOC104912792
LOC104915991
LOC104916559

Fold change (log2)

-1.38
-1.36

FDR p-value

0.04579
0.03510
0.02443
0.03187
0.03249
0.04231
0.01238
0.01908
0.03367
0.01898
0.00257
0.01804
0.01013
0.04840
0.04453
0.01589
0.01178
0.02927
0.00001
0.00008
0.00035

Genbank

XM_010708497
XM_010725015
XM_010728501
XR_795085

XM_010707364
XM_010727130
XR_002119998
XM_010712037
XM_008209101
XM_010715727
XM_010727366
XM_010724747
XM_010716658
XM_019611809
XM_003213848
XR_002109873
XR_002110156
XM_019610345
XM_019619432
XR_002121382
XR_796609

Predicted gene function

Tyrosine phosphatase receptor type transcript
Receptor accessory protein transcript variant
Homeobox protein SX2

Uncharacterized protein

LEG1 homolog-like

Homeobox protein SIX2-lie
Uncharacterized protein

lodothyronine deiodinase 3

Apolipoprotein D

Putative dimethylaniine monooxygenase [N-oxide-forming] 6
EGF-like domain-containing protein
Fibrilln-1-like

Collagen alpha-3(1V) chain-like

Ovostatin-like

Nucleoredoxin-like transcript
Uncharacterized protein

Uncharacterized protein

PDZ domain-containing protein 2-like

E8 ubiquitin-protein ligase HERG1-ike
Uncharacterized protein

Uncharacterized protein
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Go term ID

GO:0070627
GO:0051450
GO:2001214

GO:0043116

GO:0006979

GO:1902176

GO:0006412
GO:0008299
GO:0090201

GO:0048741

BP term

Platelet aggregation
Myoblast proliferation

Positive regulation of
vasculogenesis

Negative regulation of vascular
permeabity

Response to oxidative stress
Negative regulation of oxidative
stress-induced intrinsic apoptotic
signaling pathway

Translation

Isoprencid biosynthetic process

Negative regulation of release of
Gytochrome ¢ from mitochondria

Skeletal muscle fiber development

FDR p-value

0.01465
0.03088
0.04006

0.0509
0.05896

0.06081

0.07213
0.08983
0.08983

0.09931





OPS/images/fvets-08-663988/crossmark.jpg
©

2

i

|





OPS/images/fvets-08-663988/fvets-08-663988-g001.gif





OPS/images/fvets-08-640968/fvets-08-640968-g005.gif
3
g

sep
micp
=SpLCP

“scp
aLce
SpLCP

Retsve Fold Change @

RelsieFoltChange ©

sep
aLcp
#SPLCP

s
sLep
SPLCP





OPS/images/fvets-08-640968/fvets-08-640968-g001.gif
.
i
3
H

sep
e
SPLCP

“scp
aLcp
“SP-LCP

ReluieFoldChange @

Relive Fod Change

w3

s
sLcP
“SpLCP

scp
sLcr
#SP-LCP





OPS/images/fvets-08-640968/fvets-08-640968-g002.gif
™
-
2
o
' cre
TR
H
3o

sep
aLcp
spLCP

“scp
L
“SP-LCP

Reluie ol Chnge

ReliveFold Change

o

s
sLcp
“SPLCP

“scp
sLcP
#SPLCP





OPS/images/fvets-08-640968/fvets-08-640968-g003.gif
Rl Fold Chage >

Relative Fold Change  ©

cc20

sep
sLcP
“SPLCP

scp
sLcP
2SP-LCP

&
¢

ceta

¥

XL

i

scp
aLcp
aspLCP

=SP-LCP





OPS/images/fvets-08-640968/fvets-08-640968-g004.gif
Relative Fold Change >

Relative Fold Change

NLRP3

NLRC-S

“scp
sice
SSPLCP

sep
aLcr
=SpLCP

R

RebsiveFad Chnge &

NLRC:3

s
sLcP
SPLCP

sep
sLcr
#SPLCP





OPS/images/fvets-08-663988/fvets-08-663988-t005.jpg
Gene ID

ENSGALG00000040636
ENSGALGO00000035177
ENSGALG00000034 135
ENSGALG00000028560
ENSGALG00000029186
ENSGALG00000027874
ENSGALG00000032091
ENSGALG00000000573
ENSGALG00000039863
ENSGALG00000039919
ENSGALGO00000009495
ENSGALGO00000011084
ENSGALG00000032602
ENSGALGO00000005095
ENSGALG00000042810
ENSGALG00000029410
ENSGALGO00000014776
ENSGALG00000011291
ENSGALG00000001918
ENSGALG00000027472
ENSGALGO00000000123
ENSGALG00000007300
ENSGALG00000008308
ENSGALG00000000107
ENSGALG00000008266
ENSGALGO00000015663
ENSGALGO00000015704
ENSGALG00000028140
ENSGALGO00000036530
ENSGALG00000001986

Gene name

SLC25A25

NR1D2
DNAJBS
TMEM38B

BHLHE40
TRIM7
COL4A6
HSDL2
CNTFR

ChaG glutathione specific gamma-glutamyloyclotransferase 1

Period circadian clock 3
Fibroblast growth factor receptor 2
Solute carrier family 25 member 25

Nuclear receptor subfamily 1 group D member 2
Dnad heat shock protein farmily (Hsp40) member BS
Transmembrane protein 388

Basic helix-loop-helix family member e40
Tripartite motif containing 7

Collagen type IV alpha 6 chain
Hydroxysteroid dehydrogenase like 2
Ciliary neurotrophic factor receptor

Fold change Log2FC
(EP_7000/CON)

-9.784
-5.904
-3.667
-3.198
-2.863
-2.840
—2678
—2.653
—2.652
—2.642
—2.284
—2.095
-1.902
-1.775
-1.770
—1.568
-1.519
—1.499
—1.463
—1.458
—1.412
-1.376
-1.374
-1.268
-1.176
-1.163
-1.110
-1.094
—1.048
-1.030

aDjetary supplementation of Enteromorpha polysaccharides at 7,000 mg/kg in treatment group as compared to 0 mg/kg in control group.

P-value (adjusted)

0.000
0.000
0.000
0.002
0.002
0.000
0.022
0.000
0.013
0.017
0.016
0.000
0.008
0.020
0.002
0.002
0.002
0.000
0.001
0.000
0.001
0.023
0.000
0.009
0.016
0.020
0.019
0.022
0.010
0.018
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Pathway ID

GO:0002376
GO:0002684
GO:0002682
GO:0008955
GO:2000107
GO:0001819
GO:0010567
GO:0019882
GO:0045893
GO:1903508
GO:1802680
G0:2000106
GO:0034097
GO:0010556
GO:0061264
GO:0034124

Pathway description

Immune system process
Positive regulation of immune system process

Regulation of immune system process

Immune response

Negative regulation of leukocyte apoptotic process
Positive regulation of cytokine production

Positive regutation of macromolecule biosynthetic process
Antigen processing and presentation

Positive regulation of transcription, DNA-templated
Positive regulation of nucieic acid-templated transcription
Positive regutation of RNA biosynthetic process
Regulation of leukocyte apoptotic process

Response to cytokine

Regulation of macromolecule biosynthetic process
Positive regutation of RNA metabolic process

Regulation of MyD88-dependent toll-like receptor signaling pathway

P-corrected

0.000
0.000
0.002
0.004
0.004
0.016
0.026
0.026
0.028
0.028
0.034
0.036
0.048
0.048
0.048
0.048

GO, Gene Ontology; CON, dietary supplementation of Enteromorpha polysaccharides (EF) at 0 mg/kg; EP7000, dietary supplementation of Enteromorpha polysaccharides (EF) at

7,000 mg/kg.
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Number  Pathway ID

map05168
2 map05164
3 map04514

Pathway description P-corrected

Herpes simplex infection 0.000
Influenza A 0.003
Cell adhesion molecules (CAMs) 0.054

SKEGG, Kyoto Encyclopeda of Genes and Genomes; CON, dietary supplementation of
Enteromorpha polysaccharides (EF) at 0 ma/kg; EP_7000, dietary supplementation of
Enteromorpha polysaccharides (EP) at 7,000 mg/kg.
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Gene ID

ENSGALG00000045075
ENSGALG00000009479
ENSGALG00000014962
ENSGALG00000041421
ENSGALG00000045392
ENSGALG00000013548
ENSGALG00000010881
ENSGALG00000042285
ENSGALG00000033171
ENSGALG00000028256
ENSGALG00000045085
ENSGALGO00000021139
ENSGALGO00000016400
ENSGALGO00000011190
ENSGALGO00000013575
ENSGALG00000013723
ENSGALG00000032340
ENSGALGO00000011561
ENSGALG00000041944
ENSGALGO00000015779
ENSGALG00000039269
ENSGALGO00000005378
ENSGALG00000014297
ENSGALG00000006138
ENSGALG00000041202
ENSGALG00000036356
ENSGALGO00000016456
ENSGALG00000041787
ENSGALG00000020975
ENSGALGO00000015286

Gene name

FAM26F

oAsL.

JCHAIN

PM20D2
ARNTL
IRF7
FBXO32
YEATS2
Lpint
PLA2G15
TMEM233
SESN1

Gene description

Family with sequence similarity 26 member F

Granzyme A
Ankyrin repeat and SOCS box containing 2
Transglutaminase 4

C-C motif chemokine ligand 19

Radical S-adenosyl methionine domain containing 2

2-5"-Oligoadenylate synthetase like

Joining chain of multimeric IgA and IgM

Pepticase M20 domain containing 2

Ayl hydrocarbon receptor nuclear translocator ike
Interferon regulatory factor 7

F-box protein 32

YEATS domain containing 2

Lipin 1

Phospholipase A2 group XV

Transmembrane protein 233

Sestrin 1

Fold change Log2FC (EP_7000/CON)

11.63
2.017
7.684
6.389
6.061
5.808
5.705
5.058
4.861
4.659
4.388
4.296
4.063
4.046
3917
3885
3.606
3.487
3.326
259

2.466
2235
2178
2085
2.066
1.904
1.763
1.740
1.503
1.358

aDjetary supplementation of Enteromorpha polysaccharides at 7,000 mg/kg in treatment group as compared to 0 mg/kg in control group.

P-value (acjusted)

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0010
0.0000
0.0000
0.0010
0.0000
0.0000
0.0000
0.0000
0.0000
0.0010
0.0010
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Gene name Primer sequence (5'-3)

TNF-a

IL-12 pd0

IL-6

IFN-y

IL-10

g-actin

size

F: CCCTCACACTCAGATCATCTTCT 61
R: GCTACGACGTGGGCTACAG

F: CCCATTCCTACTTCTCCCTCAA 75
R: CCTCCTCTGTCTCCTTCATCTT

F: TAGTCCTTCCTACCCCAATTTCC 76
R: TTIGGTCCTTAGCCACTCCTTC

F: TCAGCAACAACATAAGCGTCAT 104
R: GACCTCAAACTTGGCAATACTCA

F: GCTCTTACTGACTGGCATGAG 105
R: CGCAGCTCTAGGAGCATGTG

F: CGTTGACATCCGTAAAGACC 281

R: AACAGTCCGCCTAGAAGCAC

Product  Accession no.

NM_013693

NM_001303244

NM_031168

NM_008337

NM_010548

NM_007393

TNF-a, tumor necrosis factor alpha; IL, interleukin; IFN-y, interferon gamma; F, forward;

R, reverse.
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Nodes

Edges

Average degree (AD)
Graph density (GD)
Modularity (MD)
Positive correlation
Negative correlation

Control

120
303
5.05
0.042
0.893
71.95%
28.05%

GL

115
298
5.183
0.045
0.896
67.11%
32.89%

ST

126
428
6.848
0.055
0.735
56.54%
43.46%

GL + ST

14
366
6.421
0.054
0877
62.57%
37.43%

GM + ST

79
146
3.696
0.047
0912
64.38%
35.62%





OPS/images/fvets-08-648698/fvets-08-648698-t002.jpg
Treatment

Control vs. GL
Control vs. ST
STvs.GL+ ST
STvs.GM + ST

GL + STvs.GM + ST

ANOSIM

R

0.653
0.000
0.688
0.313
1.000
1.000

P

0.001
0.586
0.028
0.071
0.032
0.028

ADONIS
R? P
0.765  0.001
0202 0.129
0457  0.045
0327 0.023
0.848  0.043
0722 0.024

MRPP
A P
0451 0.001
0.034 0.181
0.204  0.034
0111 0.029
0577 0.023
0450  0.021
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Items EFS ESBM SEM P-value

Acetate 3.23 3.96 0.31 0.04
Propionate 2.60 3.07 0.19 0.04
Butyrate 1561 172 0.13 0.13
Valerate 0.68 0.67 0.08 0.89
Isobutyrate 0.28 0.22 0.02 0.01
Isovalerate 0.38 0.31 0.03 0.04
Total SCFAs® 8.03 9.43 0.36 <0.01
Total BCFAs® 0.67 053 0.05 0.02

“Total SCFAs = Acetate + Propionate + Butyrate + Valerate.

PTotal BCFAs = Isobutyrate + Isovalerate.

Data were shown as the mean + SEM (n = 6). SCFAs, short chain acids; BCFAs, branch
chain acids. EFS, extruded full-fat soybean; ESBM, enzyme-treated soybean meal.
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Constituent

Control
Total protein (g/L) 275
Albumin (g/L) 1.9
Glucose (mg/dL) am.22
Cholesterol (mg/dL) 148.8°
AST (UL) 140.7°
ALT (UAL) 143

Mean of five replicates of three chicks each per treatment (n = 15). Means, within the same row, not sharing a common superscript differ significantly (Tukey test p < 0.05).

AST, aspartate aminotransferase; ALT, alanine aminotransferase.

Ycw

28.9°

1240
490.9%
151.72
146.6°

156

Dietary treatments

AF

19.4°

8.4°
388.1°
91.1°
227.5°

136

AF +YCW

22.3°

9.1®
398.6°
106.1°
185.3°

133

SEM

1.65
003
209
3.756
7.38
1.00

p-value

0.002
0.001
0.009
0.005
0.007
0.377
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Items.

Essential AA (%)
Arginine
Histidine
Isoleucine
Leucine

Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine
Non-essential A (%)
Alanine
Asparagine
Cystine
Glutamine
Glycine

Proline

Serine

Tyrosine

Total nitrogen (%)

EFS

7412
83.94
67.71
64.78
82.86
83.38
90.09
68.75
74.41
70.09

64.28
7828
75.26
78.98
70.05
75.46
75.19
69.34
7452

ESBM

75.08
88.29
70.71
69.83
85.01
86.46
92.07
74.87
77.64
7375

66.02
80.88
75.59
81.92
7338
78.79
7727
71.92
7767

SEM

1.82
1.00
2.04
213
1.56
1.39
0.62
1.83
0.90
1.62

1.59
1.89
1.90
1.89
1.95
145
1.86
267
0.41

P-value

0.73
0.02
0.33
0.14
0.36
0.16
0.06
0.06
0.04
0.16

0.46
0.356
0.90
031
027
0.16
0.46
052
0.01

Data were shown as the mean + SEM (n = 6). AA, amino acid. EFS, extruded full-fat

soybean; ESBM, enzyme-treated soybean meal.
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Attribute

WG ()

1-7 days

7-14 days
14-21 days
1-21 days
Deviation from control (%)
ADFI (g)

1-7 days

7-14 days
14-21 days
FCR (feedigain)
1-7 days

7-14 days
14-21 days
MR (%)

Control

110.7
200.4°
269.0°
580.1°

18.98°
36.07°
51.112

1.20

1.26°

1.33°
o

Dietary treatments
Yew AF
1122 100.6
212.0° 135.3°
284.0° 181.24
608.22 417.1¢
48 -280
19.23° 16.38°
36.65° 33.43°
50.31° 49.44°
1.20 114
1212 178
1.240 1.91¢
0 8

AF + YCW

105.9
167.3°
206.4°
479.6°
-17.3

17.70°
40.39*
50.72°

117

1.69°

1.72°
4

SEM

1.47
8.07
15.41
12.69

0.19
0.11
017

0.01
0.02
0.04

p-value

0257
0.001
0.007
0.005

0.009
0.001
0.009

0.207
0.002
0.003

Mean of five replicates of 10 chicks each per treatment (minus mortality). Means, within the same row, not sharing a common superscript differ significantly (Tukey test p < 0.05).
WG, weight gain; ADFI, average daily feed intake; FCR, feed conversion ratio; MR, mortality rate.
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Items

Initial BW, kg

Final BW, kg

ADG, g

ADFl,g

GF

Diarrhea incidence, %

EFS

7.90
9.83
275.51
394.12
0.68
5.95

ESBM

792
10.01
298.98
403.57
0.75
1.93

SEM

0.07
0.12
7.7
14.64
0.01

057

P-value

091
0.32
0.08
0.66
0.01
<0.01

Data were shown as the mean + SEM (n = 16). BW, body weight; ADG, average dally
gain; ADFI, average day feed intake; G: F; ADG: ADFI. EFS, extruded ful-fat soybean;
ESBMM, enzyme-treated soybean meal.
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Band  Wavenumber em™')  Functional group or commonly
assigned compound

A 3279 O-H and N-H stretching vibrations
(carbohydrate and protein)

8 2922 CH antisymmetric stretching (ipids)

c 2,849 C-CHs symmetric stretching (ipids)

D 1741 C=0 stretching (phospholipid esters)

3 1,629 Amide | (N-H bending and G=0
stretching)

F 1,532 Amide Il (C-N stretching and N-H bending)

G 1,455 OH bending vibration in carboxyiic acids

H 1,369 B-anomeric carbons (B-glucans)

I 1,202 C-O stretching, C-OH wagging, twisting,
and rocking (carbohydrates)

J 1,025 G-O stretching (carbohydrates)

K 887 B-anomeric carbons B(1— 3)-glucans

L 810 Mannans (C-O-C, C-C, and C-OH

stretching of pyranose ring)
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Ingredients EFS ESBM

Com 32.43 36.79
Wheat 20.00 20.00
Enzyme-treated soybean meal 0.00 7.00
Extruded full-fat soybean 24.00 12.00
Whey powder 12,00 12,00
Fish meal 5.00 5.00
Soy il 301 363
Dicalcium phosphate 1.05 095
Limestone 0.48 0.60
Salt 030 030
Lysine 052 055
Methionine 0.09 0.10
Threonine 0.18 0.18
Tryptophan 0.04 004
Valine 0.15 0.11
Chromic oxide 025 025
Vitarmin-mineral premix,? no antibiotic 050 050
Calculated nutrient levels

Metabolized energy, kealkg 3,350 3,350
Crude protein 1852 18.51
Standardized ileal digestible lysine 1.35 1.35
Standardized ileal digestible methionine 039 039
Standardized ileal digestible threonine 079 0.79
Standardized ileal digestible tryptophan 022 022
Standardized ileal digestible valine 0.86 0.86
Analyzed nutrient levels

Gross energy, MJ/kg 17.46 17.45
Ether extract 5.9 5.40
Neutral detergent fiber 16.50 15.50
Acid detergent fiber 4.0 3.90
Dry matter 90.10 89.90
Ash 630 5.70

#The components and contents of the premix providing nutrients for per kg feed are as
follows: Vitamin A, 12,000 1U; Vitamin D3, 2,500 1U; Vitamin E, 30 1U; Vitamin K3, 30 mg;
Vitamin B12, 12 micrograms; Riboflevin, 4mg; Pantothenic acid, 15mg; Niacin, 40mg;
Gholine chioride, 400mg; Folic acid, 0.7 m; Vitamin B1, 1.5 mg; Vitamin B6, 3mg; Biotin,
0.7mg; Manganese, 40mg; Iron, 90 mg; Zinc, 100mg; Copper, 8.8mg; lodine, 0.35 mg;
Selenium, 0.3 mg.

EFS, extruded full-fat soybean; ESBM, enzyme-treated soybean meal.
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Chemical composition

Dry matter
Protein

Fat
Phosphorous

(%)

97-98

14-17

20-22
1-2

Chemical composition

Ash
B-Glucans
Mannans

Glucan to mannan ratio

(%)

35
24-26
22-24

11
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Items.

Anti-nutrient factors (ANF)
Glycinin, mg/g
p-conglycinin, mg/g
Trypsin inhibitor, TIU/mg
Nutrient composition, %
Dry matter

Crude protein

Ether extract

Neutral detergent fiber
Acid detergent fiber

Ash

Gross energy, MJ/kg

EFS

10.40
7.90
0.82

89.68
35.53
16.06
18.20
9.36

6.54

20.83

*Data are the means of two replcates of analyzed values.

EFS, extruded full-fat soybean; ESBM, enzyme-treated soybean meal.

ESBM

0.32
0.15
0.73

93.49
53.08
2.23
15.92
6.51
7.59
18.82
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Items. EFS ESBM SEM P-value

NHg-N 129.33 107.16 3.79 <0.01
PUT 48.32 32.99 2.09 <001
CAD 28.84 2428 1.95 0.14
SPD 14.72 13.69 1.04 0.51

SPM 277 214 0.20 0.06

Data were shown as the mean + SEM (n = 6). PUT, putrescine; CAD, cadaverin;
SPD, spermine; SPM, spermidine. EFS, extrudedful-fat soybean; ESBM, enzyme-treated
soybean meal.
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Items Control Probiotics CMP Compound SEM P-value

Bacteroidetes 7478 7528 72.86 76.62 113  0.720
Firmicutes 21.66 1930  22.06 190.87 111 0812
Proteobacteria 0.90 1.02 1.61 0.69 0.17 0.286
Synergistetes. 0.79 127 1.20 0.92 0.17  0.765
Spirochaetes 0.54 0.78 0.72 0.90 0.12 0810
Patescibacteria 0.30 0.23 0.26 0.25 003 0931
Tenericutes 0.22 0.13 0.20 032 0.04 0.353
Actinobacteria 0.17 0.32 026 0.12 0.06 0.652
Kiritimatiellaeota 0.29 0.13 0.18 0.18 0.02 0.058
Bacteria_NA 0.162 0.24* 0.09° 0.04° 0.03 0.034
Chioroflexi 0.09 0.04 0.04 0.06 001 0.122
Fibrobacteres 0.06% 0.03° 0.03° 0.09* 0.01 0.038
Cyanobacteria 0.02 0.02 0.02 0.03 0.00 0976
Epsilonbacteraeota  0.01 0.00 0.01 0.01 0.00 0.647
Lentisphaerae 001 001 0.00 0.01 0.00 0740
Elusimicrobia 0.01 0.01 0.00 0.01 0.00 0.870

abMeans within a row with no common superscriot differ significantly (P < 0.05).
Control: the basal diet (n = 4); probiotics: supplemented with 0.1% probiotics (consists of
Bacilus licheniformis, Bacillus subtilis, and Lactobacilus plantarum at a ratio of 1:1:0.5) in
the basal diet (n = 4); CMP: supplemented with 0.1% Chinese medicine polysaccharide
in the basal dist, which come from the mixture of Lycium barbarum and Astraglus
membranaceus in the ratio of 2:1, and in which the content of polysaccharides was 114.7
mg/g (n=$5); compound: supplemented with 0.1% probiotics and 0.1% Chinese medicine
polysaccharides in the basal diet (n = 5).
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Items Control Probiotics CMP Compound SEM P-value

oTu 720.00 590.25  720.20 676.80 2496 0254
Shannon index  4.38 4.32 476 4.41 007 0132
Simpsonindex  0.05 0.06 0.02 0.06 001 0332
Ace index 889.25 73484  876.34 832.17 2811 0244
Chao index 888.21 73247 880.92 833.63 2870 0237
coverage 0.9924 0.9938  0.9928 0.9931 000 0278

Control: the basal diet (n = 4); probioics: supplemented with 0.1% probiotics (consists of
Bacillus lichenitormis, Bacillus sublils, and Lactobacillus plentarum at a ratio of 1:1:0.5) in
the basal diet (n = 4); CMP: supplemented with 0.1% Chinese medicine polysaccharide
in the basal diet, which come from the mixture of Lycium barbarum and Astregelus
membranaceus in the ratio of 2:1, and in which the content of polysaccharides was 114.7
mg/g (n =35); compound: supplemented with 0.1% probiotics and 0.1% Chinese medicine
polysaccharides in the basal diet (n = 5).

OTU, operational taxonomic units, which were screened for further annotation, and
‘sequences with > 97% similarity were assigned to the same OTUs.
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Items Control Probiotics CMP Compound SEM P-value

pH value 685  6.63° 6870  666° 008 0002
NHs-N,mg/100ml 2450 2327 2143 1725 105 0058
MCP, mg/ml 02{® 054 020° 018> 004 <0.001
acetic acid, 2042 2587 2463 3104 155 0442
mmolL

propionic acid, 8.16 761 903 946 041 0383
mmolL

butyric acid, 624 690 623 6566 034 0657
mmol/L

Acetic 363 338® 274 328 010 0001

acid/propionic

acid

TVFA, mmolL 4382 4087 3990 46146 211 0710

@bMeans within a row with no common superscript differ significantly (P < 0.05).
Control: the basal diet (n = 5); probiotics: supplemented with 0.1% probiotics (consists
of Becillus lichenitormis, Bacillus sublils, and Lactobacillus plantarum at a ratio of 1:1:0.5)
in the basal diet; CMP: supplemented with 0.1% Chinese medicine polysaccherides
in the basal diet, which come from the mixture of Lycium barbarum and Astragelus
membranaceus in the ratio of 2:1, and in which the content of polysaccharides was
114.7 mg/g; compound: supplemented with 0.1% probiotics and 0.1% Chinese medicine
polysaccharides in the basal diet.

Alltraits in this table were analyzed with cattle as the experimental unit (0 = 5.

NH3-N, ammonia-N: MCP, microbial protein; T-VFA, total volatile fatty acid.
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Items Control
P (grL) 72.69
ALB (g/L) 27.70
GLB (g/L) 44.99

BUN (mmoll) ~ 6.08
GLU(mmoll)  3.86°
TG (mmol/L) 0.32
TC(mmoll)  2.49

IgAV(g/L) 0.48°
19G/(g/L) 2091°
lgM/(g/L) 1.26°

Probiotics

72.98
27.42
45.56
6.75
4.412
0.27
232
0.48°
2417
1.25%

CMP

74.51
26.68
47.83
7.68
3.65°
0.30
238
0.542
23.222
1.28%

Compound SEM

7164
28.08
43.46
7.01
433
030
232
0.45°
19.18°
1.24°

0.83
0.54
061
031
0.09
001
0.09
0.01
057
0.01

P-value

0.691
0.844
0.070
0.314
0.001
0.463
0.907
0.025
0.001
0.035

abMeans within a row with no common superscript differ significantly (P < 0.05).

Control: the basal diet (n = 5); probiotics: supplemented with 0.1% probiotics (consists
of Bacillus licheniformis, Bacillus subtifs, and Lactobacilus plantarum at a ratio of 1:1:0.5)
in the basal diet; CMP: supplemented with 0.1% Chinese medicine polysaccharides
in the basal diet, which come from the mixture of Lycium barberum and Astragalus
membranaceus in the retio of 2:1, and in which the content of polysaccharides wes
114.7 mglg; compound: supplemented with 0.1% probiotics and 0.1% Chinese medicine
polysaccharides in the basal diet.

Al traits in this table were analyzed with cattle as the experimental unit

TR, total protein; ALB, albumin; GLB, globuli; GLB, TP-ALB; BUN, blood urea nitrogen.
GLU, blood glucose; TC, total cholesterol; TG, triglyceride.

IgA, immunoglobulin A; IgG, immunoglobulin

M, immunoglobulin M.
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Items Control Probiotics CMP Compound SEM P-value

Initial weight (kg) 2259 2149 2112 2159 046  0.736
Final weight (kg) 2634 2501 2668 2574 051 0685
ADFl(g/day) 77507 73482 75524 711.89 859 00567
ADG (g/day) 6259 5859 9268° €9.47° 406 0011
(2] 14130 1167 885 11.30®° 066 0044

2bMeans within a row with no common superscript differ significantly (P < 0.05).
Control: the basal diet (n = 9): probiotics: supplemented with 0.1% probiotics (consists of
Bacilus licheniformis, Bacillus sublils, and Lactobacillus plentarum at a ratio of 1:1:0.5) in
the basal diet (n = 10); CMP: supplemented with 0.1% Chinese medicine polysaccharides
in the basal diet, which come from the mixture of Lycium barbarum and Astragalus
membranaceus in the ratio of 2:1, and in which the content of polysaccharides was 114.7
mg/g (n=9); compound: supplemented with 0.1% probiotics and 0.1% Chinese medicine
polysaccharides in the basal diet (n = 10).

Inital weight and final weight were analyzed with lambs as the experimental unit. ADG,
ADMI, and F/G were analyzed with pen as the experimental unit.

ADG, average daily gain; ADFI, average dry feed intake; F/G, feed to gain ratio.
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Ingredients Content (%)  Nutrition levels®  Content (%)

Peanut vine 50.00 DM 84.01
Com 30,00 ME/(MJ/kg) 7.07
Soybean meal 11.00 cp 1253
Wheat bran 400 Ca 1.20
CaHPO; 2,00 P 064
NaHCOs 150 NDF 33.03
NaCl 050 ADF 2224
Promix 1.00 DE/(MJ/kg) 11.08
Total 100.00

“Premix contained 12,000 1U/kg of itamin A, 5,000 1U/kg of vitamin D, 50 mg/kg of vitamin
E, 40 mg/kg of Fe, 16 mg/kg of Cu, 70 mg/kg of Zn, 80 mg/kg of Mn, 0.3 mg/kg of Co,
0.8 mg/kg of |, and 0.3 mg/kg of Se.

©DM, dry matter; ME, metabolizable energy; CP, crude protein; NDF, neutral detergent
iber; ADF, acid detergent fiber; DE, digestible energy.

Nutrition levels are values of measurement except that ME is value from a calculation.
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Items

Rikenellaceas_RCY_gut_group
norank_f_F082

Prevotella_t

norank_f_Muribaculaceae
Succiniclasticum

Prevotellaceae_UCG-001
Prevotellaceas_UCG-003
Veilonellaceae_UCG-001
norank_f_Bacteroidales_BS11_gut_group
Christensenellaceas_R-7_group
unclassified_f_Veilonellaceae
norank_f_Bacteroidales_RF16_group
Ruminococcaceas_UCG-002
Fretibacterium
Erysipelotrichaceae_UCG-004
Sphaerochaeta
Ruminococcaceae_NK4A214_group
Ruminococcaceae_UCG-010
Ruminococous_2

norank_f_p-251-05

Control

23.19
26.43
10.06
559°
2320
285
2.46
2.18%
043
1.68
0.738°
101
0.60°
077
035
039
097
0.83
0.44
044

Probiotics

2221
2861
1114
4.31°
078"
2.10
2.06
3.49°
0.30
1.60
21472
1.15
0.43°
127
064
063
074
0.87
061
053

cMP

21.50
13.59
13.44
10.76°
5580
274
227
1.7
067
1.57
0.88°
1.08
0.59°
119
052
0.59
113
0.66
067
0.38

Gompound

23.33
16.69
16.85
3.67°
2.39°
287
3.60
0.70°
0.74
1.05
0.63°
1.47
1.75%
091
0.69
0.68
074
0.60
0.48
0.62

SEM

191
246
173
0.95
0.64
0.33
0.35
0.33
0.14
0.15
0.23
021
0.18
017
0.10
0.12
0.08
0.10
0.07
0.08

P-value

0.987
0.071
0.652
0.009
0.003
0.862
0.394
0.011
0.688
0.417
0.043
0.886
0.013
0.766
0710
0.879
0.268
0.799
0.693
0.786

abMeans within a row with no common superscript dffer significantly (P < 0.05).

Control: the basal diet (n = 4); probiotics: supplemented with 0.1% probiotics (consists of Bacillus licheniformis, Bacillus subtilis, and Lactobacillus plantarum at a ratio of 1:1:0.5) in the
basal diet (n = 4); CMP: supplemented with 0.1% Chinese medicine polysaccharide in the basal diet, which come from the mixture of Lycium barbarum and Astragalus membranaceus
i the ratio of 2:1, and in which the content of polysaccharides was 114.7 mg/g (n = 5); compound: supplemented with 0.1% probiotics and 0.1% Chinese medicine polysaccharides

in the basal diet (n = 5).
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Pillars Epithelial barrier and digestion Immune fitness Oxidative stress homeostasis Microbiota balance

Indicators of Villus height iarrhea Immunoglobulins (3] Pro-inflammatory (2] Total Malondialdehyde [7] Diversity Parasites

gut health Tight junctions [ Permeability (2] Anti-inflammatory Cytokines Glutathione Oxidized Beneficial  (Eimeria)
Goblet cells ell apoptosis cytokines Lymphocytes Antioxidative - glutathione bacteria (eg. Harmiul
d mucins prolferation mes Lactobacillus,  bacteria (E. col,
Digestive Anti-oxidative Bifidobacterium) Enterobacteria,
zymes activity capacity Clostridium,
Transporters Campylobacter)
Cell proiferation

Effect of Support  Supportand Restore Support Supportand Restore Support ~Support  Restore Support Supportand Restore

amino acids restore restore and restore restore

Arginine (60, 117, 118) (119-121) (50, 122, 123) (62,117,118)

Glutamate (124, 125)

Glutamine (125, 126) (125, 127-129) (125) (125) (127)

Glycine (130)

Lysine (131)

Methionine (132) (131)

Threonine (130,133) (134, 135) (139) (134) (133) (131) (133)

Tryptophan (122) (136) (136)

|, decreased in response to AA supplementation.
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Pillars

Indicators of
gut health

Effect of
amino acids

Asparagine
Aspartate
Arginine
Cysteine

Glutamate or
monosodium
Glutamate

Glutamine
Isoleucine
Leucine
Lysine
Methionine
Proline
Serine
Threonine
Tryptophan

increased in response to AA supplementation;

Epithelial barrier and digestion

Diarrhea
Permeability
Cell apoptosis

lus height
ight junctions
oblet cells and
mucins

igestive
enzymes activity
ransporters

el proiferation

Support  Supportand  Restore

restore
(56) 67)
(58)
(62-67) ©8) (©9)
72 @3
(67, 74-77) 8 ©1)
(62,80-89)  (90-93) (©4)
©8) ©9)
(101)
(102) (103)
(104, 105)
(106)
(107)
(108, 109)
(11 (@2, 112-114)

Immune fitness Oxidative stress homeostasis Microbiota balance

immunoglobulins [ Pro- Total Malondialdehyde (2] Diversity Parasites
Anti-inflammatory inflammatory  Glutathione Oxidized Beneficial  (Eimeria)
cytokines cytokines Antioxidative ~glutathione bacteria farmul
Lymphocytes enzymes (Lactobacillus,  bacteria
proliferation Anti-oxidative Bifidobacterium) (Enterobacteria,
capacity Clostridium,
Campylobacter)
Support  Support Restore  Support  Support Restore Support Support  Restore
and restore and restore and restore
(56)
(59, 60) 1) (59)
(62,64) (68) (62,65, 70, 71)
72) 3 (72)
79 (75,78) 77) (78) ©1)
(62,88) (92,93,95) (94,96)  (88,97) (©2)
(99, 100)
(102)
(105)
(107 (107)
(110)
(11 (113,115 (116) (114)

decreased in response to AA supplementation.
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Group® Coverage %

Chaol
LE >99 1,282.34 £ 103.21
HE >99 1,251.01 & 38.41

2w digestible energy diet: HE, high digestible energy diet.

Richness estimator

ACE

1,301.82 + 98.15
1,271.98 & 41.49

PD_whole_tree

89.12+ 10.23
85.31 £2.68

Diversity index

‘Shannon

782+035
7.614£037

Simpson

0.99 £ 0.01
0.98 £0.01
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Items
LE

BWO(kg)

Day 0 125.25

Day 40 1535

Period (0-40 days)

ADG (g/day) 706

ADFI (g/day) 4,337

G/F 0.16

3LE, low digestible energy diet; HE, high digestible energy diet.

bBW, body weight; ADG, average daily gain; ADFI, average daily feed intake; G/F, feed conversion ratio.

Treatments®

HE

128.38
160.25

797
4,262
0.19

SEM

1.070
0.944

10.476
19.582
0.125

p-value

0.194
0.012

0.005
0.205
0.003
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Ingredients, % Treatments®

LE HE
Com 11.00 44.40
Soybean meal 9.00 13.00
Wheat bran 13.00 6.00
Rice bran meal 13.00 6.00
Wheat flour 8.00 500
Rice husk 8.00 500
Peanut vine 18.00 9.00
Altalfa 18.00 9.00
CaHPO, 025 025
Limestone 0.60 12
Lysine 0.30 030
Met 0.05 005
NaHCO; 0.30 030
NaCl 0.40 040
Premix® 0.45 045
Total 100 100
Nutrient content®
Digestible energy (DE), MJ/kg 10.43 11.90
Crude protein, % 16.00 14.74
Ether extract 2.00 300
Neutral detergent fiver, % 33.13 2202
Acid detergent fiber, % 22.14 1192
Acid detergent lignin, % 4.43 306
Galcium, % 071 072
Phosphorus, % 0.49 0.41

SLE, low digestible energy diet; HE, high digestible energy diet.
®Supplied per kg of totel mixed ration: Vitamins A, 5,000 1U; D, 2401U; £, 30 1U; K3, 3mg;
B1, 3mg; B2, 8mg; B3, 34mg, B5, 10.8mg; B6, 4mg; B7, 0.13mg; 812, 0.02mg; Fe,
50mg; Cu, 8mg; Zn, 50mg; Mn, 12.5mg; Se, 0.20mg; |, 1 mg.

CAll items were measured values except DE.
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Item

CON
PLASMA
MDA (nmol/mi) 8.48°
GSH (U/ml) 13.69°
GSSG (U/m) 373
GR (U/mi) 10.46
GSH-PX (U/mi) 436.54°
SOD (U/mi) 67.27°
CAT (/i) 6.24
T-ACC (U/mi) 13.68°
RUMEN EPITHELIUM
MDA (nmol/mg protein) 0.74>
GSH (nmol/mg protein) 485"
GSSG (nmol/mg protein) 0.21
GR (U/g protein) 428
GSH-PX (U/mg protein) 54470
SOD (W/mg protein) 166.72%
T-AOG (U/ mg protein) 0.98

Within a row, means without a common superscript letter difer (P < 0.05).

Diet

HC

11.67%
10.22°
4.06
10.93
386.57°
38.49°
5.48
4.34°

1.032
3.02°
0.24
4.39
38.65
149.62°
0.43°

HCT

8.96°
12870
384
10.18
418.66°
52.69°
586
8.76°

0.78°
4.49°
022
413
57.850
163.43°
0.68°

SEM

1.02
0.06
0.07
0.02
5.62
263
0.09
0.45

0.06
031
0.03
0.26
7.24
6.57
0.09

P-value

0.036
0.026
0.322
0.254
0.021
0.004
0.068
0.006

0.002
0.008
0276
0.244
0.002
0.006
0.007

MDA, malondialdehyde; GSH, reduced glutathione; GSSG, oxidized glutathione; GR, glutathione reductase; GSH-Px, glutathione peroxidase; SOD, superoxide dismutase; CAT,
catalase; T-AOC, total antioxidant capacity; CON, control; HC, high-concentrate diet; HCT, high-concentrate diet supplemented with 200 mg of thiamine/kg of dry matter intake (n

8 goats/treatment).
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Item

RUMINAL
pH

Thiammine (xg/L)
LPS (x 10° EU/mi)
Acetate (mM)
Propionate (M)
Butyrate (mM)
TVFA (mmol/L)
BLOOD
Thiamine (1g/L)
LPS (EU/m)

LBP (ug/m))

IgA (ng/mi)

TNF-a (ng/L)
IL-1B (ng/L)

L6 (hg/L)

IL10 (ng/L)

CON

6.15%
803
26.46%
42.08%
14.62°
10.89°
67.64°

15.67%
0.28°
26.49°
61.34*
38.26
139.54°
39.27°
46.49

Dietary treatment

HC

5.36°

2.59°

48370
33,820
34.98°
17.64%
86.82°

10.18°
0.69*
58.34%
47.36°
46.38
216.39*
66.822
52.56

Within a row, means without a common superscriot letter differ (P < 0.05).
TVFA, total volatile fatty acid; LBF, lipopolysaccharide binding protein; IgA, immune globulin; EU, endotoxin unit; IU, intermational unit; CON, control; HC, high-concentrate diet; HCT,

high-concentrate diet supplemented with 200 mg of thiamine/kg of dry matter intake (n

goats/treatment).

HCT

6.05°

5.40°
31.66%
46.322
19.28°
13.21°
78.88°

12.64°
0.35°
34.540
58.69°
3659
151.62°
43,53
4574

SEM

013
0.21
296
3.13
226
054
3.16

0.33
0.1
0.24
3.34
6.52
13.79
5.56
7.64

P-value

0.001
0.004
0.008
0.003
0.006
0.003
0.008

0.005
0.004
0.007
0.009
0473
0.008
0.017
0.265
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Genename  Sequences (5-3) GenBank

accession

L8P F: CGGATGACATGATTC XM_005688550.3
cGooT
R: GAGCACAMGGCCTCGATCT

TNF-a F: CAAGTAACAAGCCGG XM_005696606.3
TAGCC
R: AGATGAGGTAAAGCCCGTCA

TLR4 F: GCAGCCATAAGTTCTCCAGG NM_001285574.1
TTce
R: TCTCCACGGCCACCAGCTTC

L6 F: ACACTGACATGCTGGAGAAGATGC  NM_001285640.1
R: CCGAATAGCTCTCAGGCTGAACTG

IL-1p F: CATGTGTGCTGAAGGCTCTC XM_013967700.2
R: AGTGTCGGCGTATGACCTTT

NF-KB F: TGGCGAGAGGAGGACAGACAC XM_018043384.1
R: TGACCAGCGAGATGCGGACTG

TRAF-6 F: ACGACGTGGAATTTGACCCA XM_018050227.1
R: CTTCCCGCAAAGCCATCAAG

Nif2 F: ATCCAGATGCTCACCATGCG XM_005674733.2
R: CCOAATGCAGGACTTGGTCT

NQO1 F: GAAGAGACGAGCCAATCA XM_005692193.3
R: AGCTCCCATCCTTTCCTC

HO-1 F: GAACGCAACAAGGAGAAC NM_001285567.1
R: CTGGAGTCGCTGAACATAG

SoD2 F: GOTTGCAGATTGCTGCTTGT XM_018053428.1
R: TGGCCTTCAGATAATCGGGC

GPx1 F: CCTGAAGTACGTCCGACCAG XM_005695962.3
R: GOAGAGTCTCCCGAAGGAAG

Caspase 3 F: AGCAAACCTCAGGGAAAC XM_018041756.1
R: CTTAGAAGCACGCAAATAA

Caspase8  F: GGCTCCTCTGAGATGCTG XM_018060934.1
R: TGCTCCCGTGCTATGCTAT

Caspase9  F: TCCTTTGTTCATCTCCTGCTTG XM_005690814.3
R: TITTCCTTGGCTTGGCTTTG

Bal-2 F: AGGCTCAGAGCACAGTCTTG XM_018039337.1
R: GGOCTGTGGGCTTCACTTAT

Bax F: TGAAGCGCATTGGAGATG XM_013971446.2
R: GGCCTTGAGCACCAGTTT

701 F: TGGCAATGGTTAATGGCGTCTCC XM_018066118.1
R: TGCCTCCTCGTCGTAACTGTCC

Occludin F: GOCTGTGTTGCCTCCACTCTTG XM_018065677.1
R: GATAGCCATAGCCACTTCCGTAGC

Claudin-1 F: GOTGTGGATGTCGTGCGTGTC XM_005675123.3
R: TGCCTCCTCGTCGTAACTGTCC

Claudin-4 F: TCATCGGCAGGAACATCGTCAC XM_005697785.2
R: CAGCAGCGAGTCGTACACCTTG

GAPDH F: GGGTCATCATCTCTGCACCT XM_005680968.3
R: GGTCATAAGTCCGTCCACGA

LBR lipopolysaccharide binding protein; TNF-a, tumor necross factor alpha; TLR 4, Toll
like receptor 4; TRAF-6, TNF receptor-associated fector 6; Nif2, nuclear factor erythroid-2
related fector 2; HO-1, heme oxygenase-1; NQOT, quinone oxidoreductase 1; SOD2,
superoxide dismutase 2; GPX1, glutathione peroxidase 1; Bax, Bcl-2 associated X protein;
Bcl-2, B-cell lymphoma/leukemia 2; ZO-1, zonula occludens-1; F, forward: B, reverse.
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Dietary treatment

ftem CON HC HCT
Ingredient (% of DM)

Comn grain 14.54 60.23 6023
Soybean meal 12.50 7.10 7.10
Oat grass hay 56 24 24
Alfalfa hay 14 6 6
Calcium hydrophosphate 1.38 0.52 0.52
Limestone 058 1.15 1.15
Salt 050 050 050
Premix® 050 050 050
Nutrient composition

DE (MJ/kg) 152 15.4 15.4
CP (%) 17.88 17.75 17.75
NOF (%) 4368 27.53 2653
ADF (%) 25.32 15.15 15.15
Starch (%) 26.17 51.56 51.56
Calcium (%) 1.46 1.32 1.32
Phosphorus (%) 054 057 057
Thiamine (mg/kg of DM) 1.56 1.82 204.82

CON, control; HC, high-concentrate diet; HCT, high-concentrate diet supplemented with

200mg of thiamine/kg of dry matter intake.

@The premix consisted of the following ingredients per kilogram of diet: 6.00 x 10° IU of
vitemin A, 3.0 x 10° U of vitamin D, 82.0mg of vitamin E, 6.15mg of Cu, 70.0mg of Fe,
65.0mg of Zn, 47.0mg of Mn, 0.135mg of I, 0.115mg of Co, and 0.115mg of Mo.
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Antimicrobial activity (expressed as change in logio CFU mI~")? and final pH [in brackets]
Treatment Salmonella Typhimurium E. coli K88
After 6h incubation After 24 h incubation After 6h incubation After 24 h incubation

Thymol-f-0-glucopyranoside with no ~1.558 ~0.47C [6.48] 062 ~1.328 [6.59]
added emulsifier
Thymol-g-o-glucopyranoside with 1% 094A 0878 (6.70) 064 ~1538(6.64)
Tween 20
Thymol-p-d-glucopyranoside with 1% 1.21A 1.81A[6.02) 1238 0.91A[6.65)
Tween 80
Thymol-g-o-glucopyranoside with -1.118 ~1.18D[6.36) 028 ~1.128 [6.64]
0.2% polyoxyethylene-40 stearate

Treatment effect p < 0.0001 p <0.0001 [p = 0.3472) p=00005 p=0.0004 [p = 0.4560)

Standard error of the mean 0.191 0.172(0.254) 0226 0252 (0.029]

aChanges in viable counts of the challenge S. Typhimurium and E. coli K88 strains are the difference between counts measured in cultures after 6 or 24 h incubation minus counts
measured in corresponding cultures at time 0. Challenge S. Typhimurium and E. coli K88 strains were inoculated to achieve initial viable counts of 108 CFU mi". For comparison, the
change in concentrations of S. Typhimurium and E. coli K88 in 6mM thymol-B-o-glucopyranoside-treated cultures grown in medium lacking added vegetable ol or emuisifiers were
~4.37  0.08 and ~4.53 & 0.41 logo CFU mi~" after 6h and were —4.37 + 0.08 and —4.92  0.03 log1o CFU mi~" after 24 incubation, respectively. Values in brackets refer to
pH. Means within columns accompanied by unlike uppercase letters differ from untreated means based on least squares separation of means at p < 0.05.
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Antimicrobial activity (expressed as change in logo CFU mi=")*

Treatment Salmonella Typhimurium E. coli K83
After 6 h incubation After 24 h incubation After 6h incubation After 24 h incubation
No added ol or fatty acid without 1.69A 1.65A 0.23A 04048
thymol-B-o-glucopyranoside
No added ol or fatty acid with added -4.39C -4.39D —2.47C ~4.50E
thymol-p-0-glucopyranoside
3% Vegetable of with added -1.848 ~1.498C ~0.62A8 ~0.378C
thymol-f-0-glucopyranoside
3% Olive oil with added -1.738 ~0.568 ~0.48A8 097A
thymol-B-o-glucopyranoside
3% Oleic acid with added ~2.088 ~2.58C ~0.66A8 -1.87C
thymol-p-0-glucopyranoside
39% Linoleic acid with added —2.368 -2.80CD -0938 —2.470
thymol-p-0-glucopyranoside
Treatment effect p <0.0001 p=0.0002 p <0.0001
Standard error of the mean 0.281 0058 0500

9Changes in viable counts of the challenge . Typhimurium and E. coli K88 strains are the difference between counts measured in cultures after 6 or 24 incubation minus counts
measured in corresponding cultures at time 0. Challenge S. Typhimurium and E. coli K88 strains were inoculated to achieve inital viable counts of 108 CFU mi~". For comparison, the
change in concentrations of S. Typhimurium and E. coli K88 in 6mM thymol-p-o-glucopyranoside-treated cultures grown in medium lacking added vegetable oil were ~4.37  0.08
and —4.53  0.41 logio CFU mi~" after 6h and were —4.37 % 0.08 and ~4.92  0.03 logso CFU mI~" after 24 h incubation, respectively. Means within columns accompanied by
unlike uppercase letters differ based on least squares separation of means at p < 0.05.
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Antimicrobial activity (expressed as change in logio CFU ml~")* and final pH [in brackets]

Treatment Salmonella Typhimurium E. coli K88
After 6h incubation After 24 h incubation After 6 h incubation After 24 h incubation

Without added vegetable oil

No added treatment 0988 0.898 (6.768) 1.62A 1.42A [6.658)
Thymol —4.92E —4.92E (7.66) ~4.14D —4.14C [7.408)
Thymol-B-o-glucopyranoside —4.35D —4.92E [5.36D) ~431D ~4.31C [5.88D]

With 3% added vegetable oil
No added treatment 1.58A 1.84A [6.28C) 0648 0578 [6.29C]
Thymol 0678 0.33C [7.34A) 0358 0.798 [6.638)
Thymol-p-o-glucopyranoside -3.07C —1.68D [6.778) —-1.15C 0.52B [4.81E]

Treatment x vegetable oil interaction p < 00001 p <0.0001 [p < 0.0001) P < 00001 P <0.0001 [ < 0.0001]
Standard error of the mean 0.141 0179 [0.156] 0.113 0.121[0.028]

“Changes in viable counts of the challenge S. Typhimurium and E. coli K88 strains are the difference between counts determined after 6 or 24h incubation minus counts measured in
corresponding cultures at time 0. Challenge S. Typhimurium and E. cofi K88 strains were inoculated to achieve initial counts of 10° CFU mi~". Values in brackets refer to pH. Means
within columns accompanied by unlike uppercase letters differ based on least squares separation of means at p < 0.05.
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Parameter
Control
Villus height (um) 1,435.7°
Villus width (um) 142.7
Villus area (mm?) 0.206°
Crypt depth (m) 161.9°
Goblet cell (number/500 um) 70.4°

Dietary treatments.
yew AF
1,74950 964.0°
147.0 1365
0253" 0.1319
179.3° 124.4¢
96.0° 33.9¢

AF + YCW

1211.1¢
137.9
0.163°
137.7¢
62.1°

Mean of 60 measurements per parameter. Means, within the same row, not sharing a common superscript differ significantly (Tukey test p < 0.05).

SEM

55.9
186
0.01
8.1
25

p-value

0.003
0.871
0.007
0.041
0.001
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Treatments SOD (U/mL) FITC-d (g/mL) IgA (1g/mL)

Control 10.34 £ 0.67 0.700 & 0.020 14.34 £2.81
DFM 9.29+0.88 0.631+0.013 6.21+2.31

Data expressed as Mean + SE from 12 chickens, where different letters indicate statistical
significant difference at p < 0.05.
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Treatments CT Logyo CT (%) Croplogio  Crop & (%)

cfulg cfu/g
Trial 1
Cotrol 401029  12/12(100%) 268047  9/12(75%)
DFM 372+055  10/12(83%) 211066  6/12(58%)
Trial 2
Control 894022  1212(100%) 269+048 912 (75%)
DFM 375+£056  10/12(83%)  208+064 512 (42%)

Data expressed in Logro cfu/g (Mean  SE) of tissue from 12 chickens.
Chickens were orally gavaged with 107 cfu of S. Enteritcis per chicken at 6 days old,
samples were collected 24 h later.

Data expressed as positive/total chickens (%).





OPS/images/fvets-06-00282/fvets-06-00282-t003.jpg
Treatments SOD (U/mL) FITC-d (ng/mL) 1gA (ng/mL)

Control 4.50 £ 031 0591 0,055 14214083
DFM 197 +1.85 0664 0,063 10.57 4 0.82
Samples were collected 24 h post-S. Enteriticis challenge.

Data expressed Mean =+ SE from 12 chickens, where different letters indicate statistical
significant difference at p < 0.05.
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Treatments CT Logyo CT (%) Croplogio  Crop (%)

cfulg cfulg
Trial 3-d
Control  644+015  12/12(100%) 3.18+046  10/12(83%)
DFM 466+082  912(75%) 305045  10/12 (83%)
Trial 10-d
Control  661+021  12/12(100%) 2.93+065  7/12(68%)
DFM 5494076  10/12(83%) 178065 512 (42%)

Data expressed in Logro cfu/g (Mean  SE) of tissue from 12 chickens.
Chickens were orally gavaged with 10° cfu of S. Enteritiis per chicken at 1 day old;
samples were collected 3 and 10 days later

Data expressed as positive/total chickens (%).
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Parameter

Colony-forming units (logso CFU/g)
Total Lactobacillaceae

L. salivarius

L. reuteri

L. johnsonii

L. amylovorus

GPCR (DNA copies/g)

L. salivarius

L. reuteri

Short chain fatty acids (mg/g)
Butyrate

Acetate

Propionate

T

7.05 051)
2.63 (0.45)
659 (0.50)
5.28 0.57)
466 (0.48)

258 (0.63)
6.78(0.62)

038 (0.08)
286 (0.14)
1.23 (0.05)

T2

8.95 (0.30)
4.30 (0.98)
8.40(0.33)
5.14 (0.66)
457 (0.51)

4.4 (1.41)
8.47 (0.45)

052 (0.05)
3.24(0.25)
1.40 (0.05)

p-value

<0.001
0.006
<0.001
0.603
0.692

0.031
<0.001

<0.001
<0.001
<0.001
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Antibiotics

Ampicilin
Clindamycin
Chloramphenicol
Erythromycin
Streptomycin
Gentamicin
Kanamycin
Tetracycline
Vancomycin

n.r, not required.

Cut-off values

MICs (L. salivarius MP100)

05
05
=
05
32
2
128

>128
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Indicator Overlaid Well

method diffusion
assay

Enterococcus faecalis 08 07
MP42
Clostridium perfringens 19 18
MP34
Staphylococcus aureus 21 22
MP83
Streptococcus suis 07 06
MP205
Trueperella pyogenes 11 1.0
MP214
Escherichia coli MP73 (F4) 29 Nd
Escherichia coli MP77 31 Nd
(F18)
Salmonella enterica 32 Nd
serovar Typhimurium
MP55
Salmonella cholerasuis 27 Nd
CECT409
Salmonella cholerasuis 24 Nd
CECT443
Salmonella enteritcis 28 Nd
CECT4396
Klebsiella pneumoniae 30 Nd
MP87
Klebsiella pneumoniae 32 Nd
CECT 142

Nd, not detected.
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Is a major energy source for colonocytes

Can be toxic at high dose

Can be toxic at high dose

Is a major energy source for colonocytes

Is a major energy source for colonocytes

Is a precursor for fatty acid synthesis and an energy source
Is a major energy source for colonocytes

Is a precursor for fatty acid synthesis and an energy source
Increases the gene expression of tight junctions

Reduces the expression of proinflammatory cytokines and
chemokines while inducing the expression of anti-inflammatory
cytokines.

Increases permeabiity in vitro

Involves in the modulation of the gut immune system
Regulates intestinal motility and immune function

Reference

(153, 156)
(153, 156)
(157)

(158, 159)
(153, 157, 160)

(157, 158)
(157, 159)
(157, 158)
(157, 159)
(157)

(157, 158)
(153, 157)
(153, 161)

(158)

(159)

(157, 158)
(157, 159)
(153, 157)
(153)

(157, 159)
(157, 159)
(157, 158)
(157, 159)
(157, 158)
(155, 162)

(163)
(156)
(157, 164)
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Treatments

1

2

3

1-2
1-3
2-3
1-2-3

Data are expressed as mean + standard error.

Xylanase (mU/mi)

27.54 £ 10.36%
112,97 + 15.34°
247283 47.74°
22.80 & 8.59°
96.00 % 12.55%
1,268.15 & 48.04°
27.58 + 10.69%¢

Cellulase (mU/mi)

0.14 4+ 0.02¢
054 +£002°
034 £001°
0.14+0.01¢
0.47 £0.02°
0.46 +0.03°
0.37 +£0.02°

Phytase (mU/mi)

139.72 + 4.64%

167.28 £ 10.78°
144,53 + 11.23%
127.71 & 14.45°
13131 £ 16.74%
142.90 + 14.82%
166.85 + 7.68*

Lipase (mU/mi)

0.87 £0.21°
092 +£007°
252 +0.10°
0.97 +0.07°
141 £0.12°
29340140
2.61+0.14%

Protease (U/ml)

100,650 =+ 4,892.13°
188,491 & 9,746.66°
4,844,982 + 375,063.1°
95,587 + 3,221.85°
90,443 + 2,324.68°
13,399,146 + 1,182,402
94,269 + 3,563.47¢

5. Values within columns with different lowercase superscripts differ significantly (p < 0.05).

B-Glucanase (mU/mi)

150,186 = 3,395.60°
525,676 & 38,993.189
846,095 + 40,691.79°
701,907 + 22,311.42°
1,245,617 + 62,679.77°
961,245 + 44,796.62°
949,230 + 43,588.520
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(oocyst count x dilution factor
% fecal sample volume/counting chamber volume)
'/ number of birds per cage.
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Isolate biosample 165 rDNA sequence analyses (closest match) Whole-genome sequence Organism
AM1002 Bacillus subtilis (100% ID) Bacillus subtilis JAWHY000000000

AM0938 Bacilus amyloliquefaciens (99.7% ID) Bacilus amyloliquefaciens JAWHX000000000
17 Bacilus licheniformis (99.6% D) Bacilus licheniformis JAWHWO00000000

*This whole-genome shotgun project number PRINA764204/SUB10393687 has been deposited at DDBJ/EMBL/GenBank.

NCBI accession number

SAMN21479894
SAMN21479895
SAMN21479896
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P-value

CON NC EV6 EV8 EV10 NK6 NK8 NK10  SEM  Treatment Linearity (dose response)

EV NK
Body weight, g
D14 397 394 398 899 890 393 392 391 144 1000 0661 0998
D17 2 dpi) 579 547 566 510 501 560 565 575 154 0689 0352 0328
D21 (6 dpi) 854° 751 758 750°  749°  742°  760°  791° 209 0006 0934 0.030
D 24 (9 dpi) 1,060° Q408 Q44T 957 957 OB7 0B 1000® 258 0022 0764 0.025
D 28 (13 dpi) 18840 1.251°  1,256° 1,268° 1268° 1267° 1269 1301 323 0079  099% 0.154
Average daily gain, g
D14-17(-1to2dp) 561 559 561 574 569 554 552 549 19 0985 0814 0786
D 17-21 (2-6 dpi) 6870 5110 468X 4529  B9.g°  432% 489 540° 35 0001 0013 0011
D 21-24 (6-9 dp) 688 6259 639%  689% 660¢ 7640  67.%¢  728® 22 0001 0654 0.008
D 24-28 (9-13 dpi) 81.2 778 779 76.7 731 726 7.0 732 271 0.064 0.104 0.136
D 17-24 (2-9 dp) 687°  56.0° 5419  553%  5109 57.0° 5681 621° 20 0001 0125 0.007
D17-28(2-13dp)  61.9° 541%  63.1%  538%  500°  628%° 541%°  560° 16 0001 0107 0121

D, day; dpi, days post-infection; SEM, stendard error of the mean. Al chickens except CON were infected by oral gavage at day 15 with 5,000 oocysts/chicken of E. acervuline. B.
subtiis were administrated by oral gavage daily from d 14 to 16. EV, B. subtiis carrying empty vector; NK, Bacillus subtis expressing cNK-2; NC, E. acervuiina infected non-B. subtilis
control: EV6, B. subtilis (empty vector) at 108 cfu/day; EVS, B. subtils empty vector) at 108 cfu/day; EV10, B. subtils (empty vector) at 108 cfu/day; NK6, B. sublilis expressing cNK-2
at 10° cfuday; NK8, B. subtiis exoressing cNK-2 at 10 cfu/day; NK10, B. sublils expressing cNK-2 at 10 cfu/day. ~°Means in the same row with different superscripts differ (p <
0.05) and the difference was revaluated by PDIFF option in SAS when P-value between treatments was <0.05.
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Target gene Primer sequence Accession No.

GAPDH F 5'-GGTGGTGCTAAGCGTGTTAT-3' K01458
R &'-ACCTCTGTCATCTCTCCACA-3'
JAM-2 F: 5/'-AGCCTCAAATGGGATTGGATT NMO,010,06257.1
R: §'-CATCAACTTGCATTCGCTTCA
OCLN F: 5'-GAGCCCAGACTACCAAAGCAA NM205,128.1
R: §'-GCTTGATGTGGAAGAGCTTGTTG
Z0-1 F: &/-CCGCAGTCGTTCACGATCT XMO01,527,8981.1
R: 5'-GGAGAATGTCTGGAATGGTCTGA
MUC-2 F: 5-GCCTGCCCAGGAAATCAAG NMO,013,18434.1
R: 5'-CGACAAGTTTGCTGGCACAT
HMOX-1 F 5/-CTGGAGAAGGGTTGGCTTTCT-3! NM205344
R §'-GAAGCTCTGCCTTTGGCTGTA-3'
SOD1 F &/-ATTACCGGCTTGTCTGATGG-3 NM205064.1
R &'-CCTCCCTTTGCAGTCACATT-3'
CAT F &/-ACTGCAAGGCGAAAGTGTTT-3" NM001031215.1

R &'-GGCTATGGATGAAGGATGGA-3"

GAPDH, Glyceraldehyde 3-phosphate dehycrogenass; JAM-2, Junctional Adhesion
Molecule 2; OCLN, Occluin; ZO-1, Zonula occludens-1; MUC-2, Mucin 2; HMOX-1,
heme oxygenase 1; SOD1, Superoxide Dismutase 1; CAT, Catalase; F; forward primer;
R, reverse primer.
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Domain

Knowledge and engagement

Cooperation

Animal health concept

Development in balance with

Quotes

We have two possible tools we can work with - wise antibiotic use, and we can work with preventing infections. And then it is not only the spread of resistant
bacteria, but all kinds of infections. [...] As it looks today, we can't afford not to work with both tools, and | don't believe, | don't believe t will be as effective i
we don't work with both.

Policymaker informant 1

S0 we try, oh, oh...yes...to keep discussions alive during the whole year, both about disease control but above all the use of antibiotics in this area. Industry
informant 1

When | write texts about this, | rarely need to change much if | publish it in the agricultural press or veterinary press. Because we both have great knowledge,
and we are well aware of the issue.

Policymaker informant 2

But we try to work in such a way so that we don't use it (antibiotics), because - actually we think somehow that..
itis instead very much about management factors. Poultry veterinarian 3

So all the breeders really work to minimize the risk of contamination in the stable. So we change clothes completely and yes, or... you have done something
0 you wash your hands once again if you want, but now it is a fairly clean environment here so to speak, and then shoes are changed once more as well.
Farmer 2

s not necessary [in chicken production] -

Everyone, everyone owns it [the antibiotic resistance issue]. And that's what | think we are so successful with in Sweden, eh, that we... If | look at the animal
sector, then tis really that we veterinarians work together with the farmers a lot in this matter. Policymaker informant 2

But | can never communicate, succeed in communicating with all Swedish veterinarians and farmers. Possibly with veterinarians, but not farmers. And they
are the ones we need to reach in the end. Eh...they also need knowledge. And then one must work, must and must, but then my idea is to work via
contacts, which is most effective, and to do so in close agreement with them.

Policymaker informant 1

In our field we have been quite skilled at cooperating with authorities, | think, and have developed a lot of these different programs to ensure the quality we
have. Farmer 1

Faciltating, its, that we are o... have so much in common and cooperate, so that everyone doesn't need to do it at home in their house, but that we can
actually share, so if the other company does tests to see if you can hatch chicken without this bacterium, for example, just by a very fine egg quality, they
share the result so that we others can see it. Poultry veterinarian 1

You have to work together, eh, so that you, as a rich western country, do not just sit on your high horse and eh, judge and point with your whole hand and
say that now you should do this. On the contrary, you have to actually help. Industry informant 2

Itis very rare that | have used antibiotics during the time I have done this [chicken-meat production].
Interviewer: Mm, how long is that?

Yes, it is almost 20 years, | think | can count on one hand what | have been prescribed [to the animals). Farmer 3

There s a constant struggle with maintaining biosecurity, mentality, education, new people keep coming, experienced people quit, and you have to keep the
flow moving. Poultry veterinarian 2

‘Sweden as the first country banned antibiotics as growth promoters in 1986. And then you saw, it wasn't just... eh, the effects were quite big, because it
was not just growth promoting, that antibiotics smoothed over management flaws. Industry informant 3

There, like, the state did not go in, but the industry decided, it was an agreement then, that farmers, veterinarians, veterinary organizations decided that we
should, we should eradicate it [Bovine virus] from the country. And then it was a voluntary control program. Policymaker informant 2

We have a Salmonella spp control program for example, you can eat your eggs raw in Sweden, you can do quite a lot that you cannot do in other countries.
And itis something that has cost money, so this has been yes, it has been done with government grants. Policymaker informant 3

The risk s, if you go too fast fin changing production methods], you get setbacks and then the prodiucer says that this is not possible, its not possible - and
then you are back where you started.

Industry informant 1

Yes, | think we have really good breeders, most of them. And they, they want, for their own sake, it is very much about avoiding Salmonelia, after all, and it
goes hand in hand as well... Salmonefla and Campylobacter for them are the ones they work, they get deductions if they have Campylobacter, and if they
have] Salmonelia so the whole flock s slaughtered. Poultry veterinarian 3

Of course it is important that we are compensated for the extra cost eh, that this system in this case has cost us, and partly itis about communication with
the consumer and explaining why this is a little bit more expensive et has these advantages, and one may well need help from authorities and politicians as
well as to explain and describe. Farmer 1
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Treatment

Non-infected group
Infected group
B. subtils-EV

B. subtilis-cNK-2

Abbreviation

CON
NC
EVe

EV10
NK6
NK8
NK10

Description

E. acervulina
E. acervulina/B. subltilis
(3%

E. acervulina/B. subtilis
(eNK-2)

B. subtilis
dosage

10° cfu/mL
10% cfw/mL
10" cfwmL
10° cfw/mL
10° cfu/mL
10"° cfu/mL
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Compound MIC in mg/L (+SD) against Clostridium perfringens*

Butyric acid 1,200 (&:400)
Valeric acid 1,300 (&:700)
Sodium Formate 18,800 (2:7,100)
Monopropionin 11,300 (+6,400)
Monobutyrin 2,600 (+1,300)
Monovalerin 3,100 (&1,200)
Monolaurin 300 (+£400)

MIC, Minimum inhibitory concentration. *Clostridium perfringens ATCC 12,915.
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Acid

Acstic
Propionic
Butyric
Caproic
Caprylic
Capric
Lauric

Classification®

SCFA
SCFA
SCFA
SCFA
MCFA
MCFA
MCFA

‘Chemical name

Acetic acid
2-propanoic acid
Butanoic acid
1-Hexanoic acid
1-Octanoic acid
Decanoic acid
Dodecanoic acid

aClassified as SCFA < 6 carbons; MCFA > 7-12 carbons.

pKa

4.76
4.88
4.82
4.88
4.89
4.90
5.30
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Phylum/genus

Firmicutes
Bacteroidota
Actinobacteriota
Proteobacteria
Euryarchaeota
Clostridium
Lactobacilus
Turicibacter
Romboutsia
Subdoligranulum
Eubacterium
Lachnospiraceae
Ruminococcus
Bacilus

Blautia
Streptococcus
Mogibacterium
Treponema

aWilconson rank sum test.

b (%): number of samples in which the phylum/genus was detected (relative frequency of detection).

n° (%)

15 (100%)
15 (100%)
15 (100%)
15 (100%)
15 (100%)
15 (100%)
15 (100%)
15 (100%)
15 (100%)
15 (100%)
15 (100%)
15 (100%)
15 (100%)
14 (93%)
15 (100%)
8(53%)
15 (100%)
15 (100%)

T

Median (IQR)

909 (89.88-95.13)
2.04(1.22-3.12)
1.41(0.74-2.12)
007 (0.04-0.33)
1.44(0.60-2.22)

12.07 (8.44-20.46)
7.68 (2.79-13.34)

18.42 (13.88-22.38)

10,63 (8.66-12.11)
0.13 (0.04-0.20)
1.34 (0.86-2.24)
452 (3.11-4.88)
0.33(0.26-0.56)
0.74(0.43-2.21)
0.17 (0.06-0.26)

0,01 (<0.01-0.03)
038 (0.23-0.61)
0.83(0.41-1.11)

n (%)

15 (100%)
15 (100%)
15 (100%)
14 (93%)
13(87%)
15 (100%)
15 (100%)
15 (100%)
15 (100%)
14 (93%)
15 (100%)
15 (100%)
15 (100%)
15 (100%)
14(93%)
15 (100%)
15 (100%)
15 (100%)

T2

Median (IQR)

94.47 (92.64-95.78)
2.43(1.50-3.59)
1.20 (091-1.77)
003 (0.01-007)
050 (0.13-0.85)

22.9 (19.23-36.66)
884 (4.43-16.69)
454 (2.83-8.08)
1.78(1.06-4.80)
1.47 (0.41-5.32)
267 (1.97-2.78)
0.86(0.36-1.67)
1.67 (0.43-3.11)
0.84(0.43-3.54)
0.80 0.15-2.99)
051 (0.12-5.04)
0.29(0.19-0.58)
031(0.14-059)

p-value®

0.348
1.000
1.000
0.110
0.054
<0.001
0.034
<0.001
<0.001
0.005
0.056
<0.001
0.017
1.000
0.044
<0.001
1.000
0.180
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Oocysts per fecal gram' (10%) Oocysts per cecal gram' (10°) Anticoccidial Index (ACI)

Group Mean lesion score’
Uninfected control 00:£00°! 0.00° 0.00° 200
gY (60mg) 325+ 0.86® 081:£021° 2134 1.53° 55
gY (120mg) 25067 0.1 +0.079° 1.22 082 155
3.40+0.79* 0.39 + 0.30% 0.92 +0.34° 47

Infected control

1 Data within columns with different letter superscripts (a—c) are significantly different from each other (P < 0.05).
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Anti

Ampiilin
Clindamycin
Chioramphenicol
Erythromycin
Streptomycin
Gentamicin
Kanamycin®
Tetracycline
Vancomycin®

T

75
25
25
50
75
75
100
87.5
100

L. reuteri

100

T

42
42
14
125
56
84
100
100

L. johnsonii

T

57
62.5

75
75
125
50
100

L. amylovorus

T2

14
125

125
125
125
25

125

The cut-off values were those established by EFSA (27).
8| reuteri and L. johnsonii are intrinsically resistant to kanamycin. L. reuteri is intrinsically resistant to vancomycin [assays for these antibiotics and species are not required by EFSA (27)].
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Group Average body weight (g)'  Relative body weight gain (%)  Feed conversion ratio (g:g)"

Uninfected control 963 £ 7.51° 100 6.03 +0.13°
gY (60mg) 860 % 90.0° 893 48.44 £ 35.7°
gY (120mg) 918+ 13.1° 953 6.73+031°
Infected control 891 + 60.0°° 925 23.56 & 18.4°

1 Data within columns with different letter superscripts (a—c) are significantly different from each other (P < 0.05).

Hematocrit (%)"

308+ 1.45°
277 £7.1°
349+3.7°
274+ 46°

Survival rate (%)

100

100
100
75
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Group  Number of
chickens

16
16
16
16

W =

Therapeutic supplement

None
sClgye
sClgye
None

Daily dosage (mg/bird)

None
60
120

None

Days of therapeutics

o~ ~o

Age of infection (d)

Uninfected
86
86
86

@ Drinking water suspension of egg yolk hyperimmune IgY antibodies against Eimeria sp. (Supracox®, SC; LA.S.A., Puebla, Mexico).
bSporulated oocysts of a wild-type strain of E. tenella.

Dose of oocysts per bird®

None
3x 104
3 x 10%
3x 104
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Days post- inoculation Inoculation

1 CeK
Mock

3 CoK
Mock

#Below limit of detection (103 cfu/g of contents).

C. coli colonization

Yes
No
Yes
No

Cecal colonization

Direct plating culture positive Campylobacter qPCR positive

10/10 10/10
o/10* 0/10
8/10 8/10
o/10* 0/10
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Days post-challenge Score Control EsV

1 1 15/15 (100%) 15/15 (100%)
2 1 15/15 (100%) 15/15 (100%)
3 3 11/15 (73.33%) 015 (0%)"
4 3 11/15 (73.33%) 3/15 (20%)"
5 2 2/15 (13.33%) 1/15 (6.66%)
6 1 15/15 (100%) 15/15 (100%)
7 1 15/15 (100%) 15/15 (100%)
8 1 15/15 (100%) 15/15 (100%)
9 1 15/15 (100%) 15/15 (100%)
10 1 15/15 (100%) 15/15 (100%)

Experiment 3. Data are expressed as the number of piglets with ciarhea score/number
of piglets in the group (%). Diarthea score: 1, wel-formed feces; 2, mid dlarrhea; 3,
severe diarrhea.

*Asterisk within rows indicates a significant difference at P < 0.001.
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Control ESV

Initial body weight 8.98.+0.18° 888+ 0.09°
Final body weight 21,83+ 0.35° 22,96 +0.22°
Body weight gain 12.95 £ 037° 14.07 £ 0.25°

Experiment 3. Data expressed as mean + SE. Values within rows with different
superscripts differ significantly (P < 0.05).
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Number of deliveries
Age in days

Data expressed as mean + SE. N

Trial 1

Vaccinated intramuscularly
with a commercial E. coli
vaccine

3.09+0.19
641.11 £28.44

0; P > 0.05.

Intranasally
vaccinated with ESV

3.10£0.20
666.21 + 28.90

Trial 2
Vaccinated intramuscularly Intranasally
with a commercial E. coli vaccinated with ESV
vaccine
3064012 305+0.18
662.30 + 18.84 649.80 + 27.85
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Days post-challenge Score Control ESV

1 1 18/13 (100%) 12/12 (100%)
2 1 18/13 (100%) 12/12 (100%)
3 3 18/13 (100%) 012 (0%)*
4 2 18/13 (100%) 012 (0%)"
5 2 18/13 (100%) 012 (0%)"
6 1 13/13 (100%) 12/12 (100%)
7 1 18/13 (100%) 12/12 (100%)

Experiment 2. Data are expressed as the number of piglets with diarrhea score/number
of piglets in the group (%),

Diarthea scores: 1, wel-ormed feces; 2, mild diarhea; 3, severe diarrhea.

*Asterisk within rows indicates a significant difference at P < 0.001.
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Control ESV

Initial body weight 1.64 £ 0.04° 1,62 +0.04°
Final bodly weight 5.45 +0,08° 622+ 0.07°
Body weight gain 3.810.09° 4.60 % 0.07°

Experiment 2. Data expressed as mean + SE. Values within rows with different
superscripts differ significantly (P < 0.05).
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Control Prebiotic Difference Number of chickens saved
Trial 1
Mortality (%) 4.42 £0.08 3.83 £0.07° 0.59% 52,948.00
Number of bottles used Investment Number of chickens saved kg of chicken saved Chicken cost per kg Profit Cost: Benefit
3,590 $44,875.00 52,948 162,392 $0.69 $112,050.15 $2.50
Trial 2
Mortality (%) 4.38 £0.48% 3.39 +0.07° 0.99% 9,122
Number of bottles used  Investment Number of chickens saved kg of chicken saved  Chicken cost per kg Profit Cost: Benefit
368 $4,600.00 9,122 27,813 $0.69 $19,190.95 $4.17

Estimated according to the numbers of broiler chickens / house treated with the prebiotic. Benefit to cost ratic

value of treatment / prebiotic product cost (expressed as cost:benefit).
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Variable

Trial 1

Age at processing
Final body weight (g)
Feed intake (g)

FCR

Total mortality (%)
Trial 2

Final body weight (g)
Feed intake (g)

FCR

Total mortality (%)

Control

45.98 +0.06
3,069.05 + 17.29
5,132.36 + 12.80°

1.67 £0.00212

4.42 +0.08°

3,065.55 £ 18.9
5,241.15 + 15.80
1.71£0.007
4.38 + 0.48°

Prebiotic

45.87 £ 0.05
3,066.94 + 20.88
4,971.30 + 44.50°

1.84 £ 0.0023°

3.83 £ 0.07°

3,040.85 + 19.33
5,183.30 + 50.60
1.70 + 0.005
3.39 + 0.07°

Date expressed as mean  SEM. Values within rows with different superscriots differ
significantly (P < 0.05). Tral 1. Non-treated chicken houses n = 485; prebiotic chicken

houses

188, Trial 2. Non-treated chicken houses .,

8. Prebiotic chicken houses = 85.
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mucz TGF-p4 -8 zZo-1

Non-treated controls 1.01 4 0.31® 1.03+0.17° 099 +029° 1.00 +0.49°
Prebiotic 361£0.12° 413071 320£071° 301011

Data expressed as mean + SEM. Values within columns with diferent superscripts differ
significantly (P < 0.05).
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BWG, g (d 42) Accumulated FCR (d 42) Serum Liver translocation Relative total

endotoxin (Lactose positive intestinal slgA

units/mL bacteria) (S/P ratio)
Non-treated controls 3,080.71 4 21.4° 1,62 % 0.07° 0.80 £ 009 13/15 (86.66 %) 0.8+009°
Prebiotic 3,188.67 +£20.7% 1.56 +£0.1° 021 £0.01° 1/15 (6.66 %)" 2.11 £ 0.60°

Date expressed as mean = SEM, Values within columns with different superscripts differ significantly (P < 0.05). Gram-negative bacterial liver translocation date is expressed as total
livers with bacterial growth on XLD agar plates/ total vers evaluated (%).
*Indicates significant difference at P < 0.001.
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Genes

Actin
MUC2
IL-8
TGFp4
zo1

Forward primer

CAACACAGTGCTGTCTGGTGGTA
GCCTGCCCAGGAAATCAAG
TCCTGGTTTCAGCTGCTCTGT
CGGCCGACGATGAGTGGCTC
CCGCAGTCGTTCACGATCT

Reverse primer

ATCGTACTCCTGCTTGCTGATCC
CGACAAGTTTGCTGGCACAT
CGCAGCTCATTCCCCATCT
CGGGGCCCATCTCACAGGGA
GGAGAATGTCTGGAATGGTCTGA

Fragment size (bp)

205
59
52
113
63
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AMEn =[(FCx GEfeed) - (DMfecal x GEfecal)
—(NRx873)]/FC
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Treatment'

Age,d PC NC NC + 10 NC +125 NC +15
Lesion Score

21 1.28° 1220 1.13% 1.09% 0.75%
42 0.98> 094° 0.82% 0.80% 0712

@bmeans in a row within each variable that lack common superscriot differ significantly (P < 0.05).

SEM? P-value
0.05 0019
0.02 0.004

"PC, positive control; NC, negative control with ME 130 kcalrkg lower than PC; NC + 10, NC with xylanase at 10 XU/g of feed; NC + 12.5, NC with xylanase at 12.5 XU/g of feed; NC

+ 15, NC with xylanase at 15 XU/g of feed.
2SEM, standard error of mean for n = 32 birds.
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Age,d PC
AVE (keal/kg)

21 3,084°
42 3,230
AMEn (keal/kg)

21 3,004
42 3,202

a-emeans in a row within each variable that lack common superscript differ significantly (P < 0.05).

NC

2,889°
3,078°

2,857°
3,054°

Treatments'

NC +10

2,926°
8,122¢

2,895¢
3,095¢

NC +12.5

2,973°
3,159°

2,942°
3,133°

NC +15

3,008°
3,191°

2,977°
3,166°

P-value

0.0001
0.0001

0.0001
0.0001

"PC, positive control; NC, negative control with ME 130 keal/kg lower than PC; NC + 10, NC with xylanase at 10 XU/g of feed; NC + 12.5, NC with xylanase at 12.5 XU/g of feed; NC

+ 15, NC with xylanase at 15 XU/g of feed.
28EM, standard error of mean for n = 8 pens.
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Group Hatchability'
Trial 1

In ovo PBS control 174/180 (96.66%)
In ovo 107 CFU/ml LAM 1777180 (98.33%)
Trial 2

In ovo PBS control 176/180 (97.77%)
In ovo 107 CFU/ml LAM 179/180 (99.44%)

Average BW
day-of-hatch

40.08 +0.07°
47,87+ 0.65°

41.30 +0.03°
45770112

Average BW
Day7

164.56 + 2.52°
185.14 £2.712

161.31 + 2.68°
176,15 £2.712

"Data expressed as number of chicks that hatched/total number of 18-day embryos placed (%), n = 180 embryos.
2Data expressed as number of chicks that died from placement to 7 days/total number placed (%), n = 90 (3 replcates, n = 30/replicate).
abindlicates significant diference (P < 0.05). Deta expressed as mean  SE.

“Indlcates signiicant differences in mortality (P < 0.05).
PBS, phosphate-buffered saline.

BW gain
Day 0-7

116.93 +2.63°
137.27 £ 2,69°

111.81 £ 1.91°
129.38 £+ 3.12%

Mortality?
Day7

14/90 (15.55%)"
5/90 (5.55%)

16/90 (17.77%)"
7/90 (7.77%)
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Amino acid position in the human ACE-2

Host 19 24 27 28 31 34 35 37 38 41 42 45 79 82 83 325 329 330 353 354 355 357 Total
Human s Q T F K H E E D Y Q L L M Y Q E N K G D R 22/22
Rhesus monkey s @ T F K H E E D Y Q@ L L M Y Q E N K G D R 222
Chimpanzee s Q T P K H E E D Y Q L L M Y Q E N K G D R 22/22
Syrian hamster s Q T F K Q E E D Y Q L L N Y Q E N K G D R 20/22
Domestic cat s LT F K H E E E Y Q L L T Y Q E N K G D R 19/22
Cow s Q T F K H E E D Y Q L M T Y Q D N K G D R 19/22
Sheep s Q T P K H E E D Y Q L M T Y Q D N K G D R 19/22
Rabbit s L T F K Q E E D Y Q@ L L T Y aQ B N K G D R 19/22
Chinese hamster s Q T F K Q E E D Y Q L L N Y Q G N K G D R 18/22
Pangolin s E T F K 8 E E E Y Q L I N Y Q E N K H D R 17722
Domestic dog s L T F K Y E E E Y Q L L T Y a @ N K G D R 17/22
Horse $ L T F K s E E E H Q@ L L T Y Q@ E N K G D R 17/22
Pig s LT F K L E E D Y Q L I T Y Q N N K G D R 17/22
Ferret s L T F K Y E E E Y @ L H T Y E Q@ N K R D R 14/22
Mice* S N T F N Q E E D Y Q L T s F Q A N H @ D R 14/22
G.horseshoebat™ S L K F D S E E N H Q L L N F E N N K G D R 13722
Chicken s - T F E VvV R E D Y E L N R F E ‘T N K N D R 12/22

“Mus musculus. **Greater horseshoe bat. Total = number of identical amino acid residues compared to the human ACE-2 reference amino acids. Accession numbers of protein
sequences: NP_001358344.1 (human, Homo sapiens); NP_001116542.1 (pig, Sus scrofa); NP_001019673.2 (cow, Bos taurus); NP_001158732.1 (domestic dog; Canis lupus familiaris);
NP_001034545.1 (domestic cat, Felis catus); XP_416822.2 (chicken; Gallus galls); XP_011961657.1 (sheep; Ovis aries); XP_003503283.1 (Chinese hemster; Cricetulus griseus);
NP_001123985.1 (mice, Mus musculus); XP_002719891.1 (rabbit; Oryctolagus cuniculus); XP_016798468.1 (chimpanzee, Pan troglodytes); NP_001129168.1 (Rhesus monkey;
Macaca mulatia); NP_001297119.1 (European domestic ferret, Mustela putorius furo); XP_005074266.1 (golden Syrian hamster, Mesocricetus auratus); XP_001490241.1 (horse,
Equus caballus); XP_017505752.1 (oengolin, Manis javanica); XP_032963186.1 (greater horseshoe bat; Rhinolophus ferumequinum). Whole-protein sequence alignment can be found
in the Supplementary Data. Amino acid residues are the ones in contact with the receptor binding domain (RBD) of SARS-CoV-2 and directly involved in the RED-ACE-2 binding.
Positions were retrieved from Shang et al. (22). Overall protein identity/similerity ageinst humen ACE-2 of chimpanzee = 99.0/99.4%; Rhesus monkey = 94.9/97.5%; golden Syrien
hamster = 84.5/91.7%; domestic cat = 81.7/88.3%; cow = 81.0/90.6%; sheep = 81.7/90.8% rabbit = 85.2/92.8%; Chinese hamster = 84.3/91.6%; pangolin = 84.8/91.3%; domestic
dog = 83.5/91.8%; horse = 86.8/93.4%; pig = 81.4/90.7%; ferret = 82.6/91.6%; mice = 82.1/89.6%; greater horseshoe bat = 81.5/90.3%; chicken = 65.6/79.3%. Pairwise protein
identities and similarities were calculated using the Needleman-Wunsch algorithm from the European Bioinformatics Institute (EMBL-EB) available at https://www.ebi.ac.uk/ Tools/psa/
emboss_needle/ using default parameters.
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Test date

February 26,
2020

March 18, 2020
March to April,
2020

March 18, 2020
April 4,2020
April 4,2020

April, 17 2020
April, 22 2020

April 26, 2020

July 1,2020
July 2, 2020

Species

Location

Hong Kong/China
Hong Kong/China
Hong Kong/China
Belgium

New York
City/USA
New York
City/USA
France

New York
State/USA

Netherlands

Netherlands
New York State,
Richmond
County/USA

Clinical signs
(%)

Yes
Yes

Yes

Yes
Yes (1/2; 50.0)

*PRN, plaque reduction neutralization test. " MIA, microsphere immunoassay.

Sample

Oral and fecal swab
Serum samples
Nasal and oral swabs
Serum samples

Nasal, oral, and fecal
swabs

Vomit and feces
samples
Nasal and oral swabs

Nasal and oral swabs

Rectal swab
Nasal swabs.

Nasal, oral, and rectal
swabs

Serum samples
Serum samples

Test

RT-qPCR
PRN

RT-qPCR
PRN"

RT-qPCR
RT-qPCR
RT-qPCR

RT-qPCR

RT-qPCR; MIA™
RT-qPCR

RT-qPCR

Serological test
Serological test

Positive/total
animals
(%)

1/1 (100.0)

1/1 (100.0)

117 6.9)

1/1 (100.0)

4/5 (80.0)

3/3 (100.0)

1122 (4.5)
2/2 (100.0)

/7 (100.0)

1/1(100.0)
2/2(100.0)

References

(58, 59)

(60, 61)

(62,63)

64)

(65)

©6)

©7)
(68, 69)

@0

@1
(62)
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Item

Ingredients (%)
Com

Soybean meal

Poultry fat

Dicalcium phosphate
Galcium carbonate®
Salt

DL-Methionine
L-Lysine HCI
Threonine

Vitamin premix®
Mineral premix®
Choline chioride 60%
Antioxidant®
Calculated analysis
Metabolizable energy (kcal’ ko)
Grude protein (%)
Ether extract (%)
Lysine (%)

Methionine (%)
Methionine + cystine (%)
Threonine (%)
Tryptophan (%)

Total calcium
Available phosphorus
Determined analysis
Grude protein (%)
Ether extract (%)
Galcium (%)
Phosphorus (%)

2Inclusion of 108 spores/g of feed mixed with calcium carbonate.

Starter diet

57.34
34.66
3.45
1.86
0.99
0.38
0.33
0.31
0.16
0.20
0.10
0.20
0.02

3,035
22.16
5.68
136
0.64
0.99
0.92
0.28
0.90
0.45

21.15
6.06
0.94
0.73

®Vitemin premix supplied the following per kilogram: vitamin A, 20,000 IU; vitemin D3,

6,000 1U; vitamin E, 75 1U; vitamin K3, 6.0mg; thiamine, 3.0mg; riboflavin, 8.0mg;
pantothenic acid, 18mg; niacin, 60mg; pyridoxine, 5m; folic acid, 2mg; biotin,
0.2mg; cyanocobalamin, 16 g; and ascorbic acid, 200mg (Nutra Blend LLC, Neosho,

MO 64850).

SMineral premix supplied the following per kiogram: manganese, 120mg; zinc, 100mg;
iron, 120mg; copper, 10 to 15mg; iodine, 0.7 mg; selenium, 0.4mg; and cobalt, 0.2mg
(Nutra Blend LLC, Neosho, MO 64850).

9 Ethoxyquin.
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Treatment Gram-negative

recovery,

day-of-hatch
(Logto CFU/g)

Trial 1
In ovo PBS control 4320910
In ovo 107 CFU/MILAM 219+ 0.77
Trial 2
In ovo PBS control 391:£081°
In ovo 107 CFU/mI LAM 2,12 4 0.55>

"Data expressed as mean * SE.

Presumptive

lactic acid
bacteria,

day-of-hatch
(Log1o CFU/g)

517 +£1.01°
8.44£0.122

1.84 £ 0.84>
8.60 £0.12*

Gram-negative
recovery,
day 7 (Logio
CFU/g)

7.43£0.12°
421£077°

6.34 £0.33%
3.10£0.77°

2®indicates significant difference between treatment groups within columns (P < 0.05)

PBS, phosphate-buffered saline.
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Ingredient (%) Starter (1-21 d) Grower (22-35 d) Finisher (36-42 d)

Standard Reduced energy Standard Reduced energy Standard Reduced energy

Com 60.75 56.46 67.34 63.08 7155 67.73
Soybean meal 48% 28.11 b i 23.30 2293 14.89 20.90
Poultry meal 500 5.00 5.00 500 8.24 5.00
Poultry fat 0.05 005 0.05 005 0.05 005
DL-Methionine 017 0.18 0.13 0.14 0.02 006
Salt 0.48 048 043 043 037 038
L-Lysine HCI 0.14 0.16 015 017 0.18 008
Limestone 15 1.4 13 12 11 1.2
Dicalcium phosphate 20 20 17 17 16 16
Vitamin and mineral premix' 05 05 05 05 05 05
Soybean hulls 13 60 01 48 15 25
Calculated nutrients (%)

Crude protein 22 22 20 20 19 19
Crude fat 1.89 184 203 1.98 2.49 206
Crude fiber 3.02 458 256 412 2.89 333
Ash 6.35 6.40 6.64 5.68 5.40 5.42
Calcium 1.05 1.05 09 09 0.85 085
Available phosphate 0512 0512 045 045 0.42 042
Sodium 022 022 02 02 0.18 0.18
Dig Threonine 087 088 078 079 0.68 069
Dig Lysine 1.28 1.28 1.15 1.15 1.02 1.02
Dig Methionine + cysteine 0947 0947 0.851 0851 0.755 0755
Metabolizable energy (kcal’kg) 2,998 2,868 3,100 2,970 3,199 3,069
Analyzed nutrents (%)

Crude protein 21.25 21.34 19.39 19.47 18.23 1850
Crude fat 1.44 1.39 1.87 1.84 1.81 212
Crude fiber 2.69 459 238 493 417 353
Ash 7.84 881 7.46 7.55 8.77 731

"Vitamin and trace mineral premi suppliedthe following per kg of diet: 5,512 1U vitamin A, 1,852 IU vitamin D3, 11 1U vitamin €, 0.06 mg vitamin B12, 0.23mg biotin, 1.87mg menadione
(K3), 0.44mg thiamine, 3.75mg riboflavin, 5.95mg d-pantothenic acid, 1.32mg vitamin B6, 34.17mg niacin and 0.22mg folic acid, for mineral supplied the following per kg of diet:
Manganese: 120 mg, Zinc: 120mg, Iron: 80 mg, Copper: 10mg, lodine, 2.5mg, Cobalt, 1mg.
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Items

Nodes
Edges

Average degree
Graph density
Modularity

Positive correlation
Negative correlation

Duodenum
Control SC06
a1 44
191 218
9317 9.909
0.233 023
0639 0542
65.45% 49.54%
34.55% 50.46%

Control

52
446
17.164
0336
0.423
49.10%
50.90%

Jejunum

SC06

81
890
21.975
0275
0.493
54.27%
45.73%

Control

32
167
10.438
0.337
0.495
62.87%
37.13%

lleum

SC06

64
693
21.666
0.344
0.523
79.22%
20.78%

Control

13
1704
30.159
0269
0573
51.29%
48.711%

Cecum

SC06

108
1955
36.204
0.338
0.422
51.56%
48.44%
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Items Control SC06

IL-6 (ng/g tissue) 58050 + 0.38° 457.31 £17.76°
TNF-o (ng/g tissue) 1,105.18 % 23.75° 991.20 + 16.66°
IFN-y (pg/g tissue) 1,486.75  30.25 1,490.08 + 71.26
IFN-o (ng/g tissue) 1,646.57 & 12.47 1,750.30 % 100.97
IL-10 (ng/g tissue) 19.56 + 1.16° 2823+ 0412
TGF-B (pg/g tissue) 1,921.17 23,45 1,788.13 + 71.66
SIOA (ug/g tissue) 67.08+0.74 724329

Values are mean = standard error of the mean (SEM) with six samples. Different letters
indicate significant differences (P < 0.05) among the groups. IL-6, interfeukin-6; TNF-a,
tumor necrosis factor a; TGF-B, transforming growth factor-p; IFN-y, interferon-y; slgA,
secretory immunoglobulin A.
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Items. Control

Trypsin (U/mgprot) 825.98 + 29.47°
Lipase (U/gprot) 49.24 £ 0.43°
AMS (U/mgprot) 0.43 + 0.04°
¥-GT (Ugprot) 78.98  4.80°
NatK*-ATPase (U/mgprot) 8.28 +0.22°
Sucrase (W/mgprot) 162.05 + 6.95
Mealtase (U/mgprot) 637.5 % 21.49°

SC06

1,663.39 + 45.76°
31.67 £0.85°
1.03+0.16°
48.96 + 3.76°
149+ 033°
177.61 £ 2.89

439.68 4 11.30°

Values are mean = standerd error of the mean (SEM) with six samples. Different letters
indicate significant diferences (P < 0.05) among the groups. AMS, a-amylase; y-GT,

gamma glutamyl transpeptidase.
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Domain

Categories

Knowledge and engagement

Perceptions of antibiotics and
antibiotic resistance
Necessary to contain
antibiotic resistance

Reduce the use of antibiotics
Awareness needed

Cooperation

- Gooperation a key factor
- One Health

Working in unison

Animal health concept

- Healthy animals do not
need antibiotics

- Low use of antibiotics for animals.

- Infection control to promote
animal health

- Long tradition of national efforts

Development in balance with
econormic prerequisites

- Broller production in Sweden s large
scale and controlled at central level

- Conditions and management in
Sweden differ from many other
countries

- Economy rules food production
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Items Control SC06

T-AOC (U/mgprot) 6.41:+0.46° 8.41+057°
T-SOD (U/mgprot) 2555+ 1.02° 29.47 + 054
GSH-Px (U/mgprot) 248,54 £21.14 242.41 + 22.59
GSH (mg/gprot) 345.34 + 60.83 33308+ 21.35
02~ (Urgprot) 238.20 + 11.82 232.40 +8.98
XOD (U/gprot) 200.61 % 17.10 195.72 + 11.30

Values are mean = standard error of the mean (SEM) with six samples. Different letters
indicate significant differences (P < 0.05) among the groups. T-AOC, total antioxidation
capacity; T-SOD, total superoxide dismutase; GSH-Px, glutathione peroxidase; GSH,
glutathione; O2~, superanion oxide; XOD, xanthione oxidase.
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Items

Initial bodly weight (kg/birc)
Final body weight (kg/bird)

Average daily feed intake (g/day/bird)
Average daily gain (g/day/bird)

Feed conversion ratio

Control

1.68 £ 0.004
211£0013
39.42 £ 0514
14.42 + 0.565
2.71 £0.022

SC06

1.73+0.018
217 £0.022
40.35 + 0.494
14.61 +0.233
2.76 £ 0.031

Values are mean + standard error of the mean (SEM) with six pens.
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Ingredients Content (%)
Corn 64.00
Soybean meal 2325
Soybean ol 365
Feather meal 350
Limestone 117
Dicalcium phosphate 1.65
Methionine 0.09
Sodium chloride 030
Zeolte powder 1.39
Premix® 1.00

Nutrient levels®

ME (Mcal/kg)
Lysine

Methionine

Methionine + cysteine
Threonine

Tryptophan

Isoleucine

cp

Calcium

Non-phytate phosphorus

Content (%)

3.06
0.98
0.36
0.73
0.76
0.21

0.77
18.95
0.90
0.40

aSupplied per kilogram of dlet: Vitamin A, 9,375 IU; Vitemin Ds, 2,500 IU; Vitamin E,

80.00mg; Vitamin K, 2.94

fitamin B1, 2.50mg; Vitamin Bg, 6.25mg; pantothenic

acid, 30.30mg; pyridoxine, 9.09mg; biotin, 22.50mg; folic acid, 1.67mg; Vitemin By,
3.00mg; ZnSO4H,0, 180.93mg; CuSOa-Ho0, 33.18mg; FeSO4HO, 247.75mg;
MnSO4-H,0, 248.45mg; CaflOs),, 85.80mg; NazSe0s, 37.60 mg.

bCalculated nutrient levels.
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Treatments! SEM? P-value

Age period, d PC NC NC +10 NC +125 NC +15
FC, g/bird

1-21 1,042 1,040 1,044 1,044 1,042 4 0.99
22-35 2368 2374 2,364 2,367 2372 10 099
36-42 1,329 1,841 1,342 1,336 1,339 14 099
1-42 4,739 4,754 4,750 4,746 4,753 14 098
BWG, g/bird

1-21 806" 777 786 798 8042 3 001
2235 1,826° 1,280° 1,201 1.813% 1,828% 5 0015
36-42 697 673 687 690 702 6 057
1-42 2,820 2,730° 2,764 2,801 2,828° 8 0.0001
FCR, g

1-21 1.2012 1.336° 1.3225% 1.304% 1.293% 0.004 0.0001
2235 1.795 1.855 1.836 1.811 1.802 0.008 0.066
36-42 1.751 1.810 1.791 1.780 1.756 0.019 0.84
1-42 1.677° 1.736° 17168 1.692% 1.682% 0.005 0.0001
Mortality, %

1-21 14 17 17 14 14 03 0.99
22-35 o1 07 04 0.1 0.1 0.1 059
36-42 00 03 00 00 00 o1 099
1-42 16 26 24 16 16 03 093
Flock uniformity, %

21 13.7 143 137 187 139 02 055
35 85 9.1 92 88 85 o1 0.05
42 9.1 93 9.4 9.4 9.1 0.1 0.71

a=¢means in & row within each variable that lack common superscript differ significantly (P < 0.05).
1PC, positive control; NC, negative control with ME 130 kcalkg lower than PC; NC + 10, NC with xylanase at 10 XU/g of feed; NC + 12.5, NC with xylenase at 12.5 XU/g of feed; NC
+ 15, NC with xylanase at 15 XU/g of feed.

2SEM, standard error of mean for n = 8 pens.
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Level

Policy lovel
@ informants)

Industry organizations
@ informants)

Farm-level actors
(3 + 4 informants)

Informants

Two veterinarians working at the National veterinary
institute; one expert on antibiotic resistance and one
expert on ruminant diseases. One veterinarian
responsible for antibiotic resistance issues in the
Swedish Board of Agricuture

Head veterinarian in the Swedish Pouitry Meat
Association. Head veterinarian in the Swedish Egg
Producers' Association. Head veterinarian in The
Federation of Swedish Farmers

Three poultry veterinarians employed by broiler
companies. Three broiler farmers and one layer farmer
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1. What does antibiotic resistance mean to you?

2. How do you see your role in working to contain antibiotic resistance?

3. How do you see possibilties of limiting/preventing emergence and spread of
antibiotic resistance?

4. What do you think are the main causes of antibiotic resistance?

5. How do you think antibiotic resistance is spread?

6. How do you see the use of antibiotics in humans, animals, or any other areas?
7. Have you heard of the concept of “One Health"?

8. Do you have any comments to add?
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