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The intestinal microbiota is a complex microbial community, with diverse and stable
populations hosted by the gastrointestinal tract since birth. This ecosystem holds
multiple anti-infectious, anti-inflammatory, and immune modulating roles decisive for
intestinal homeostasis. Among these, colonization resistance refers to the dynamic
antagonistic interactions between commensals and pathogenic flora. Hence, gut
bacteria compete for the same intestinal niches and substrates, while also releasing
antimicrobial substances such as bacteriocines and changing the environmental
conditions. Short chain fatty acids (SCFAs) generated in anaerobic conditions prompt
epigenetic regulatory mechanisms that favor a tolerogenic immune response. In
addition, the commensal flora is involved in the synthesis of bactericidal products,
namely secondary biliary acids or antimicrobial peptides (AMPs) such as cathellicidin-
LL37, an immunomodulatory, antimicrobial, and wound healing peptide. Gut microbiota
is protected through symbiotic relations with the hosting organism and by quorum
sensing, a specific cell-to-cell communication system. Any alterations of these
relationships favor the uncontrollable multiplication of the resident pathobionts or
external entero-pathogens, prompting systemic translocations, inflammatory reactions,
or exacerbations of bacterial virulence mechanisms (T6SS, T3SS) and ultimately lead
to gastrointestinal or systemic infections. The article describes the metabolic and
immunological mechanisms through which the intestinal microbiota is both an ally of
the organism against enteric pathogens and an enemy that favors the development of
infections.

Keywords: intestinal microbiota, infection, commensal flora, bacterial enteropathogens, colonization resistance,
mucosal immunity, short chain fatty acids

INTRODUCTION

The human body hosts trillions of microorganisms at the level of the skin and mucous membranes.
Together they build a complex microbial community, with multiple metabolic and immune
functions that are essential for the survival of the human organism (Lin and Zhang, 2017).The
most important representation of this community can be found in the gut as the intestinal
microbiota. The gut microbiota is a stable and diverse ecosystem established upon birth and that
gradually develops complex digestive and metabolic functions. Along with the intestinal epithelium,
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the microbiota forms a protective barrier against infectious
threats and plays an active role in promoting and maintaining
the immune homeostasis during intestinal infections. In order to
accomplish these functions, commensal bacteria that colonize the
intestinal tract develop symbiotic relationships with the human
organism while also competing against microbial pathogens.

The article is centered on the how antiinfectious defense
mechanisms intervene during host-microbiota interactions as
well as during the direct competition between commensals
and pathogens. The review details complex antiinfectious
mechanisms ensuring the success of the microbiota in this
competition, including quorum sensing (QS), colonization
resistance, direct bactericidal activity, cooperation with the
immune system and counteracting strategies developed by
enteric pathogens to ensure their survival.

MICROBIOTA AND INFECTIOUS
THREATS

The cells of the gut microbiota outnumber the somatic cells by
10–100 times, yet most cannot be cultivated in vitro. Molecular
techniques have revealed that the flora of healthy individuals
contains over 99.1% bacterial species and is mainly represented
by 4 phyla, Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria, the remaining ones being viruses or members
of the Archaea or Eukarya domain. At birth the microbiota
colonizes the intestinal tract and gradually diversifies so that
after 3 years the dominant pattern belongs to anaerobic
species Bacteroidetes, Firmicutes and especially Clostridium
cluster IV/XIV (Rajilic-Stojanovic et al., 2007). The small
intestine predominantly hosts Streptococcus, Veillonella and
Lactobacillus species, while the large intestine and distal gut
contain anaerobic species, mainly Bacteroides, Clostridium,
Fusobacterium, and Bifidobacterium and facultative anaerobic
species like Escherichia, Enterobacter, Enterococcus, Klebsiella,
Lactobacillus, and Proteus (Donaldson et al., 2016). The
relationship between the gut microbiota and the organism
can be symbiotic, mutual or commensal, thus allowing the
colonization with protective species (“symbionts”), among
which the most beneficial are Lactobacillus and Bifidobacterium
(Walter, 2008; O’Callaghan and van Sinderen, 2016). In certain
conditions though, pathogenic or potentially pathogenic
microorganisms (“pathobionts”) may trigger inflammatory,
oncogenic or infectious diseases. The pathogens that enter
the digestive tract induce diarrheal diseases complicated by
dehydration and organ failure. In addition, intestinal pathogens
release toxins, penetrate through the mucus layer, adhere to the
intestinal epithelium, manipulate the intestinal immunity, and
sometimes translocate into the systemic circulation (Stecher
and Hardt, 2008). The most threatening enteropathogens
include: Shigella; Campylobacter; Yersinia; and non-typhoid
Salmonella species associated with inflammatory diarrhea;
toxin producing Vibrio cholerae and Escherichia coli species
responsible for secretory diarrhea; and S. typhi/parathiphy
endotoxin producers causing systemic life-threatening enteric
fevers. Among conditional pathogens, two representatives

stand out: Enterococcus species responsible for endocarditis
and Clostridium difficile, a frequent cause of post-antibiotic
enterocolitis (Perez-Lopez et al., 2016).

The organism opposes enteric pathogens through an
“intestinal barrier” composed of 3 interdependent components,
namely the intestinal microbiota, the continuous intestinal
epithelium protected by the mucus layer and the mucosal
immunity. Within this structure, the microbiota restricts the
access of pathogens to the intestinal mucosa through specific
competitive mechanisms also termed “colonization resistance”
along with QS, a network of communication molecules.

BACTERIAL QUORUM SENSING IN THE
ANTIMICROBIAL DEFENSE

Despite the physiological variations and challenging survival
conditions in the gut, the microbiota has proved to be an
extremely stable structure throughout time. This stability is
ensured by QS, an intercellular communication mechanism
based on signaling molecules accumulated during bacterial
replication and regulated by feed-back (Thompson et al.,
2016). These chemical signals referred to as “autoinducers”
activate specific receptors and induce bacterial phenotypic
changes correlated with adherence, motility and intestinal density
of bacteria or with the secretion of protective short chain
fatty acids (SCFAs) and antimicrobial peptides (AMPs). QS
is employed both by commensals, to ensure gut homeostasis,
and by pathogens, to minimize host immune responses
and help express pathogenicity. One of these signals is the
autoinducer-2 (AI-2), released and recognized by a wide range
of commensal bacteria (Pereira et al., 2013). Hence, AI-2
produced by the commensal R.obeum, through accumulation
and negative feedback, restricts the colonization with the
pathogenic V. cholera (Hsiao et al., 2014). Enteropathogens
(E. coli, Clostridia, Listeria, and Pseudomonas species) exploit
QS systems against commensals by activating virulence factors,
toxin synthesis, sporulation, biofilm formation or by inducing
antimicrobial resistance (Chen et al., 2014; Asfour, 2018; Pinheiro
et al., 2018). Better knowledge of cell-cell QS signals and the
ability to enzymatically block some of the signals (Quorum
Quenching) already observed in many plants and demonstrated
on animal models could provide alternative solutions in
the future for antimicrobial treatment against multiresistant
strains.

COLONIZATION RESISTANCE AGAINST
PATHOGENS

The concept of colonization resistance refers to the ability of
commensals to prevent the colonization and overgrowth of
intestinal pathogens (Lawley and Walker, 2013). Colonization
resistance is a mechanism of intestinal protection following the
direct competition between commensals and pathogens for the
intestinal niche and nutritive resources.
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Niche Competition: Mucus-Layer
Protection
The intestinal epithelium is represented by a monolayer of
cells joined through tight junctions which plays a complex
role in mucus production and immune response (Rakoff-
Nahoum et al., 2004; Kong et al., 2018). Ever since birth, the
commensal flora attaches to the intestinal mucus, occupying
all available spaces and impeding enteropathogenic colonization
(Huang et al., 2011). The mucin-rich mucus layer exhibits
O-glycan structures or peptidic motifs that function as receptors
for bacterial adhesion, allowing the colonization with health-
promoting bacteria such as Lactobacillus and Bifidobacterium
(Kinoshita et al., 2007) and interfering in the metabolism of
certain immunoprotective species ( Bacteroides thetaiotaomicron,
Bacteroides fragilis) (Coyne et al., 2005; Martens et al., 2009;
Bergstrom and Xia, 2013). Mucin promotes bacterial clearance,
modulates virulence factors and biofilm formation, while also
ensuring the survival of commensals in the competition with
entheropathogens (Sicard et al., 2017). Mucus thus forms
the natural habitat of intestinal symbionts and is among the
first defense mechanisms of the intestinal epithelia against
bacterial invasion. Mucin competition is used for survival
by commensal strains of E. coli or Bifidobacterium versus
pathogenic E. coli or C. difficile (Collado et al., 2005; O’Callaghan
and van Sinderen, 2016). The probiotics have also been
shown to stimulate mucus secretion and intestinal colonization
(Collado et al., 2005; Caballero-Franco et al., 2007). Some
enteropathogens such as Samonella and Helicobacter pylori
have developed strategies to avoid mucus or overcome mucus
receptors such as flagellar motility (Salmonella, Campylobacter,
C. difficile, V. cholerae)., mucinases secretion (Salmonella
typhimurium, E. coli and S. flexneri, V. cholerae) or lack
of adhesins involved in intestinal adherence. Others have
developed mechanisms that anchor them better to the mucus
through mucin-binding proteins (Listeria, H. pylori) or fimbrial
adhesins (S. enterica) or activate certain virulence mechanisms,
namely type VI or III secretion system (T6SS,T3SS) (e.g.,
V. cholerae) (Branka et al., 1997; Tu et al., 2008; Ganesh
et al., 2013; Luo et al., 2014; Liu et al., 2015; Sicard et al.,
2017). In this context, mucus plays an important role in
bacterial pathogenic mechanisms and displays the potential
to become a target for future anti-diarrheal drug therapies
(Caballero-Franco et al., 2007).

Nutrient Competition: Mucus as a
Nutritive Resource
Mucins and dietary complex carbohydrates are essential
intestinal nutritive resources (Kim and Ho, 2010) to which
commensal species have adapted through specific metabolic
pathways (Ndeh and Gilbert, 2018). Enteropathogens frequently
use nutritious sources offered by commensal species; pathogenic
germs that are unable to metabolize these sources are
frequently eliminated. Hence, the pathogenic C. difficile
survives by metabolizing the succinate from the symbiont
B. thetaiotaomicron, whereas C. difficile mutans unable to
metabolize succinate are eliminated (Ferreyra et al., 2014).

Furthermore these metabolic pathways also ensure colonization
resistance. Thus, the glycan fucosylations predominantly induced
by Bacteroides provide a source of nutrition to symbionts and
favor their colonization. This mechanism is vital for the
colonization of Bacteroides species as well as for enteropathogens
that require fucosis to express virulence (Coyne et al., 2005;
Pacheco et al., 2012; Wands et al., 2015). S. typhimurium, C.
difficile, E. coli, Campylobacter jejuni still use fucose or other
metabolic products of commensal species (sialic acid, succinate)
to regulate their expansion and pathogenicity (Ng et al., 2013;
Curtis et al., 2014; Dwivedi et al., 2016; Sicard et al., 2018).

However, some pathogenic bacteria may use digestive
nutrients that commensals cannot metabolize. Thus,
ethanolamine, a carbon and nitrogen source for S. typhimurium,
Enterohemorrhagic E. coli (EHEC), Klebsiella, Pseudomonas,
C. difficile and Listeria monocytogenes cannot be used by
most commensal species (Garsin, 2010). EHEC species in
particular have developed metabolic pathways for distinct
sugar resources, some of which are inaccessible to commensal
E. coli (Fabich et al., 2008). Interestingly, in the presence of
multiple distinct strains of commensal E. coli, EHEC could
fail to colonize the gut according to mice experiments (Maltby
et al., 2013). Diversified diets offering a variety of sugars can
provide the necessary resources for some pathogenic germs
even during their competition with the commensal flora.
Citrobacter rodentium is such an example as it requires multiple
mono or polysaccharides and has a high rate of colonization.
However in the case of a diet based solely on monosaccharides,
C. rodentium cannot survive the competition with several
commensal species (Kamada et al., 2012). As a result, the dietary
intake of nutrients plays a significant role in the pathogenesis of
enteric infections.

The effective colonization of intestinal niches also requires the
ability to elude the immune barrier mounted by the mucosal
immunity and the specific antimicrobial compounds of the
microbiota, such as antimicrobial peptides, secondary bile acids
(BA) and SCFA.

THE ROLE OF MUCOSAL IMMUNITY

The mucosal immune response prevents the invasion of intestinal
niches by pathogens and ensures the immune tolerance toward
commensal germs (Wershil and Furuta, 2008). In particular,
DCs belonging to gut-associated lymphoid tissue are a key
population able to regulate mucosal immunity and intestinal
homeostasis. Thus, DCs are able to mount a tolerant response by
downregulating the NF-kB signaling cascade when DC activation
is induced by commensals through either epithelial-cell-derived
cytokines (TGF-β, IL10), luminal antigens or microfold cells.
Tolerogenic DC from mesenteric lymph nodes also display
a DC CD103+ profile that enables the conversion of naïve
CD4+T cells toward either of the following immunosuppressive
lymphocyte lineages: Th3, FoxP3+(TREG) and Th2 which favors
IgA secreting B-cells (Coombes and Powrie, 2008). Additionally,
anti-inflammatory cytokines (IL4,5,10,TGF-β) and IgA ensure
the protection of the intestinal epithelia and the anchorage of the
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FIGURE 1 | Microbiota and the intestinal barrier against infectious threats. (A) Symbionts shape mucosal immunity and protect intestinal epithelia. The commensal
flora, intestinal epithelia covered by mucus, and the mucosal immune response form a complex intestinal barrier against infectious threats. The first line of defense is
represented by the mucus layer as well as by antimicrobial peptides (cathelicidin), bacteriocins, and intestinal IgA that ensure the integrity of intestinal epithelial cells
(IECs). The commensal flora is interconnected through Quorum-sensing signals (e.g., AI-2 inducer) and is anchored to the protective mucus, at a distance from the
intestinal epithelia. Thus commensal species reach high densities in mucosal niches and use available nutrient sources contributing to the colonization resistance.
The mucosal immunity is best represented by a network of cells and cytokines within the lamina propria, submucosa and mesenteric ganglia that are ultimately
modulated by the commensal flora. Commensals activate resident submucosal dendritic cells (DCs) and initiate an immunosuppressive response through
NFkB/TGFβ pathway which in turn activates the lymphnode CD103+ DCs mesenteric population. These DCs subset have the ability to prime naïve CD4+ T cell
lymphocytes from mesenteric ganglia and induce immunosuppressive CD4+ T cells lineages, namely Th3, FoxP3+ (TREG) and Th2-inducing IL10, and TGF-β
cytokines. The immune-tolerant response protects IECs and allows symbiotic relationships between the organism and commensal flora. (B) Intestinal pathogens
activate inflammatory mediators and promote invasion. Pathogenic species possess virulence factors (T6SS or T3SS system, flagella, mucus binding proteins,
mucinases, etc.) that enable their mucus diffusion and translocation across IECs. Herein pathogens activate TLR4 and 5 receptors and subsequently induce the
release of inflammatory cytokines, IL1, IL6, and IL8. These cytokines further activate the CD103+/-DCs population and either promote CD4 T helper cells polarization
into inflammatory Th1, Th17, and CD8-cytotoxic subsets or stimulate B lymphocytes to express IgG, while also reducing the immunosuppressive response. The IgG
activity and inflammatory response driven by Th1/Th17-related cytokines, IFN-γ, IL-17, limits the bacterial invasion. The AI-2 inducer produced by certain symbionts
can also prevent intestinal colonization with pathogenic species through negative feedback signals. However a significant gut inflammatory response allows bacterial
translocation.

commensal flora to the protective mucus (Hasegawa et al., 2014).
On the other hand, a proinflammatory response ensues when
the TLR mediated response generated by pathogens switches
the DC tolerogenic profile to the inflammatory CD103-/+
mesenteric DCs. DCs will further upregulate the NF-kB system
and stimulate CD4 differentiation into inflammatory Th1,
Th17, and CD8-cytotoxic subsets along with IgG secreting B
lymphocytes. Furthermore, proinflammatory cytokines (IL6, IL8,
IL17, IL21, IL22, and IFN-γ) will recruit neutrophils to the
invaded site (Vandamme et al., 2012; Hunter and De Plaen,
2014; Perez-Lopez et al., 2016). The inflammatory response
ensures epithelial integrity and prevents the invasion of the
intestinal mucosa by Salmonella, C. jejuni or other pathogens
(Geddes et al., 2011). Dysregulations of the NF-κB pathway

could nevertheless induce an excessive inflammatory response
and epithelial disruption, promoting translocations of bacteria
and toxins (Figure 1).

MICROBIOTA AND ITS DIRECT
WEAPONS, THE ANTIMICROBIAL
COMPOUNDS

Antimicrobial Peptides
Antimicrobial peptides are innate immune effector molecules
with bactericidal, anti-inflammatory and anti-endotoxinic
properties (Vandamme et al., 2012). Cathelicidin, a vitamin D
mediated AMP, favors mucus synthesis and epithelial repair,
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FIGURE 2 | The role of short chain fatty acids (SCFA) in the anti-infectious defense. (A) SCFA are fermentation products of the commensal flora and exert
anti-inflammatory and trophic roles on the intestinal epithelial cells (IECs). SCFA elicit effects on IECs metabolism increasing colonic acidity and preventing the
colonization with pathogenic germs. SCFA play a significant role in the preservation of tight epithelial junctions through the activation of HIF factor and by decreasing
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SCFA regulate the inflammatory response by promoting tolerogenic dendritic cells (DCs), IL-10-producing T-helper cells (TREG), and Th2 response including B-cell
IgA production. The immune role of SCFA relies on their ability to induce an anti-inflamatory response and to stimulate antimicrobial molecules, namely cathelicidin
(LL37) and intestinal IgA. Consequently SCFA offer protection to IEC and decrease the risk of bacterial invasion and toxin translocation. (B) The absence of SCFA
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as well as chemotaxis and T-cell recruitment to the invaded
site. The intestinal microbiota facilitates the synthesis of AMP
in the intestinal epithelium via a pattern recognition receptor
mediated mechanism or indirectly, through its own metabolic
products, in particular SCFA (Schauber et al., 2003; Raqib
et al., 2012). B. thetaiotaomicron and Listeria innocua are
the main species that induce AMP, especially angiogenins,
cathelicidin and several defensines (Hooper et al., 2003;
Eckmann, 2005). AMP release can be down-regulated by certain
pathogens (Helycobacter, Schigella) or up-regulated by probiotics
(Lactobacillus, Bifidobacterium), explaining the success of the
experimental use of probiotics in the prophylaxis of intestinal
infections in birds (Sunkara et al., 2012).

Bacteriocins
The commensal flora produces cell wall-active bactericidal
polypeptides generically called bacteriocins. Bacteriocins are
produced by Eubacteria and some Archaea species and are
classified according to their peptidic structure (Garcia-Gutierrez
et al., 2018). Bacteriocin-producing species are best represented
by the families of the Lactobacillaceae and Bifidobacterium
(Hammami et al., 2013). Each bacterial species produces several
types of bacteriocins regulated by QS in a cell density-dependent
manner (Kleerebezem, 2004). Bacteriocins significantly limit
the colonization with multidrug resistant enterococci (Millette
et al., 2008), L. monocytogenes (Dabour et al., 2009), C. difficile
(Crowther et al., 2013), S.aureus (Park et al., 2007) and
other pathogens (Umu et al., 2016). In addition, probiotics
also release bacteriocins responsible for the elimination of
certain pathogenic species and for the restoration of commensal
intestinal communities. Thus, the probiotic strain E. coli Nissle-
1917 induces anti Shiga-toxin bacteriocins (Mohsin et al.,
2015) while PA-1 pediocin acts upon Listeria species (Dabour
et al., 2009). Sactibiotic thuricin-CD, a bacteriocin produced
by a strain of B.thuringiensis, exhibits inhibitory concentrations
against C. difficile that are comparable to vancomycin and
metronidazole without the former’s toxicity (Mathur et al., 2016).
Despite increasing attention, the study of bacteriocins is impeded
by unstandardized methods and discordant results on animal
models.

Secondary Bile Acids
Bile acids are essential antimicrobial agents controlled by the
intestinal microbiota acting through cell membrane-damage or
by activating vitamin D and farnesoid X nuclear receptors
involved in the regulation of cathelicidin (Ridlon et al., 2014;
Martin et al., 2018).

The liver synthesizes cholic acid and chenodeoxycholic acids,
two primary BAs deconjugated by bacteria bile salt hydrolases
(BSHs) and converted to secondary BAs, namely deoxycholic
acid (DCA) and lithocholic acid. It has been suggested that BSHs-
producing species of Lactobacillus, Bifidobacterium, Clostridium,
and Bacteroides are protected from the toxicity of BA and are
advantaged in the competition for survival (Horáčková, 2018).
One example is the invasive BSH-producing L. monocytogenes
strain versus BSH-negative and non-virulent L. innocua
(Dussurget et al., 2002). Deconjugation is an attribute of Gram

positive bacilli, especially of the commensal Lactobacillus
and Clostridium species (e.g., C. scindens) and ensures the
colonization resistance toward other species (Buffie et al.,
2015). B.bifidum-induced DCA diminishes the pathogenicity
of certain germs by targeting virulence-associated T6SS or
T3SS effectors, used by toxigenic enterobacteria species and
V. cholerae (Urdaneta and Casadesús, 2017). Furthermore, the
absence of DCA-producing commensals allows the expansion
of pathogens as in the case of C. difficile enterocolitis (Kochan
et al., 2018). Increasing the level of BAs through therapy or diets
favors the expansion of species involved in BA deconjugation
(Firmicutes and Clostridium in particular) along with the
inhibition of Bacteroidetes and Actinobacteria. Nevertheless,
certain invasive species such as Salmonella can survive for
prolonged periods despite high concentrations of BAs (Urdaneta
and Casadesús, 2017). Considering that excessive BAs, especially
DCA, are involved in the development of cholesterol gallstones
and colon cancer, the intestinal flora can play an additive
role to these complications. Concurrently, low concentrations
of BAs are correlated with reduced antimicrobial function,
favoring Gram negative bacterial overgrowth and translocation
(Ridlon et al., 2014).

Short Chain Fatty Acids
Short chain fatty acids are saturated aliphatic organic acids
consisting of a chain of 2–6 carbon atoms and a carboxylic acid
moiety. SCFAs result from fermentation processes initiated by the
gut and perform immune, anti-infectious and metabolic roles.
There are three main types of SCFA: acetate, propionate and
butyrate. Butyrate is mostly produced by Firmicutes in the colon,
while acetate and propionate produced by Bacteroidetes strains
predominate in the systemic circulation (Cummings et al., 1987).

SCFAs are GPR41, GPR43, and GPR109 membrane receptor
ligands with immunomodulatory functions. These receptors
are located specifically in the intestinal tract but can also be
found in leukocytes, hematopoietic tissues (GPR43) or in the
enteric nervous system, portal circulation and gut–brain neural
circuit (GPR41). GPR109 mainly expressed in the colon epithelia
responds to butyrate only. At a cellular level, SCFAs protect
the intestinal epithelium and reduce bacterial translocation by
stabilizing the hypoxia-inducible transcription factor (Kelly et al.,
2015). SCFAs also act as epigenetic regulators of the local and
systemic inflammatory response. Thus SCFAs serve as histone
acetyltransferases activators or histone deacetylase inhibitors
(HDACi) that modulate transcriptional factors (e,g NF-κB,
MyoD) (Liu et al., 2012; Koh et al., 2016; Chen et al., 2018).
Butyrate, the most potent HDACi, has been shown to modulate
the genetic expression of over 19.000 genes in a human colonic
epithelial cell line (Daly and Shirazi-Beechey, 2006). SCFAs
acting as HDAC is also exert divergent immunologic responses
depending on the cell type and its degree of activity and HDACi
type (Villagra et al., 2010). SCFAs can thus regulate Th1/Th2
cytokines, often favoring an anti-inflammatory response (DC
with a tolerogenic profile, the production of Foxp3+(TREG) cells,
IL10 release, NF-kB suppression). In addition, SCFAs inhibit
inflammatory responses mounted by polymorphonuclear cells,
lymphocytes or tissue phagocytes (Figure 2). However, once an
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inflammatory process has already been initiated, SCFAs further
intensify this process.

The action of SCFAs on T lymphocytes depends on their
activation – activated T lymphocytes favor SCFA suppression of
FoxP3+TREG cells, while decreased T cell activation induces
FoxP3+(TREG) cell expansion. Furthermore, in the presence
of an infection and of subsequent T cell lymphocyte activation,
SCFAs promote the differentiation of Th1 and Th17 and
stimulate both effector (pro-inflammatory) and FoxP3+(TREG)
cell lines. Still, in the absence of an acute infection SCFAs induce
cell production of IL10 and immune tolerance (Cavaglieri et al.,
2003; Furusawa et al., 2013; Figure 2).

Short chain fatty acids play a trophic role on the intestinal
mucosa, enable the proliferation of normal colon cells and
maintain the integrity of epithelial tight junctions. By decreasing
epithelial permeability, SCFAs oppose bacterial and LPS
translocations. Thus the acetate produced by Bifidobacteria
inhibits the apoptosis of epithelial cells and prevents gut-blood
EHEC-Shiga toxins translocation (Fukuda et al., 2011). SCFAs
interfere with the lipid and glucose metabolism in the liver
and various tissues and represent an energy source for gut
epithelia. In addition, SCFAs acidify the intestinal environment
further preventing the colonization with pathogenic bacteria
(den Besten et al., 2013). Thus Clostridium butyrate producers
(especially Lachnospiraceae, Ruminococcaceae, and F.prausnitzii)
impede the colonization with Salmonella, C. difficile, and
Campylobacter species (Goepfert and Hicks, 1969; Van Deun
et al., 2008; Antharam et al., 2013; Rivera-Chávez et al., 2016).
As a result, pathogenic species will colonize locations where
the pH is convenient for the expression of virulence factors,
such as the colon for Shigella or the ileum and jejunum for
the invasive EHEC and S. tiphy/S. typhimurium (Speelman
et al., 1984; Tazume et al., 1990). On the other hand SCFAs
and particularly butyrate, modulate the expression of cellular
receptors (e.g., EHEC-Shiga toxin receptors), virulence factors

(T3SS) or epithelial adherence factors of some enteropathogens
(Nakanishi et al., 2009; Tobe et al., 2011; De Nisco et al., 2018).
Consequently, some commensal species may support pathogenic
bacteria via SCFA release, while others strengthen the barrier
function of the intestinal epithelium and prevent translocations
or colonization with bacterial pathogens. These observations
highlight the idea that the simple presence of SCFAs is not
sufficient to balance the gut-microbiota relationship and that
further data is needed on SCFA producing probiotics and their
administration.

CONCLUSION

The intestinal microbiota is a complex and stable microbial
community whose symbiotic relationship with the human
organism is crucial for gut homeostasis and colonization
resistance against intestinal pathogens. The effective colonization
by pathogens is precluded through the competition with
commensal flora for the same intestinal niche and nutritional
resources, as well as by specific antimicrobial products and
mucosal immune response. Pathogens employ multiple strategies
to adapt to this hostile environment such as the expression of
various virulence factors, structural changes or the manipulation
of the QS system. Any changes involving the structure, stability
or functional activities of intestinal microbiota could have long-
lasting effects and favor intestinal and systemic infections.
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Horáčková, Š., Plocková, M., and Demnerová, K. (2018). Importance of microbial
defence systems to bile salts and mechanisms of serum cholesterol reduction.
Biotechnol. Adv. 36, 682–690. doi: 10.1016/j.biotechadv.2017.12.005

Hsiao, A., Ahmed, A. M. S., Subramanian, S., Griffin, N. W., Drewry, L. L., Petri,
W. A., et al. (2014). Members of the human gut microbiota involved in recovery
from Vibrio cholerae infection. Nature 515, 423–426. doi: 10.1038/nature13738

Huang, J. Y., Lee, S. M., and Mazmanian, S. K. (2011). The human commensal
Bacteroides fragilis binds intestinal mucin. Anaerobe 17, 137–141. doi: 10.1016/
j.anaerobe.2011.05.017

Hunter, C. J., and De Plaen, I. G. (2014). Inflammatory signaling in NEC: role of
NF-κB, cytokines and other inflammatory mediators. Pathophysiol. Off. J. Int.
Soc. Pathophysiol. 21, 55–65. doi: 10.1016/j.pathophys.2013.11.010

Kamada, N., Kim, Y.-G., Sham, H. P., Vallance, B. A., Puente, J. L., Martens, E. C.,
et al. (2012). Regulated virulence controls the ability of a pathogen to compete
with the gut microbiota. Science 8, 1325–1329. doi: 10.1126/science.1222195

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

Kim, Y. S., and Ho, S. B. (2010). Intestinal goblet cells and mucins in health and
disease: recent insights and progress. Curr. Gastroenterol. Rep. 12, 319–330.
doi: 10.1007/s11894-010-0131-2

Kinoshita, H., Uchida, H., Kawai, Y., Kitazawa, H., Miura, K., Shiiba, K., et al.
(2007). Quantitative evaluation of adhesion of Lactobacilli isolated from human
intestinal tissues to human colonic mucin using surface plasmon resonance
(BIACORE assay). J. Appl. Microbiol. 102, 116–123. doi: 10.1111/j.1365-2672.
2006.03061.x

Kleerebezem, M. (2004). Quorum sensing control of lantibiotic production; nisin
and subtilin autoregulate their own biosynthesis. Peptides 25, 1405–1414.
doi: 10.1016/j.peptides.2003.10.021

Kochan, T. J., Shoshiev, M. S., Hastie, J. L., Somers, M. J., Plotnick, Y. M., Gutierrez-
Munoz, D. F., et al. (2018). Germinant synergy facilitates Clostridium difficile
spore germination under physiological conditions. mSphere 3:e00335-18.

Koh, A., De Vadder, F., Kovatcheva-Datchary, P., and Bäckhed, F. (2016). From
dietary fiber to host physiology: short-chain fatty acids as key bacterial
metabolites. Cell 165, 1332–1345. doi: 10.1016/j.cell.2016.05.041

Kong, S., Zhang, Y. H., and Zhang, W. (2018). Regulation of intestinal epithelial
cells properties and functions by amino acids. Biomed. Res. Int. Hindawi 2018,
1–10. doi: 10.1155/2018/2819154

Lawley, T. D., and Walker, A. W. (2013). Intestinal colonization resistance.
Immunology 138, 1–11. doi: 10.1111/j.1365-2567.2012.03616.x

Lin, L., and Zhang, J. (2017). Role of intestinal microbiota and metabolites on gut
homeostasis and human diseases. BMC Immunol. 18:2. doi: 10.1186/s12865-
016-0187-3

Liu, T., Li, J., Liu, Y., Xiao, N., Suo, H., Xie, K., et al. (2012). Short-chain
fatty acids suppress lipopolysaccharide-induced production of nitric oxide and
proinflammatory cytokines through inhibition of NF-κB pathway in RAW264.7
cells. Inflammation 35, 1676–1684. doi: 10.1007/s10753-012-9484-z

Liu, Z., Wang, Y., Liu, S., Sheng, Y., Rueggeberg, K.-G., Wang, H., et al. (2015).
Vibrio cholerae represses polysaccharide synthesis to promote motility in
mucosa. Infect. Immun. 83, 1114–1121. doi: 10.1128/IAI.02841-14

Luo, Q., Kumar, P., Vickers, T. J., Sheikh, A., Lewis, W. G., Rasko, D. A., et al.
(2014). Enterotoxigenic Escherichia coli secretes a highly conserved mucin-
degrading metalloprotease to effectively engage intestinal epithelial cells. Infect
Immun. 82, 509–521. doi: 10.1128/IAI.01106-13

Maltby, R., Leatham-Jensen, M. P., Gibson, T., Cohen, P. S., and Conway, T. (2013).
Nutritional basis for colonization resistance by human commensal Escherichia
coli strains HS and Nissle 1917 against E. coli O157:H7 in the mouse intestine.
PLoS One 8:e53957. doi: 10.1371/journal.pone.0053957

Martens, E. C., Roth, R., Heuser, J. E., and Gordon, J. I. (2009). Coordinate
regulation of glycan degradation and polysaccharide capsule biosynthesis by a
prominent human gut symbiont. J. Biol. Chem. 284, 18445–18457. doi: 10.1074/
jbc.M109.008094

Frontiers in Microbiology | www.frontiersin.org 8 January 2019 | Volume 9 | Article 3328

https://doi.org/10.1136/gut.28.10.1221
https://doi.org/10.1016/j.chom.2014.11.005
https://doi.org/10.1016/j.ijfoodmicro.2009.05.005
https://doi.org/10.1016/j.ijfoodmicro.2009.05.005
https://doi.org/10.1089/dna.2006.25.49
https://doi.org/10.1089/dna.2006.25.49
https://doi.org/10.1128/mBio.02122-17
https://doi.org/10.1128/mBio.02122-17
https://doi.org/10.1194/jlr.R036012
https://doi.org/10.1038/nrmicro3552
https://doi.org/10.1046/j.1365-2958.2002.03080.x
https://doi.org/10.1046/j.1365-2958.2002.03080.x
https://doi.org/10.1111/mmi.13409
https://doi.org/10.1097/01.mog.0000153311.97832.8c
https://doi.org/10.1097/01.mog.0000153311.97832.8c
https://doi.org/10.1128/IAI.01386-07
https://doi.org/10.1016/j.chom.2014.11.003
https://doi.org/10.1038/nature09646
https://doi.org/10.1038/nature12721
https://doi.org/10.1371/journal.pone.0074963
https://doi.org/10.1080/19490976.2018.1455790
https://doi.org/10.1038/nrmicro2334
https://doi.org/10.1038/nm.2391
https://doi.org/10.1007/s00018-012-1202-3
https://doi.org/10.1007/s00018-012-1202-3
https://doi.org/10.1016/j.immuni.2014.09.010
https://doi.org/10.1038/ni888
https://doi.org/10.1016/j.biotechadv.2017.12.005
https://doi.org/10.1038/nature13738
https://doi.org/10.1016/j.anaerobe.2011.05.017
https://doi.org/10.1016/j.anaerobe.2011.05.017
https://doi.org/10.1016/j.pathophys.2013.11.010
https://doi.org/10.1126/science.1222195
https://doi.org/10.1016/j.chom.2015.03.005
https://doi.org/10.1007/s11894-010-0131-2
https://doi.org/10.1111/j.1365-2672.2006.03061.x
https://doi.org/10.1111/j.1365-2672.2006.03061.x
https://doi.org/10.1016/j.peptides.2003.10.021
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1155/2018/2819154
https://doi.org/10.1111/j.1365-2567.2012.03616.x
https://doi.org/10.1186/s12865-016-0187-3
https://doi.org/10.1186/s12865-016-0187-3
https://doi.org/10.1007/s10753-012-9484-z
https://doi.org/10.1128/IAI.02841-14
https://doi.org/10.1128/IAI.01106-13
https://doi.org/10.1371/journal.pone.0053957
https://doi.org/10.1074/jbc.M109.008094
https://doi.org/10.1074/jbc.M109.008094
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-03328 January 28, 2019 Time: 17:42 # 9

Iacob et al. Gut Microbiota Anti-infective Mechanisms

Martin, G., Kolida, S., Marchesi, J. R., Want, E., Sidaway, J. E., and Swann, J. R.
(2018). In vitro modeling of bile acid processing by the human fecal microbiota.
Front. Microbiol. 9:1153. doi: 10.3389/fmicb.2018.01153

Mathur, H., Rea, M. C., Cotter, P. D., Hill, C., and Ross, R. P. (2016). The efficacy of
thuricin CD, tigecycline, vancomycin, teicoplanin, rifampicin and nitazoxanide,
independently and in paired combinations against Clostridium difficile biofilms
and planktonic cells. Gut Pathog. BioMed Central 8:20. doi: 10.1186/s13099-
016-0102-8

Millette, M., Cornut, G., Dupont, C., Shareck, F., Archambault, D., and Lacroix, M.
(2008). Capacity of human nisin- and pediocin-producing lactic acid bacteria
to reduce intestinal colonization by vancomycin-resistant enterococci. Appl.
Environ. Microbiol. 1, 1997–2003. doi: 10.1128/AEM.02150-07

Mohsin, M., Guenther, S., Schierack, P., Tedin, K., and Wieler, L. H. (2015).
Probiotic Escherichia coli Nissle 1917 reduces growth, Shiga toxin expression,
release and thus cytotoxicity of enterohemorrhagic Escherichia coli. Int. J. Med.
Microbiol. 305, 20–26. doi: 10.1016/j.ijmm.2014.10.003

Nakanishi, N., Tashiro, K., Kuhara, S., Hayashi, T., Sugimoto, N., and Tobe, T.
(2009). Regulation of virulence by butyrate sensing in enterohaemorrhagic
Escherichia coli. Microbiology 155, 521–530. doi: 10.1099/mic.0.023499-0

Ndeh, D., and Gilbert, H. J. (2018). Biochemistry of complex glycan
depolymerisation by the human gut microbiota. FEMS Microbiol. Rev. 42,
146–164. doi: 10.1093/femsre/fuy002

Ng, K. M., Ferreyra, J. A., Higginbottom, S. K., Lynch, J. B., Kashyap, P. C.,
Gopinath, S., et al. (2013). Microbiota-liberated host sugars facilitate post-
antibiotic expansion of enteric pathogens. Nature 502, 96–99. doi: 10.1038/
nature12503

O’Callaghan, A., and van Sinderen, D. (2016). Bifidobacteria and their role as
members of the human gut microbiota. Front. Microbiol. 7:925. doi: 10.3389/
fmicb.2016.00925

Pacheco, A. R., Curtis, M. M., Ritchie, J. M., Munera, D., Waldor, M. K., Moreira,
C. G., et al. (2012). Fucose sensing regulates bacterial intestinal colonization.
Nature 492, 113–117. doi: 10.1038/nature11623

Park, Y.-S., Shin, W.-S., and Kim, S.-K. (2007). In vitro and in vivo activities of
echinomycin against clinical isolates of Staphylococcus aureus. J. Antimicrob.
Chemother. 61, 163–168. doi: 10.1093/jac/dkm421

Pereira, C. S., Thompson, J. A., and Xavier, K. B. (2013). AI-2-medated signalling
in bacteria. FEMS Microbiol. Rev. 37, 156–181. doi: 10.1111/j.1574-6976.2012.
00345.x

Perez-Lopez, A., Behnsen, J., Nuccio, S.-P., and Raffatellu, M. (2016). Mucosal
immunity to pathogenic intestinal bacteria. Nat. Rev. Immunol. 16, 135–148.
doi: 10.1038/nri.2015.17

Pinheiro, J., Lisboa, J., Pombinho, R., Carvalho, F., Carreaux, A., Brito, C., et al.
(2018). MouR controls the expression of the Listeria monocytogenes Agr system
and mediates virulence. Nucleic Acids Res. 46, 9338–9352. doi: 10.1093/nar/
gky624

Rajilic-Stojanovic, M., Smidt, H., and de Vos, W. M. (2007). Diversity of the human
gastrointestinal tract microbiota revisited. Environ. Microbiol. 9, 2125–2136.
doi: 10.1111/j.1462-2920.2007.01369.x

Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, F., Edberg, S., and Medzhitov, R.
(2004). Recognition of commensal microflora by toll-like receptors is required
for intestinal homeostasis. Cell 118, 229–241. doi: 10.1016/j.cell.2004.07.002

Raqib, R., Sarker, P., Mily, A., Alam, N. H., Arifuzzaman, A. S. M., Rekha, R. S., et al.
(2012). Efficacy of sodium butyrate adjunct therapy in shigellosis: a randomized,
double-blind, placebo-controlled clinical trial. BMC Infect. Dis. 12:111.
doi: 10.1186/1471-2334-12-111

Ridlon, J. M., Kang, D. J., Hylemon, P. B., and Bajaj, J. S. (2014). Bile acids and the
gut microbiome. Curr. Opin. Gastroenterol. 30, 332–338. doi: 10.1097/MOG.
0000000000000057

Rivera-Chávez, F., Zhang, L. F., Faber, F., Lopez, C. A., Byndloss, M. X., Olsan,
E. E., et al. (2016). Depletion of butyrate-producing Clostridia from the gut
microbiota drives an aerobic luminal expansion of Salmonella. Cell Host
Microbe 19, 443–454. doi: 10.1016/j.chom.2016.03.004

Schauber, J., Svanholm, C., Termén, S., Iffland, K., Menzel, T., Scheppach, W.,
et al. (2003). Expression of the cathelicidin LL-37 is modulated by short chain
fatty acids in colonocytes: relevance of signalling pathways. Gut 52, 735–741.
doi: 10.1136/gut.52.5.735

Sicard, J.-F., Le Bihan, G., Vogeleer, P., Jacques, M., and Harel, J. (2017).
Interactions of intestinal bacteria with components of the intestinal mucus.
Front. Cell Infect. Microbiol. 7:387. doi: 10.3389/fcimb.2017.00387

Sicard, J.-F., Vogeleer, P., Le Bihan, G., Rodriguez Olivera, Y.,
Beaudry, F., Jacques, M., et al. (2018). N-Acetyl-glucosamine
influences the biofilm formation of Escherichia coli. Gut Pathog. 10:26.
doi: 10.1186/s13099-018-0252-y

Speelman, P., Kabir, I., and Islam, M. (1984). Distribution and spread of colonic
lesions in shigellosis: a colonoscopic study. J. Infect. Dis. 150, 899–903.
doi: 10.1093/infdis/150.6.899

Stecher, B., and Hardt, W.-D. (2008). The role of microbiota in infectious disease.
Trends Microbiol. 16, 107–114. doi: 10.1016/j.tim.2007.12.008

Sunkara, L. T., Jiang, W., and Zhang, G. (2012). Modulation of antimicrobial
host defense peptide gene expression by free fatty acids. PLoS One 7:e49558.
doi: 10.1371/journal.pone.0049558

Tazume, S., Takeshi, K., Saidi, S. M., Ichoroh, C. G., Mutua, W. R., Waiyaki, P. G.,
et al. (1990). Ecological studies on intestinal microbial flora of Kenyan children
with diarrhoea. J. Trop Med. Hyg. 93, 215–221.

Thompson, J. A., Oliveira, R. A., and Xavier, K. B. (2016). Chemical conversations
in the gut microbiota. Gut Microbes 7, 163–170. doi: 10.1080/19490976.2016.
1145374

Tobe, T., Nakanishi, N., and Sugimoto, N. (2011). Activation of motility by sensing
short-chain fatty acids via two steps in a flagellar gene regulatory cascade in
enterohemorrhagic Escherichia coli. Infect. Immun. 79, 1016–1024. doi: 10.1128/
IAI.00927-10

Tu, Q. V., McGuckin, M. A., and Mendz, G. L. (2008). Campylobacter
jejuni response to human mucin MUC2: modulation of colonization and
pathogenicity determinants. J. Med. Microbiol. 57, 795–802. doi: 10.1099/jmm.
0.47752-0

Umu, Ö. C. O., Bäuerl, C., Oostindjer, M., Pope, P. B., Hernández, P. E., Pérez-
Martínez, G., et al. (2016). The potential of class II bacteriocins to modify gut
microbiota to improve host health. PLoS One 11:e0164036. doi: 10.1371/journal.
pone.0164036

Urdaneta, V., and Casadesús, J. (2017). Interactions between bacteria and bile
salts in the gastrointestinal and hepatobiliary tracts. Front. Med. 4:163. doi:
10.3389/fmed.2017.00163

Van Deun, K., Pasmans, F., Van Immerseel, F., Ducatelle, R., and Haesebrouck, F.
(2008). Butyrate protects Caco-2 cells from Campylobacter jejuni invasion
and translocation. Br. J. Nutr. 100, 480–484. doi: 10.1017/S00071145089
21693

Vandamme, D., Landuyt, B., Luyten, W., and Schoofs, L. (2012). A comprehensive
summary of LL-37, the factotum human cathelicidin peptide. Cell. Immunol.
280, 22–35. doi: 10.1016/j.cellimm.2012.11.009

Villagra, A., Sotomayor, E. M., and Seto, E. (2010). Histone deacetylases and the
immunological network: implications in cancer and inflammation. Oncogene
29, 157–173. doi: 10.1038/onc.2009.334

Walter, J. (2008). Ecological role of lactobacilli in the gastrointestinal tract:
implications for fundamental and biomedical research. Appl. Environ.
Microbiol. 74, 4985–4996. doi: 10.1128/AEM.00753-08

Wands, A. M., Fujita, A., McCombs, J. E., Cervin, J., Dedic, B., Rodriguez, A. C.,
et al. (2015). Fucosylation and protein glycosylation create functional receptors
for cholera toxin. Elife 4:e09545. doi: 10.7554/eLife.09545

Wershil, B., and Furuta, G. (2008). Gastrointestinal mucosal immunity. J. Allergy
Clin. Immunol. 121, S380–S383. doi: 10.1016/j.jaci.2007.10.023

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

Copyright © 2019 Iacob, Iacob and Luminos. 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.

Frontiers in Microbiology | www.frontiersin.org 9 January 2019 | Volume 9 | Article 3328

https://doi.org/10.3389/fmicb.2018.01153
https://doi.org/10.1186/s13099-016-0102-8
https://doi.org/10.1186/s13099-016-0102-8
https://doi.org/10.1128/AEM.02150-07
https://doi.org/10.1016/j.ijmm.2014.10.003
https://doi.org/10.1099/mic.0.023499-0
https://doi.org/10.1093/femsre/fuy002
https://doi.org/10.1038/nature12503
https://doi.org/10.1038/nature12503
https://doi.org/10.3389/fmicb.2016.00925
https://doi.org/10.3389/fmicb.2016.00925
https://doi.org/10.1038/nature11623
https://doi.org/10.1093/jac/dkm421
https://doi.org/10.1111/j.1574-6976.2012.00345.x
https://doi.org/10.1111/j.1574-6976.2012.00345.x
https://doi.org/10.1038/nri.2015.17
https://doi.org/10.1093/nar/gky624
https://doi.org/10.1093/nar/gky624
https://doi.org/10.1111/j.1462-2920.2007.01369.x
https://doi.org/10.1016/j.cell.2004.07.002
https://doi.org/10.1186/1471-2334-12-111
https://doi.org/10.1097/MOG.0000000000000057
https://doi.org/10.1097/MOG.0000000000000057
https://doi.org/10.1016/j.chom.2016.03.004
https://doi.org/10.1136/gut.52.5.735
https://doi.org/10.3389/fcimb.2017.00387
https://doi.org/10.1186/s13099-018-0252-y
https://doi.org/10.1093/infdis/150.6.899
https://doi.org/10.1016/j.tim.2007.12.008
https://doi.org/10.1371/journal.pone.0049558
https://doi.org/10.1080/19490976.2016.1145374
https://doi.org/10.1080/19490976.2016.1145374
https://doi.org/10.1128/IAI.00927-10
https://doi.org/10.1128/IAI.00927-10
https://doi.org/10.1099/jmm.0.47752-0
https://doi.org/10.1099/jmm.0.47752-0
https://doi.org/10.1371/journal.pone.0164036
https://doi.org/10.1371/journal.pone.0164036
https://doi.org/10.3389/fmed.2017.00163
https://doi.org/10.3389/fmed.2017.00163
https://doi.org/10.1017/S0007114508921693
https://doi.org/10.1017/S0007114508921693
https://doi.org/10.1016/j.cellimm.2012.11.009
https://doi.org/10.1038/onc.2009.334
https://doi.org/10.1128/AEM.00753-08
https://doi.org/10.7554/eLife.09545
https://doi.org/10.1016/j.jaci.2007.10.023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Intestinal Microbiota as a Host Defense Mechanism to Infectious Threats
	Introduction
	Microbiota and Infectious Threats
	Bacterial Quorum Sensing in the Antimicrobial Defense
	Colonization Resistance Against Pathogens
	Niche Competition: Mucus-Layer Protection
	Nutrient Competition: Mucus as a Nutritive Resource

	The Role of Mucosal Immunity
	Microbiota and Its Direct Weapons, the Antimicrobial Compounds
	Antimicrobial Peptides
	Bacteriocins
	Secondary Bile Acids
	Short Chain Fatty Acids

	Conclusion
	Author Contributions
	References


