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Abstract

:

The gut is home to more than millions of bacterial species. The gut bacteria coexist with the host in a symbiotic relationship that can influence the host’s metabolism, nutrition, and physiology and even module various immune functions. The commensal gut microbiota plays a crucial role in shaping the immune response and provides a continuous stimulus to maintain an activated immune system. The recent advancements in high throughput omics technologies have improved our understanding of the role of commensal bacteria in developing the immune system in chickens. Chicken meat continues to be one of the most consumed sources of protein worldwide, with the demand expected to increase significantly by the year 2050. Yet, chickens are a significant reservoir for human foodborne pathogens such as Campylobacter jejuni. Understanding the interaction between the commensal bacteria and C. jejuni is essential in developing novel technologies to decrease C. jejuni load in broilers. This review aims to provide current knowledge of gut microbiota development and its interaction with the immune system in broilers. Additionally, the effect of C. jejuni infection on the gut microbiota is addressed.
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1. Introduction


The gastrointestinal tract of poultry species is highly populated with microorganisms that exist in a symbiotic relationship with the host [1]. These complex microbial communities benefit the host by regulating digestion and synthesizing bile acids, vitamins, and short-chain fatty acids [2]. Additionally, the gut microbiota’s competition for adhesion sites, secretion of bacteriocins, and antimicrobial peptides aid in maintaining the homeostasis of the gut [2]. The commensal gut microbiota play a crucial role in shaping the immune response, and provide a continuous stimulus to maintain an activated immune system [3]. The recent advancements in high throughput omics technologies and improved species-specific reagents have improved our understanding of the role of commensal bacteria in developing the immune system in chickens. Chicken meat continues to be one of the most consumed sources of protein worldwide, with the demand expected to increase significantly by the year 2050 [4]. Yet, chickens are a significant reservoir for human foodborne pathogens such as Campylobacter jejuni [5]. Understanding the interaction between the commensal bacteria and C. jejuni is essential in developing novel technologies to decrease the C. jejuni load in broilers. This review provides current knowledge of gut microbiota development and its interaction with the immune system in broilers. Additionally, the effect of C. jejuni infection on the gut microbiota is addressed.




2. Gut Microbiota and Its Development in Commercial Broilers


Domestication of chicken dates back to the Neolithic era, when humans decided to keep these birds for games and food production [6]. Birds flourished in an environment where food, water, and protection from predators were available, making their domestication easier [7]. Centuries later, the advancements in rearing methods and significant discoveries in breeding programs led to the production of the commercialized chicken we have today [7]. The intensive process of selection and breeding led to physiological and behavioral changes in domesticated chickens, which also influenced microbiota development in chickens [8].



The chicken gut microbiome is developed through three essential pathways: vertical, horizontal, and environmental transmission. It was thought that the development of chicken microbiota in commercially hatched broilers is achieved mainly through horizontal environmental interaction; however, recently, it was established that partial transfer of maternal microbiota into the embryo occurs during embryonic development [9]. The authors hypothesized that the microbiota present during embryonic development plays an important role in detoxifying harmful compounds generated during embryo formation. These data align with another study that reported partial passage of oviduct microbiome transmission from the hen oviduct to the embryo during egg formation [10]. Hence, these results highlight the role of vertical transmission in the chicken gut microbiome development.



Bacterial colonization of the avian gut begins immediately after hatching and is highly affected by its surroundings [11]. During the egg-laying process, egg and feces are expelled through the cloaca, forming the eggshell’s commensal flora. The commensal flora found on the eggshell serves as a barrier against invasive pathogenic bacteria and a source for the microbiome of newly hatched chicks [12]. Previously, the eggs were in continuous contact with the hens and their nest environment, which served as a rich niche for maternal-derived microbiota [13]. However, this natural process is modified in commercial broiler production, as eggs are entirely separated from the hen. The eggs undergo several disinfection procedures before incubation to protect them from pathogenic bacteria and to increase their hatchability [14]. The egg disinfection procedure reduces eggshell commensal flora, shaping the microbiome formation in newly hatched chicks [14]. Thus, the sanitary levels at the hatcheries, the efficiency of disinfection protocols, and the different post-hatch animal handlers dictate the early gut microbiome development in newly hatched chicks.



Day-one hatchlings arriving at the farm carry a complex microbial community in their gut. This microbial complexity is acquired during embryo development at the hatchery and during transport [15]. Several factors, including but not limited to feed, bedding material, managerial practices, environment temperature, and pathogens, influence the broiler gut microbiome.



Feed is one of the main factors that can influence the development of the intestinal microbiome in poultry. Non-digestible feed components are inaccessible to the host and may act as a potential substrate for intestinal bacteria growth [16]. The effect of feed components is most prominent whenever corn diets are substituted with wheat, barley, or rye. Compared to corn, these cereals contain high levels of indigestible non-starch polysaccharides, which increase the digest’s viscosity, resulting in a slower passage rate [17]. These conditions favor the establishment and proliferation of Clostridium perfringens, potentially leading to an increased incidence of necrotic enteritis [18]. Besides feed, litter material used in chicken rearing can impact the development of gut microbial communities. The bedding material used in poultry production depends on its availability and cost in the area where poultry is raised. The type of bedding material used can influence microbial development in broilers from an early age [19]. Different pathogens can drastically impact the broiler gut microbiome. With the ban of antibiotics as growth promoters in the US and Europe, enteric pathogens are more frequently observed across broiler farms. Pathogens such as Escherichia coli, Clostridium perfringens, and Salmonella are strong colonizers that can modify the chicken [20]. Changes in the composition of the gut microbiome have been linked to intestinal and cecal dysbiosis and lower performance in infected flocks [21].



In summary, changes in modern poultry production created a new model of gut microbiome development. This new model, known as age-related microbiome development, does not occur when the chicks are hatched in the presence of their mother. In a study, newly hatched chicks were raised in the presence or absence of an adult hen. Twenty-four hours were needed to transfer adult-derived microbiota into the chick [22]. Future studies should focus on how to shape the broiler’s microbiome to aid the bird in achieving its full potential.



2.1. Gastrointestinal Tract Microbial Composition in Commercial Broilers


2.1.1. Crop


The crop is an extension of the esophagus that works as transient storage for feed. The dry feed consumed is moistened at the crop, leading to the initiation of feed digestion. The crop function, physiology, and microbial communities are highly modified by feed composition and accessibility [23]. In the crop, the major bacteria are related to Firmicutes, namely facultative anaerobe Lactobacillus species, with Lactobacillus reuteri, Lactobacilus salivarius, and Lactobacillus crispatus being the most abundant [24]. It was noted that Lactobacillus species colonize the crop as early as 4 hours post-hatching [25], and they reach a concentration of 1 × 108–109 CFU/g [26]. Other bacterial species, including Bifidobacterium, Klebsiella pneumoniae, Klebsiella ozaenae, E. coli, Escherichia fergusonii, Enterobacteraerogenes, Eubacterium spp., Pseudomonas aeruginosa, Micrococcus luteus, Staphylococcus lentus, and Bacillus are also present in the crop [27]. The anaerobic conditions and stable 40 °C temperature accelerate the fermentation of sugars into organic acids, namely lactic acid and acetic acid [26]. The production of short-chain fatty acids decreases the pH of the crop, limiting the colonization of pathogenic bacteria [26].




2.1.2. Gizzard and Proventriculus


The presence of the gizzard and proventriculus, which constitute the true stomach in broilers, enables broilers to consume a wide variety of coarse ingredients in their diet [28]. The proventriculus is responsible for the chemical digestion of feed material by secreting hydrochloric acid and pepsinogen, while the gizzard serves as the site of mechanical digestion of feed [28]. The low pH present at the level of the gizzard acts as a barrier against pathogenic organisms. The gizzard is colonized mainly by Lactobacillus species, Enterococci, Enterobacteria, and coliforms [29]. Feed modification from a mash diet to a pellet diet can increase the presence of coliforms and anaerobic bacteria without affecting the presence of Lactobacillus species [30]. The high acidity of the gizzard and proventriculus limits fermentation and the production of short-chain fatty acids [2].




2.1.3. Small Intestine


Duodenum


The short feed retention time and presence of low pH, bile, and pancreatic secretions inhibit the establishment of high bacterial density in the duodenum [31]. During the first days of the broilers, the duodenum is usually dominated by Enterobacteriaceae or Clostridiacea [32,33]. The dominance of these bacteria in broiler small intestines at a young age could be due to the ubiquitous nature of these bacteria. As the broiler matures, Lactobacillus, Corynebacterium, Bacteroides, E. coli, and Shigella colonize the duodenum [31].




Jejunum


The jejunum is the major part of the intestine responsible for lipid digestion and absorption [34], in addition to bile conversion to secondary bile acids [35]. The jejunum is characterized by low bacterial density, composed of Lactobacillus, Enterococcus, and Bifidobacterium [36]. The presence of microbiota is essential for the jejunum to carry out its function, as Lactobacillus spp., Enterococcus and Staphylococcus are equipped with bile salt hydrolase and lipase [37]. Future research will be fundamental to exploring additional bacterial species in the jejuni and identifying their role [38].




Ileum


Undigested dietary nutrients that pass through the upper part of the gastrointestinal tract are likely substrates for the ileum microbiota. Thus, the diet has a significant influence on the ileum microbiota. Lactobacillus spp. dominate the microbial composition in the ileum, in addition to Clostridiaceae, Streptococcus, and Enterococcus spp. [39]. The fast digesta passage limits carbohydrate digestion in the ileum, resulting in lower production of short-chain fatty acids compared to the cecum [40].





2.1.4. Ceca


The ceca are a pair of elongated chambers that arise at the junction of the ileum and the colon [41]. The presence of the highest density of microbial communities characterizes the ceca [41]. The anaerobic conditions and slow passage of digesta favor the fermentation of non-digestible starch into volatile fatty acids [42]. The bacterial density in the ceca ranges from 1010 to 1011 CFU/g of digesta [2]. Different feed formulations and nutrient availability can play a significant role in shaping the cecal microbiota. Gram-positive bacteria dominate the ceca, with the phylum Firmicutes being followed by Bacteroidetes and Actinobacteria [2]. The main bacterial genera identified from the Firmicutes phylum include Lactobacillus, Blautia, Faecalibacterium, Heliobacterium, Oscillibacter, Peptococus, Oscillospira, Clostridium, and Eubacterium [39]. Gram-negative bacteria represented in the Proteobacteria phylum are also present in the ceca, with a relative abundance ranging from 1 to 15% [43]. Despite the differences between the cecal microbial communities characterized in different studies, a core microbiome is defined in the cecum, including Clostridium, Lactobacillus, Bacteroides, and Bifidobacterium. This indicates that despite the wide variations observed in cecal microbiota, a similar core microbiome is observed across broilers [44]. Figure 1 is a schematic representation of the major bacterial communities along the gastrointestinal tract of broilers.






3. The Impact of the Chicken Gut Microbiome on the Avian Immune System


The gut is home to more than 1000 bacterial species [45]. The gut bacteria coexist with the host in a symbiotic relationship that can influence the host’s metabolism, nutrition, and physiology, and even modulate various immune functions [46]. Chickens are no exception to host–microbiome interactions. However, even though chickens are well-domesticated and highly consumed animals, the gut microbiome’s influence on the immune system remains understudied. Most gut-microbiome impact research is conducted with mouse models, which has led to evidence that the gut microbiota participates in the maturation of the immune system and even alters immunological components. For example, different studies have found that the gut microbiota plays a vital role in (1) inducing the expression of α and β defensins against pathogens [47,48,49], (2) activating inflammasome pathways against pathogens [50,51], and (3) enhancing interleukin expression to clear invading pathogens [52,53].



Chickens can spread zoonotic diseases and harbor harmful foodborne pathogens that can impact humans [54]. Chickens are also a cheap source of protein for humans and are the second-most consumed meat worldwide [55]. Therefore, evaluating how the gut microbiome influences the chicken immune system is critical for knowing the consequences and opportunities arising from these interactions.



3.1. The Chicken Gut Microbiome Impact on the Innate Immune System Components


Similar to mammals, the avian immune system comprises innate and adaptive immune systems. The innate immune system is a non-specific first line of defense against exogenous substances and invading pathogens. The innate immune system includes (1) physical barriers such as mucus, mucus membrane surfaces, and tight junctions; (2) anatomical barriers such as epithelial and phagocytic cell enzymes; (3) phagocytes such as neutrophils, monocytes, and macrophages; (4) proteins with inflammation-related functions such as the complement system and lectins; (5) granule antimicrobial peptides such as defensins; (6) different cell receptors such as Toll-like receptors; and (7) cytokine-releasing cells and inflammatory mediators such as mast cells and natural killer cells [11,12]. It is known that the gut microbiota has the capacity to condition cells to respond to both local and systemic “insults.” For example, the gut microbiota can influence intestinal macrophages to rapidly produce IL-1β in a MyD88-dependent manner to counter enteric infections [6]. For this reason, this section will explore the influence of the gut microbiome on the innate immune system components of chickens.



3.1.1. Mucin Dynamics


A few studies with chickens have focused on the gut microbiota’s influence on the mucosal components of the innate immune system. For example, a study used germ-free chickens in comparison with conventional chickens to test how the microbial colonization of the gut influences mucin types and mucin gene expression [56]. The findings demonstrated that the lack of gut microbes results in the reduction of neutral and acidic goblet cells as well as their density, the reduced expression of Mucin 2 mRNA in the small intestine, the absence of sialylated goblet cells, and an increase in sulfated mucin. Immature goblet cells usually have more acid mucin sulfation [57]. So, these results indicate that the absence of gut microbes causes reduced mucin production and secretion, which results in a less mature small intestine mucosa. These results concur with another study that explored the effects of bacteria on intestinal goblet cell mucin production during post-hatch development in the small intestine of conventionally reared and low-bacterial-load broiler chicks [58]. In this study, the conventionally reared chicks had greater numbers of jejunum and ileal goblet cells that displayed a mucin-type of primarily sulfated acidic mucin composition, leading to an increase in sialylated sugars at four days post-hatch. These changes in mucin profiles in response to gut microbiota presence suggest that the gut microbiome has a potential role as a modulator of protective mechanisms in the intestinal mucosa. Another study by Smirnov et al. (2005) examined the effects of feeding 1-day-old chicks dietary probiotics containing the viable microorganisms Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum, and Enterococcus faecium for 14 days [59]. Results showed that the presence of the fed microorganisms resulted in a significantly enlarged goblet cell “cup” area throughout the small intestine, which significantly increased the expression of mucin mRNA, and significantly increased the levels of mucin glycoprotein in the jejunum when compared to the control. These results also corroborate that gut microbes can alter the processes of mucin biosynthesis and/or degradation.



The exact mechanisms by which microbes affect mucin dynamics in chickens remain uncertain. Thus, further research should explore this significant research gap. Additionally, changes in mucin dynamics can impact the bird’s production performance, which is of interest to the industry and operators of small poultry enterprises. Therefore, future research should explore how the gut microbiome, individually or collectively, can influence nutrient uptake in chickens. Overall, these findings demonstrate that the gut microbiome can influence mucin dynamics in chickens.




3.1.2. Gene Expression and Macrophage-like Cells


Schokker et al. (2017) investigated the effect of modifying the normal early microbial colonization of the jejunum in day-old Cobb 500 chickens by administering antibiotics via drinking water for 24 hours [60]. Results showed that modifying the early microbial colonization had an impact on the expression of various genes that are involved in immunological processes on day 5 of age. Chickens with a disrupted microbiome had decreased expression of the genes linked to immune signaling adaptors and innate signaling, which indicated a delay in the development of cell-mediated immunity. Conversely, genes linked to cell development and intestinal barrier function were upregulated. The entire gene expression data suggest that disrupting the gut microbiome changes the developmental “priorities” of the gut. Antibiotic treatment has resulted in a shift away from cell-mediated immune development and towards strengthening the gut barrier functions. These findings suggest that gut microbiota have an essential role in strengthening gut cell-mediated immune defenses. Schokker et al. (2017) also found that on day 14 of age, the antibiotic-treated chickens had a lower number of macrophage-like cells in the jejunum tissue when compared to the control chickens [60]. These findings suggest that the downregulation of genes involved in immune processes has a direct effect on the number of macrophages. Thus, disrupting the early gut microbiome resulted in reduced or altered innate immune competence. These results indicate that the microbes that colonize the gut at an early stage in the birds’ life can significantly influence the expression of different genes and the number of macrophage-like cells.




3.1.3. Natural Killer Cells, Heterophils, and Defensins


Natural killer cells are innate lymphoid cells that provide a rapid response to virally-infected cells [61]. A recent study found that 3-day-old broiler chickens that were inoculated with adult-derived microbiota had an increase in the percentages of intestinal IL-2Rα+ natural killer cells and activated natural killer cells when compared to control chickens [62]. This study demonstrates that mature microbiota can induce alterations in the presence and activation of intestinal natural killer cells, strengthening the innate immune defenses of broiler chickens.



Heterophils are innate cells that predominate the acute inflammatory response in birds [63]. Heterophils are functionally equivalent to neutrophils in mammals [64], as they are highly phagocytic and have a broad spectrum of antimicrobial activity. Farnell et al. (2006) found that chickens that were treated with Bacillus subtilis, Lactococcus lactis lactis, and Lactobacillus acidophilus isolates exhibited a significant increase in heterophil degranulation and oxidative burst when compared with heterophils from the control birds [65]. These results suggest that the gut microbes can significantly improve the host’s immune defenses by modulating heterophil oxidative burst and degranulation in broilers.



Defensins are cationic peptides that contribute to the antimicrobial activity of phagocytes, the skin, and the mucosa [66]. Several β-defensins for the avian respiratory tract, skin, digestive tract, and urogenital tract have been described [67]. Butler et al. (2016) reported that reducing microbial exposure in birds housed in a “high hygiene” environment resulted in lower expression of duodenal avian β-defensin (AvBD) 1 and AvBD 4 at hatch and d7, with a similar trend in the ceca [68]. These findings highlight that the microbiota can significantly influence the host’s antimicrobial defenses.





3.2. The Chicken Gut Microbiome Impact on the Adaptative Immune System Components


The adaptative immune system is activated in response to specific stimuli and can take up to two weeks to mount a fully developed response [61]. Even though adaptative immunity takes longer than innate immunity to mount a full response, it ultimately equips the host with “immunological memory.” Immunological memory allows the immune system to remember a specific threat and attack it faster and more efficiently. The adaptive immune system consists of specialized cellular defenses against pathogens, such as B-cells and T-cells. Mammalian research has shown that T-cells, B-cells, and immunoglobulin repertoires and responses can vary greatly depending on the gut microbes’ colonization niche and metabolic properties [69]. For example, a recent study with mice showed that immunoglobulin (Ig) D class switching happens preferentially in mucosa-associated lymphoid tissue and depends on diversified gut microbiota [70]. Conversely, the gut microbiome’s impact on the chickens’ adaptive immunity is significantly understudied. For this reason, this section will explore the influence of the gut microbiome on the adaptive immune system components of chickens.



3.2.1. B-Cells and Immunoglobulins


B-cells differentiate into plasma cells that produce different Ig isotypes depending on the type of cytokine present. For example, IgA is the most abundant antibody in mucosal surfaces and is the primary line of defense against mucosal pathogens [61,71]. In birds, notable numbers of B-cells and T-cells start to be present in the intestinal tissue at 14 days of age [63,72]. However, Kaspers et al. (2015) found that germ-free chickens (1) had underdeveloped B-cell regions and a lack of germinal centers in the cecal tonsils, (2) lacked B-cells in the lamina propria, (3) had decreased expression of genes involved in B-cell maturation and immunoglobulin class switching, and (4) were negative for IgA detection in the gut or serum up to 4 weeks of age [72]. In addition, Kaspers et al. (2015) also demonstrated that the effects could be partly rectified via mono-colonization using Escherichia coli Nissle or by tetra-colonization utilizing a strain of E. coli, Lactobacillus, Enterococcus, and Clostridium [72]. Another study also demonstrated that chickens exposed to maternal feces after hatching had increased IgA and IgY levels [73]. The results are consistent with other findings that indicate that germ-free chickens contain lower serum IgY compared to conventional chickens [30]. Altogether, these results demonstrate that post-hatch B-cell development and Ig levels can be influenced by the type or combination of microorganisms that colonize the chicken gut. Further research on the impact of gut microbes on the chicken immune system is needed to understand individual and collective effects of different microbiota on B-cell and Ig repertoires and responses.




3.2.2. CD4+ and CD8+ T-Cells


The CD4+ T-cells are known as “helper T-cells,” and the CD8+ T-cells are known as “killer T-cells.” The CD4+ T-cells help coordinate the immune response by signaling other immune cells to fight infection, while the CD8+ T-cells induce cell death of intracellular pathogens by lysis or apoptosis [61]. Kaspers et al. (2015) observed that germ-free chickens also have a lack of CD4+ and CD8+ T helper cells in the gut tissues through to 4 weeks of age [72]. The results are supported by another study that found that disrupting the microbiota in day-old broilers with antibiotic treatment resulted in a numerical decrease in the number of CD4+ T-cells compared to birds that had non-disturbed microbial colonization [60]. Further, Meijerink et al. (2020) recently demonstrated that broiler chickens that were inoculated with adult-derived microbiota had an increase in relative numbers of intestinal cytotoxic CD8αα+ T cells at 14 and 21 days of age compared to control birds [62]. Altogether, findings indicate that the CD4+ and CD8+ T-cell ratio is also influenced by the gut microbiome in chickens. Future research should further explore the impact of the chicken gut microbiome on the CD4+/CD8+ T-cell ratio since it contributes to balancing the systems between inflammation and antibody production [74]. Moreover, there is a critical gap in research regarding the impact of the chicken gut microbiome on other helper T-cell subsets, particularly regulatory T (Tregs) and Th17 cell subtypes.




3.2.3. T Regulatory Cells


Chicken CD4+ CD25+ cells have suppressive properties that are equivalent to those of mammalian T regulatory cells (Tregs) [75]. The Tregs subpopulation acts to suppress the immune response, thus maintaining homeostasis and self-tolerance. A study with chickens found that disrupting the gut microbiome by administering an antibiotic cocktail in water for seven days resulted in a significant decrease in Tregs in the cecal tonsils compared to control birds [76]. The treated chickens were fed acetate and recovered the loss of Tregs in the cecal tonsils via the acetate receptor, GPR43 [76]. Other mouse studies demonstrated that the spore-forming component of indigenous intestinal microbiota, particularly clusters IV and XIVa of the genus Clostridium, promoted colonic Tregs [77]. Additionally, Josefowicz et al. (2012) showed that Treg polarization could also be promoted by an IL-10-dependent pathway from microbiota-derived antigen presentation by dendritic cells [78]. Overall, findings from the Lee et al. (2018) study confirm that the chicken microbiota does have an impact on Tregs [76]. However, there is a gap in the literature regarding the influence of the chicken gut microbiome on Tregs. Even though findings from studies with mammals can be used as a reference, conclusions do not necessarily apply to the avian immune system. Thus, future research should further study the impact of chicken gut microbiota on Tregs.




3.2.4. Th17 Cells


The Th17 cell subtype plays a role in the host’s defense against extracellular pathogens and fungi, and is also linked to the development of autoimmune diseases [79]. The specific role of Th17 cells in chickens remains poorly understood [79], but a study with chickens found that the generation of Th17 cells is suppressed by Tregs [80]. It is also known that cytokine responses in different bird breeds that were orally inoculated with the bacterium Campylobacter jejuni result in a prominent Th17 response [81]. However, there are no studies that explore the direct effects of the chicken gut microbiota on the Th17 cell subtype. It is known that in mice, the colonization of the small intestine with a segmented filamentous bacterium is sufficient to influence the appearance of CD4+ T helper cells that induce Th17 cells in the lamina propria [82]. Since there are many similarities between the general immune mechanisms of mammals and chickens, we can hypothesize that the gut microbiome may modulate the host Th17 subset. However, research in this field is needed to draw specific conclusions, as there are also important differences between the mammalian and avian immune systems. Table 1 is a summary of the chicken gut microbiota effect on the innate and adaptive immune system development.






4. Campylobacter jejuni Modulation of the Avian Gut


C. jejuni is a gram-negative bacterium with a sheathed flagella that is well-known for colonizing poultry [83]. C. jejuni is accepted to be a part of the commensal bacteria of the chicken gut. However, several experiments described the effects of C. jejuni infection on gut permeability, organ invasion, and proinflammatory cytokine responses, which portray it as an enteric pathogen in the chicken gut [84,85]. In humans, Campylobacter jejuni is the leading pathogen responsible for food poisoning in Europe and second in the US after the Salmonella species [86,87]. Campylobacter jejuni is characterized by its extensive colonization of the ceca, which could reach up to 109 CFU/g [88]. Cecal rupture during processing can lead to carcass contamination. Handling and consuming contaminated poultry products leads to food poisoning [89]. No single intervention is enough to control C. jejuni in chickens [90]. Therefore, understanding C. jejuni’s modulation of the gut composition is essential to developing novel interventions to decrease C. jejuni’s load in broilers.



C. jejuni naturally infects birds at 2–3 weeks of age, and it is rarely detected in younger chickens [91]. The early resistance to C. jejuni colonization in younger chickens could be attributed to maternally derived antibodies [91]. Understanding the metabolic and metal acquisition pathways of C. jejuni could be a starting point for understanding C. jejuni’s interaction with gut commensal bacteria. The genome sequence of C. jejuni revealed the presence of an incomplete glycolytic pathway, which could explain its inability to utilize common carbohydrates [92]. C. jejuni relies mainly on the citric acid cycle to generate energy, as C. jejuni uses several intermediates to feed this cycle. Out of the many short-chain fatty acids available in the gut, acetate [93] and lactate [94] are the only ones utilized by C. jejuni. To further support its growth in the gut, C. jejuni can use a handful of amino acids, including serine, glutamate, aspartate, asparagine, and proline [95], with the latter being only utilized in scarce conditions.



C. jejuni infection alters the gut microbiome by enhancing the proliferation of certain bacteria at the expense of another [84]. As C. jejuni colonization reaches a high load in the infected host, it creates an environment that requires a high energy supply. This vast environment shifts the abundance of gut microbiota towards Firmicutes at the expense of Proteobacteria [96]. Firmicutes are gram-positive bacteria known for their ability to produce short-chain fatty acids from complex carbohydrates [97]. Therefore, Firmicutes’ high abundance in C. jejuni-colonized birds supports the increased energy demand and can reduce Proteobacteria, namely E. coli, in the gut [98].



It should be noted that during microbiome establishment in broilers, Proteobacteria dominates in the first week and then is replaced by Firmicutes as the birds mature [99]. The increase in Firmicutes at the expense of Proteobacteria and the decline of maternal antibodies might explain the susceptibility of the broiler to C. jejuni at weeks 2–3 of age. However, this is not always the case, as the abundance and translocation of E. coli increase following Campylobacter jejuni infection [100]. E. coli produces a siderophore known as “enterobactin” for iron acquisition [101]. C. jejuni cannot produce “enterobactin”; instead, it can utilize the same siderophore produced by E. coli to acquire iron when resources are scarce in the host [102]. Therefore, additional experiments are required to understand the shifts related to those bacteria when Campylobacter jejuni colonization occurs.



Streptococcus is another bacterium affected by C. jejuni’s presence [101]. Streptococcus produces lactate, a metabolic product that can be utilized by C. jejuni [102]. Cross-feeding between the two bacteria could explain the increase in Streptococcus relative abundance following C. jejuni infection. Differently, Lactobacillus spp. relative abundance is reduced following the C. jejuni infection [103]. Lactobacillus spp. dominates the gut of the broilers and plays an essential role in nutrient digestion, immune system activation, gut homeostasis, and integrity [104]. Moreover, Lactobacillus spp. produce organic acids and bacteriocins that inhibit the proliferation of C. jejuni colonization in the chicken gut [105]. The decrease in the relative abundance of Lactobacillus spp. can increase the colonization capacity of C. jejuni in infected broilers.



A unique interaction is observed between C. jejuni and C. perfringens in the gut, as the presence of C. jejuni infection increases C. perfringens abundance [106]. C. perfringens can ferment complex carbohydrates [107], which generate organic acids utilized by C. jejuni [103]. In exchange, C. jejuni works as a hydrogen sink, increasing Clostridium spp. fermentation capacity [101]. In addition, C. jejuni infection increases mucin production in the gut, creating a favorable area for Clostridium spp. to proliferate [108]. In vitro, the coculture of C. jejuni and C. perfringes producing biofilms improved their proliferation and survivability [109]. A mechanism hypothesized to be occurring in vivo is one in which Clostridium spp. biofilm could be one of the mechanisms through which C. jejuni evades the immune system. A similar interaction is present when Pseudomonas spp. biofilm enhances the survivability of Campylobacter jejuni on different surfaces [110]. On the other hand, a reduction in Corynebacterium was reported following C. jejuni infection in broilers [101]. Non-pathogenic Corynebacterium is a gram-positive bacterium that plays a crucial role in maintaining mucus-associated lymphoid tissue integrity [111]. It was demonstrated that Corynebacterium metabolites could destroy pathogenic biofilms formed in different environments [112,113]. Therefore, their reduction might be essential for C. jejuni’s successful interaction with biofilm-producing bacteria and colonization of the intestine.



Unexpected increases in certain bacteria, such as Bifidobacterium, following C. jejuni colonization have been reported [106]. Bifidobacterium cross-feeding with other bacteria stimulates the production of butyrate [114], which is detrimental to C. jejuni’s presence [115]. However, at the same time, Bifidobacterium can produce succinate, a carboxylic acid utilized by Campylobacter jejuni, when found in environments with low O2 levels (lower than 5%) [116]. Additionally, Bifidobacterium contains fucosidase, a mucin glycan-degrading enzyme, that breaks down the mucus to release fucose [117], another intermediate involved in C. jejuni’s citric acid cycle [118]. C. jejuni is accepted as an asacchrolytic organism as it lacks the ability to ferment carbohydrates. However, some studies [118,119] have revealed the presence of an L-fucose pathway in certain C. jejuni strains. Therefore, the presence of Bifidobacterium in an anaerobic environment could be beneficial for C. jejuni. Similarly, C. jejuni infection increased the abundance of Facecalibacteruim [106], which are other butyrate producers and vital players in reducing proinflammatory cytokines to protect the gut’s integrity [120]. Such an increase in butyrate-producing bacteria could be essential to having a tolerogenic immune reaction to C. jejuni’s presence by creating a downregulated environment. Figure 2 is a schematic representation of C. jejuni’s interactions with the gut microbiota.




5. Summary and Conclusions


The latest improvements in omics technologies have increased our knowledge concerning the complex bacterial communities found in the gut. It is now established that commensal bacteria play an important role in innate and adaptive immune system development, and that foodborne pathogens such as C. jejuni can alter the gut microbiota. However, we are still behind in having a detailed understanding of gut microbial interactions with immune system components. Commercial poultry production changed the microbiota acquisition in young broilers, as new age-related microbiome development in broilers is now observed. Understanding the dynamics of microbial communities in broilers is essential to developing novel technologies to enhance the immune system development, and to mitigate the load of foodborne pathogens.
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Figure 1. Major bacterial communities along the gastrointestinal tract of broilers. Created with BioRender.com (accessed on 29 January 2023). 
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Figure 2. C. jejuni interactions with the gut microbiota. Created with BioRender.com (accessed on 29 January 2023). 
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Table 1. Summary of the chicken gut microbiota effect on the innate and adaptive immune system development.
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Innate Immune System

	
Reference




	
Mucosal components

	

	
Lack of gut microbiota can result in (1) the reduction of neutral and acidic goblet cells as well as their density, (2) the reduced expression of Mucin 2 mRNA in the small intestine, (3) the absence of sialylated goblet cells, and (4) an increase in sulfated mucin.



	
The absence of gut microbes causes reduced mucin production and secretion resulting in a less mature small intestine mucosa.






	
[56]




	

	
Conventionally reared chicks can have greater numbers of jejunum and ileal goblet cells that primarily display sulfated acidic mucin composition, leading to an increase in sialylated sugars at four days post-hatch.



	
Changes in mucin profiles in response to the gut microbiota presence suggest that the gut microbiome has a potential role as a modulator of protective mechanisms in the intestinal mucosa.






	
[58]




	

	
The presence of the fed microorganisms can result in significantly (1) enlarged goblet cell “cup” area throughout the small intestine, (2) increased expression of mucin mRNA, and (3) increased levels of mucin glycoprotein in the jejunum.






	
[59]




	
Gene expression and Macrophage-like cells

	

	
Modifying the early microbial colonization of the jejunum in day-old Cobb 500 chickens by drinking water for 24 hours can impact the expression of genes that are involved in immunological processes on day 5 of age.



	
At day 5 of age, Cobb 500 chickens with a disrupted microbiome can have decreased expression of genes linked to immune signaling adaptors and innate signaling, indicating a delay in the development of cell-mediated immunity. Conversely, genes linked to cell development and intestinal barrier function can be upregulated.



	
On day 14 of age, antibiotic-treated chickens can have a lower number of macrophage-like cells in the jejunum tissue.



	
The downregulation of genes that are involved in immune processes can have a direct effect on the number of macrophages. Disrupting the early gut microbiome can result in reduced or altered innate immune competence.






	
[60]




	
Natural Killer Cells

	

	
Three-day-old broiler chickens that are inoculated with adult-derived microbiota can have an increase in the percentages of intestinal IL-2Rα+ natural killer cells and activated natural killer cells.



	
The mature microbiota can induce alterations in the presence and activation of intestinal natural killer cells, strengthening the innate immune defenses of broilers.






	
[62]




	
Heterophils

	

	
Chickens that are treated with Bacillus subtilis, Lactococcus lactis lactis, and Lactobacillus acidophilus isolates can exhibit a significant increase in heterophil degranulation and oxidative burst.



	
Gut microbes can significantly improve the host’s immune defenses by modulating heterophil oxidative burst and degranulation in broilers.






	
[65]




	
Defensins

	

	
Reducing microbial exposure in birds housed in a high hygiene environment can result in a lower expression of duodenal AvBD 1 and 4 at hatch and d7, with a similar trend in the ceca. Thus, the microbiota can significantly influence the host’s antimicrobial defenses.






	
[68]




	
Adaptative Immune System

	
Reference




	
B-cells and Immunoglobulins

	

	
Germ-free chickens can have underdeveloped B-cell regions and a lack of germinal centers in the cecal tonsils, lack B-cells in the lamina propria, decreased expression of genes involved in B-cell maturation and immunoglobulin class switching, and be negative for IgA detection in the gut or serum up to 4 weeks of age. Moreover, the effects could be partly rectified by mono-colonization using Escherichia coli Nissle or by tetra-colonization utilizing a strain of E. coli, Lactobacillus, Enterococcus, and Clostridium.






	
[72]




	

	
Chickens exposed to maternal feces after hatching can have increased IgA and IgY levels. Conversely, germ-free chickens contain lower serum IgY levels.






	
[30,73]




	
CD4+ and CD8+ T-cells

	

	
Germ-free chickens can lack of CD4+ and CD8+ T helper cells in the gut tissues through 4 weeks of age.






	
[72]




	

	
Disrupting the microbiota in day-old broilers with antibiotic treatment can result in a numerical decrease in the number of CD4+ T-cells.






	
[60]




	

	
Broilers that are inoculated with adult-derived microbiota can have an increase in relative numbers of intestinal cytotoxic CD8αα+ T cells at 14 and 21 days of age.






	
[62]




	
T-regulatory Cells

	

	
Disrupting the gut microbiome by administering an antibiotic cocktail in water for seven days can result in significantly decreasing Tregs in the cecal tonsils. The treated chickens can be fed acetate and recover the loss of Tregs in the cecal tonsils via the acetate receptor, GPR43.






	
[76]




	
Th-17 Cells

	

	
A study with chickens found that the generation of Th17 cells is suppressed by Tregs.






	
[80]




	

	
Cytokine responses in different bird breeds that are orally inoculated with the bacterium Campylobacter jejuni can result in a prominent Th17 response.






	
[81]
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