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ABSTRACT

The gut microbiota plays essential roles in human health and disease. In this review, we focus on the role of the intestinal
microbiota in promoting resistance to infection by bacterial pathogens as well as how pathogens overcome this barrier. We
discuss how the resident microbiota restricts growth and colonization of invading pathogens by limiting availability of
nutrients and through generation of a hostile environment. Additionally, we examine how microbiota-derived signaling
molecules interfere with bacterial virulence. In turn, we discuss how pathogens exploit non-competitive metabolites to
replicate in vivo as well as to precisely control virulence and cause disease. This bacterial two step of creating and
overcoming challenges important in preventing and establishing infection highlights the complexities of elucidating
interactions between the commensal bacteria and pathogens. Better understanding of microbiota–pathogen interplay will
have significant implications for developing novel therapeutics to treat infectious diseases.
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INTRODUCTION

The mammalian gastrointestinal (GI) tract is home to trillions
of microbes collectively known as the microbiota that are es-
sential for human health. The microbiota aids in nutrient up-
take, vitamin production and in the development of the diges-
tive and immune systems (Pédron and Sansonetti 2008; Round
andMazmanian 2009). Shortly after the emergence of antibiotics
as treatment for bacterial infections, it became apparent that
disturbances in the microbiota, or dysbiosis, resulted in suscep-
tibility to bacterial infection. These findings suggested that the
microbiota serves as a barrier against infection by pathogenic
bacteria (Miller, Bohnhoff and Rifkind 1956). Indeed, the resi-
dent microbiota employs diverse mechanisms to promote re-
sistance against bacterial pathogens; however, as in any arms
race, pathogens evolved strategies to overcome these protec-

tive mechanisms and successfully establish infection. In this re-
view, we discuss ways that the resident microbiota promotes
resistance to and combats bacterial pathogens as well as how
pathogens evade and exploit the microbiota.

Colonization resistance—more than a numbers game

The microbiota directly provides protection against infection by
invading pathogens by limiting access to nutrients (described
below) as well as indirectly by bolstering host innate and adap-
tive immune responses (Macpherson and Uhr 2004; Duan et al.
2010; Lathrop et al. 2011; Chung et al. 2012; Hand et al. 2012;
Olszak et al. 2012; Wingender et al. 2012; Diehl et al. 2013; Farache
et al. 2013). This process has been termed colonization resistance
(van der Waaij, Berghuis-de Vries and Lekkerkerk-van der Wees
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Figure 1. Relative proportions of the microbiota in the gastrointestinal tract. Bacteroidetes and Firmicutes are the most abundant phyla in the gut. Proteobacteria and
Actinobacteria species are also frequently represented, but at lower numbers. Relative proportions are compiled as a summary of measurements, and do not represent
exact numbers.

Figure 2. Shifts in the composition of the microbiota allow for pathogen invasion. Diversity in the composition of the microbiota is protective against infection. A loss

of diversity, such as that which occurs after antibiotic use, opens up a niche for pathogens to establish infection.

1971). The microbiota is comprised of between 500 and 1000 dif-
ferent species of bacteria, the majority of which are localized
to the large intestine (Savage 1977; Turnbaugh et al. 2010). Al-
though the exact ratio of bacteria belonging to specific phyla
varies among individuals, species belonging to the phyla Bac-
teroidetes and the Firmicutes are the most predominant with
members of other phyla present in lower numbers (Eckburg et al.
2005; Andersson et al. 2008; Arumugam et al. 2011; Dominianni
et al. 2015; Singh et al. 2015) (Fig. 1). This review focuses mainly
on the roles of the Bacteroidetes, Firmicutes and Proteobacte-
ria in enteric infections (for an in-depth review of the microbial
diversity of the gut, we refer readers to Lozupone et al. 2012).
Disturbances in themicrobiota are associated with GI infections
(Goldberg et al. 2014; Ling et al. 2014; Singh et al. 2015; Zhang et
al. 2015; Gu et al. 2016; Kampmann et al. 2016). For example, mice
colonized by a low-complexity microbiota (LCM) are more sus-
ceptible to Salmonella enterica serovar Typhimurium (Salmonella)
infection compared to mice colonized by a normal microbiota.
To confirm that susceptibility to infection was a result of the

LCM, the authors reintroduced the normal microbiota to the
LCM mice, which restored colonization resistance (Stecher et al.
2010). Additionally, the microbiota not only limits susceptibility
to Salmonella, but also plays an additional role inmediating clear-
ance of Salmonella and limiting infection (Endt et al. 2010). More-
over, the drug Metformin, used for treatment of diabetes, leads
to increases in the proportion of Bacteroidetes and Firmicutes in
patients, and is associated with a protective effect against the
development of Clostridium difficile infections (CDI) (Eliakim-Raz
et al. 2015). Overall, these studies suggest that a diverse popula-
tion of microbes is necessary for protection against pathogens
(Fig. 2).

A key strategy to maintaining this diversity and consequent
protective effects is based on the ability of each member of the
microbiota to efficiently and specifically metabolize a limited
repertoire of nutrients (Sperandio 2012). For example, anaer-
obic bacteria encode enzymes to break down polysaccharides
present in the intestinal mucus and/or derived from the host.
Commensal species of Bacteroides thetaiotaomicron or B. vulgatus,
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Figure 3. Microbiota-derived molecules prevent colonization by pathogens. The microbiota produces molecules that contribute to colonization resistance. (A) Mem-

bers of the microbiota consume complex polysaccharides and produce SCFAs, which prevent proliferation of and colonization by pathogens. (B) The QS molecule,
autoinducer-2 (AI-2), helps the microbiota colonize the gut, which also prevents colonization by pathogens. Additionally, AI-2 negatively affects virulence gene
regulation.

as well as commensal Escherichia coli, are better adapted to us-
ing these monosaccharides in the gut compared to intestinal
pathogens such as enterohemorrhagic E. coli (EHEC), Salmonella
or Shigella (Freter and Abrams 1972; Hudault, Guignot and Servin
2001; Miranda et al. 2004; Kamada et al. 2012). These invad-
ing pathogens are basically starved and unable to establish a
foothold in the gut due to their poor efficiency in competing for
these nutrients. Therefore, a diverse microbiota competing for a
greater portion of the available nutrients restricts the ability of
pathogens to replicate within a host.

Creating a hostile environment

The microbiota can influence environmental conditions within
the intestine, which consequently limits growth of invading
pathogens. For example, microbiota-derived metabolites such
as short chain fatty acids (SCFAs) provide a mechanism of re-
sistance. The anaerobic members of the microbiota ferment
polysaccharides, resulting in the production of SCFAs includ-
ing butyrate, propionate and acetate (Tan et al. 2014). SFCAs
have been shown to reduce disease severity associatedwith sev-
eral enteric pathogens. Specifically, SCFAs inhibit the growth of
EHEC, particularly at acidic pH andduring anaerobic growth con-
ditions (Shin, Suzuki and Morishita 2002). This is likely a result
of the accumulation of SCFAs in the bacterial cytoplasm, which
can be toxic especially at lower pH (Sun andO’Riordan 2013). Ad-
ditionally, after infectionwith Shigella, rabbits given colonic infu-
sions with a mixture of SFCAs (acetate, propionate, n-butyrate;
60:30:40 mM) displayed improved clinical symptoms and a cor-
relating decrease of Shigella compared to the untreated control

group (Rabbani et al. 1999), suggesting that SFCAs function to
limit colonization by Shigella (Fig. 3A).

Secondary bile acids also contribute to colonization resis-
tance. Bile acids are synthesized in the liver and are important
for the metabolism of dietary lipids (Ridlon, Kang and Hylemon
2006). These primary bile acids may be resorbed in the small in-
testine or further metabolized by members of the microbiota to
secondary bile acids (Ridlon, Kang and Hylemon 2006). Physio-
logically relevant concentrations of secondary bile acids inhibit
C. difficile growth and spore germination during murine infec-
tion (Theriot, Bowman and Young 2016). Furthermore, members
of the Firmicutes, specifically the Lachnospiraceae and Ruminococ-
caceae families as well as C. scindens, correlate positively with
secondary bile acids generated within the intestine and resis-
tance to C. difficile (Buffie et al. 2015; Theriot, Bowman and Young
2016). Studies that pinpoint beneficial attributes of particular
members of the microbiota in promoting resistance to infection
are necessary, as different strains of bacteria can provide vary-
ing degrees of resistance (Fukuda et al. 2011). These studies also
indicate that bacterial-generated metabolites may have poten-
tial therapeutic applications for treatment of CDI and possibly
other enteric infections.

In addition to creating an inhospitable environment for
pathogens, the microbiota is armed to deploy direct assaults on
invading pathogens. Commensal bacteria produce bacteriocins,
which are small, ribosomally synthesized peptides that are ac-
tive against other bacteria and against which the producer has a
specific immunity mechanism (Cotter, Hill and Ross 2005). Bac-
teriocins were discovered nearly 100 years ago (Gratia 1925) and
were presumed to function by eliminating competition during
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bacterial culture. Bacteriocins have been reported to inhibit im-
portant intestinal pathogens (Hechard and Sahl 2002; Snelling
2005; Kirkup 2006; Gillor, Etzion and Riley 2008). These data sup-
port the idea that bacteriocins influence the composition of the
microbiota by providing a competitive advantage to bacteria that
produce these molecules. The Firmicutes are the main produc-
ers of bacteriocins, and bacteria belonging to the Proteobacteria,
Bacteroidetes and Actinobacteria also encode multiple bacteri-
ocins (Drissi et al. 2015). Several bacteriocin-producing commen-
sal bacteria are used as probiotics to bolster intestinal health
(i.e. Bifidobacterium sp. and Lactobacillus sp.); however, for many
of these strains and associated bacteriocins, it is still unclear
whether the production of bacteriocins per se provides the pro-
biotic properties of these bacteria (Martinez et al. 2013). Enterococ-
cus sp. are common members of the microbiota; however, some
strains are able to cause disease by translocating to deeper tis-
sues and to the bloodstream (Buffie and Pamer 2013). Many en-
terococci carry conjugative plasmids that encode bacteriocins
(Fujimoto et al. 1995). Recent evidence demonstrated Enterococ-
cus faecalis carrying the conjugative plasmid pPD1, which ex-
presses bacteriocin 21 (Fujimoto et al. 1995), can eliminate an-
tibiotic resistant enterococci from the GI tract of mice (Kommi-
neni et al. 2015). These datamay have important implications for
preventing severe, systemic infections associated with oppor-
tunistic enterococci. These findings also provide proof of princi-
ple that the production of bacteriocins, specifically, contributes
to the probiotic properties of Enterococcus, and demonstrate that
bacteriocins effectively inhibit growth of pathogens within the
complex environment of the intestine.

A second mechanism that the microbiota has in its arse-
nal to combat pathogens is a type VI secretion system (T6SS).
Gram-negative bacteria encode T6SSs, which enable bacteria to
translocate effectors, including phospholipases, peptidoglycan
hydrolases, nucleases andmembrane pore-forming proteins, di-
rectly into the periplasm of a target bacterium (Russell, Peter-
son and Mougous 2014). Recent studies have shown that many
members of the Bacteroidetes encode T6SSs (Russell et al. 2014;
Coyne, Roelofs and Comstock 2016). Significantly, these genes
are expressed during mammalian infection and inhibit growth
of intestinal bacteria, suggesting that along with bacteriocins,
T6SSs contribute to colonization resistance and stability of key
members of the microbiota (Russell et al. 2014). Overall, these
studies demonstrate that the microbiota plays indirect and di-
rect roles to limit pathogen growth.

Microbiota-derived signals limit virulence

Bacteria rely on chemical and nutrient signaling to coordinate
gene expression, which allows for successful adaptation of dis-
tinct host niches (Kendall and Sperandio 2016). To date, most
research examining the impact of these signaling pathways on
bacterial/host interactions has focused on their roles in bac-
terial pathogenesis (see below). However, increasing evidence
suggests that chemical and nutrient signaling contribute to the
establishment and maintenance of the resident microbiota as
well as control of virulence of invading pathogens. During quo-
rum sensing (QS), bacteria regulate gene expression in a man-
ner that reflects population density (Nealson, Platt and Hastings
1970; Nealson and Hastings 1979). Briefly, a bacterial cell pro-
duces and secretes a signaling molecule, called an autoinducer.
As the density of a particular bacterial population increases, the
concentration of the autoinducer similarly increases. When the
autoinducer concentration reaches a critical threshold, the au-
toinducer diffuses back into the cell and activates or represses

certain target genes (Kendall and Sperandio 2009). An important
QS system relies on the autoinducer AI-2, which is synthesized
by the LuxS enzyme (Schauder et al. 2001). Several commensal
bacteria, including Bifidobacterium sp. and Lactobacillus sp., en-
code a luxS homolog and synthesize AI-2 (DeKeersmaecker and
Vanderleyden 2003; Kleerebezem et al. 2003; Sun et al. 2004; Alter-
mann et al. 2005). Recently, AI-2 was detected in fecal contents of
mice, confirming that the microbiota produces AI-2 in the intes-
tine (Hsiao et al. 2014). Moreover, LuxS and AI-2 enhance biofilm
formation in Bifidobacterium in vitro (Sun et al. 2014). Addition-
ally, a luxS mutation resulted in a significant fitness defect dur-
ing murine and nematode competition assays (Christiaen et al.
2014), suggesting that AI-2-dependent signaling enhances colo-
nization by commensal bacteria (Fig. 3B).

Recent in vivo studies further support a protective role of AI-
2 against pathogens by helping to restore the normal composi-
tion of themicrobiota following antibiotic treatment. Thompson
et al. colonizedmicewith recombinant E. coli strains that reduced
or increased AI-2 concentration in the intestine. Significantly,
an increase in AI-2 concentrations resulted in re-expansion of
the Firmicutes,which had been depleted following streptomycin
treatment. Bioinformatic analyses revealed that more than 80%
of genomes classified in the Firmicutes contained putative luxS
homologs, suggesting that AI-2 signalingmay function in a feed-
back loop that restores colonization of AI-2 producing bacteria
following dysbiosis (Thompson et al. 2015).

Another study extended these findings and showed that
AI-2 produced by amember of themicrobiota was not only asso-
ciated with restoration of a healthy microbiota following acute
infection by Vibrio cholerae, but also that AI-2 signaling damp-
ened V. cholerae virulence (Hsiao et al. 2014). Specifically, Hsiao
et al. (2014) demonstrated that recovery from V. cholerae infec-
tion correlated with an increase of bacterial taxa that is similar
to the pattern of accumulation of the gut microbiota in healthy
Bangladeshi children. One of the species consistently present
in fecal samples following V. cholerae infection was Ruminococcus
obeum (which is a member of the Firmicutes; Lawson and Fine-
gold 2015). Because the relative abundance of R. obeumwas con-
sistently increased afterV. cholerae infection, the authors focused
on the impact of this bacterium on V. cholerae pathogenesis. Ru-
minococcus obeum restricted V. cholerae colonization and reduced
expression of V. cholerae virulence factors in co-colonized mice.
Additionally, RNAseq data revealed that expression of a R. obeum
luxS homolog increased in the response to V. cholerae coloniza-
tion. To confirm that AI-2-dependent signaling by R. obeum influ-
enced V. cholerae virulence, the authors co-infected mice with V.
cholerae and E. coli expressing R. obeum luxS, which led to the re-
duction of V. cholerae colonization and virulence gene expression
(Hsiao et al. 2014).

The signaling molecule indole also regulates bacterial viru-
lence. Species of commensal bacteria including E. coli, B. ova-
tus and C. bifermentans produce indole (Smith and Macfarlane
1996; Lee, Jayaraman and Wood 2007). In vitro studies demon-
strated that indole represses EHEC chemotaxis, motility, adher-
ence to epithelial cells and virulence gene expression (Bansal
et al. 2007). Indole has been detected in human fecal samples
(Karlin et al. 1985), suggesting that production of indole by the
microbiota may limit intestinal colonization by pathogens. Fi-
nally, other microbiota-derived signals may also influence vir-
ulence gene expression, as an unidentified soluble factor se-
creted by B. thetaiotaomicron limits Shiga toxin expression in
EHEC (deSablet et al. 2009). These studies reveal that signaling
molecules produced by the gut microbiota play dual roles in en-
hancing resistance to pathogens: signaling molecules stabilize
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Figure 4. Pathogens exploit microbiota-generated metabolites. Bacteroides thetaiotaomicron cleaves host mucin producing monosaccharides, including fucose and sialic
acid. (A) Normally, the commensal bacteria consume these nutrients, preventing their consumption by pathogens. (B) If the microbiota is depleted or disturbed, such
as after antibiotic use, pathogens are able to utilize these nutrients to establish infection. (C) Pathogens, such as Salmonella, take advantage of molecules generated by

the host inflammatory response. Salmonella induces inflammation, which leads to the production of superoxide (O2
−) and iNOS, which in turn lead to the formation

of tetrathionate (S4O6
2−) and nitrate (NO3

−), respectively. Salmonella utilizes tetrathionate and nitrate as electron acceptors during anaerobic respiration.

the microbiota and suppress bacterial virulence (Fig. 3B). Alto-
gether, the microbiota is able to directly restrict pathogen col-
onization by shaping the intestinal environment to physically
restrict pathogen growth, by attacking and killing pathogens,
as well as by modulating regulatory circuits important for vir-
ulence.

Pathogens fight back—exploiting and promoting
dysbiosis

Despite the ability the microbiota to restrict pathogen invasion,
pathogens have evolved mechanisms to overcome challenges
posed by commensal bacteria. Themicrobiota remains relatively
stable over time in healthy individuals, but changes in host en-
vironment, diet and use of antibiotics can cause reorganization
of the community (Turnbaugh et al. 2009; David et al. 2014a,b),
which in turn influences susceptibility to and severity of in-
fections (Backhed et al. 2005; De Filippo et al. 2010; Lozupone
et al. 2013) (Fig. 2). Several pathogens including C. difficile and
Salmonella exploit dysbiosis to gain access to previously unavail-
able nutrients and expand in the perturbed intestine. For ex-
ample, B. thetaiotaomicron cleaves host mucins, which produces
monosaccharides such as fucose and sialic acid. In a healthy
gut, commensal bacteria metabolize these sugars (Fig. 4A); how-
ever, after antibiotic treatment, C. difficile and Salmonella effi-
ciently utilize these nutrients to establish infection (Ng et al.
2013) (Fig. 4B). B. thetaiotaomicron also produces succinate during
the catabolism of dietary carbohydrates. Succinate is a fermen-
tation intermediate that ismetabolized to varying extents to SC-
FAs by cross-feeding species in the intestine (Bernalier, Dore and
Durand 1999; Macfarlane and Macfarlane 2003). In general, suc-
cinate does not accumulate to significant levels in the gut; how-
ever, succinate levels increase during intestinal inflammation,

such as during antibiotic-associated diarrhea and during CDI in
humans and mice (Lawley et al. 2012). C. difficile takes advantage
of the succinate accumulation during dysbiosis and couples the
reduction of succinate to butyrate to expand in the intestine and
cause disease (Ferreyra et al. 2014).

Pathogens also exploit host inflammation to generate elec-
tron acceptors important in anaerobic respiration. Antibiotics
as well as bacterial virulence factors can induce an inflamma-
tory response (Barman et al. 2008; Spees et al. 2013). For exam-
ple, following streptomycin treatment, bacteria belonging to the
Enterobactericeae, including E. coli and Salmonella, are able to use
inflammation-generated electron acceptors for robust growth in
the murine GI tract, which enables these bacteria to outgrow
the obligate anaerobes, such as the Bacteroidetes and Firmicutes
(Stecher et al. 2007; Winter et al. 2010, 2013; Lopez et al. 2012;
Spees et al. 2013). Notably, Salmonella uses two type III secretions
systems (T3SSs) and effectors encoded within the Salmonella
pathogenicity islands 1 and 2 (SPI-1 and SPI-2) to directly in-
duce host inflammation (Stecher et al. 2007; Winter et al. 2010;
Lopez et al. 2012). Salmonella-induced inflammation results in
iNOS production that is converted to nitrate, an energetically
favorable electron acceptor (Lopez et al. 2012) (Fig. 4C). Further-
more, superoxide production by infiltrating neutrophils gener-
ates tetrathionate, which is respired in conjunction with the
non-competitive metabolite ethanolamine to outgrow the mi-
crobiota (Thiennimitr et al. 2011) (Fig. 4C).

Finally, accumulating data suggests that the toxin B, pro-
duced by C. difficile, alters the intestinal milieu and shapes
the microbiota to create a beneficial environment for infec-
tion. C. difficile toxin B inhibits Rho GTPase in cells lines, re-
sulting in internalization of the Na+/H+ exchanger isoform 3
(NHE3) (Hayashi et al. 2004). Inmice, inhibition of NHE3 results in
chronic diarrhea, elevatedNa+ and alkaline luminal fluid, which
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is similar to conditions used to grow C. difficile in vitro (Engevik
et al. 2015). Inhibition of NHE3 also results in an altered micro-
biota composition with decreased members of the Firmicutes
and increased numbers of Bacteroidetes. Recently, Engevik et al.
(2015) linked these findings and showed that NHE3 expression
was decreased in biopsy specimens from patients experienc-
ing CDI compared to healthy individuals. Additionally, CDI stool
had elevated Na+ and alkaline pH, in conjunction with elevated
Bacteroidetes and Proteobacteria and decreased Firmicutes (En-
gevik et al. 2015). These findings indicate a model in which C.
difficile toxins create an alkaline environment in the gut, leading
to the proliferation of Bacteroidetes that do not compete with
C. difficile, as well as a lower number of Firmicutes, particularly
those of the Clostridial species, which share similar nutrient pref-
erences with C. difficile. These changes in bacterial composition
during infection allow for enhanced expansion ofC. difficile. Alto-
gether, these findings highlight that pathogens actively and di-
rectly modulate the intestinal environment to enhance growth.

If you can’t beat ‘em, avoid them—sidestepping
competition

Besides eliminating competition or taking advantage of a dis-
turbed microbiota, pathogens can metabolize non-competitive
metabolites and/or colonize host niches devoid of microbial
competition. For example, although commensal E. coli and EHEC
will preferentially metabolize overlapping sugars for growth
during murine infection, EHEC will also use a distinct reper-
toire of sugars (Fabich et al. 2008). Specifically, EHEC uses galac-
tose, heuronates, mannose and ribose, whereas commensal E.
coli uses gluconate and N-acetylneuraminic acid (Fabich et al.
2008). Furthermore, before the onset of inflammation, Salmonella
uses microbiota-derived hydrogen as an electron donor cou-
pled to fumarate reduction to establish infection in the gut
(Maier et al. 2013). After the onset of inflammation, Salmonella
uses ethanolamine as an electron donor coupled to tetrathion-
ate reduction to outgrow the microbiota (Thiennimitr et al.
2011). Ethanolamine is derived from the breakdown of phos-
phatidylethanolamine, an abundant lipid in cell membranes,
during normal turnover of bacteria and epithelial cells (Garsin
2010). In addition to Salmonella, ethanolamine metabolism pro-
vides a growth advantage to EHEC, E. faecalis and Listeria mono-
cytogenes during infection (Maadani et al. 2007; Bertin et al. 2011;
Mellin et al. 2014).

Another mechanism that pathogens use to establish infec-
tion is to colonize a distinct niche within the GI tract free of nu-
trient competition (Sperandio 2012). The epithelial cell surface
is covered by mucus that physically excludes bacteria from con-
tacting these cells (Sellers andMorton 2014). The composition of
mucus is complex and includes glycosylated proteins (mucin),
monosaccharides, enzymes as well as antimicrobial peptides
(Becker and Lowe 2003; Robbe et al. 2004). Themucus layer chem-
ically and physically excludes bacteria from contacting epithe-
lial cells (Sellers and Morton 2014). However, some pathogens
encode virulence factors that enable penetration of the mucus
layer and adhesion to enterocytes, which is devoid of competing,
commensal bacteria. For example, EHEC uses a T3SS and effec-
tors encoded within the locus of enterocyte effacement (LEE) to
intimately attach to enterocytes and cause attaching and effac-
ing lesions (AE lesions) (Jerse et al. 1990; Jarvis et al. 1995; Mc-
Daniel et al. 1995; Kenny et al. 1997). Using Citrobacter rodentium, a
murine pathogen that models EHEC mammalian infection, Ka-
mada et al. (2012) demonstrated that the EHEC T3SS was only

required during infection of conventional mice, but not during
infection of germ-free mice. In conventional mice, Ci. rodentium
T3SS deletion strains remained in the lumen and were outcom-
peted by other Proteobacteria, such as commensal E. coli; how-
ever, these deletion strains of Ci. rodentiumwere able to colonize
and grow in germ-freemice. In contrast, Ci. rodentium expressing
the T3SS were able to colonize both germ-free and conventional
mice and localized to the epithelium (Kamada et al. 2012). There-
fore, the ability of pathogens to bypass the robust barrier posed
by the microbiota is an effective strategy to grow and replicate
during infection.

Honing in on microbiota-derived signals to control
pathogenesis

Bacterial pathogens must precisely control expression of viru-
lence traits to conserve energy, avoid detection from the im-
mune system and to coordinate expression of factors important
for adhesion versus dissemination. Some E. faecalis strains pro-
duce abundant biofilms, which enhances intestinal colonization
(Creti et al. 2006) and leads to severe biofilm-related infections,
such as bacteremia, endocarditis and implant infections (Huf-
nagel et al. 2004; Tendolkar et al. 2004; Nallapareddy et al. 2006;
Paganelli et al. 2016). Enterococcus faecalis uses AI-2 as a signal to
induce virulence gene expression, including genes that belong
to prophage 5. Phage expression induces dispersal of biofilm,
suggesting that this is a mechanism to promote dissemination
(Rossmann et al. 2015). Additionally, phage release can result
in lysogeny of non-phage carrying probiotic strains of E. fae-
calis. Phage transduction resulted in augmented pathogenesis,
as lysogenized E. faecalisweremore virulent inmouse sepsis and
rat endocarditis models of infection (Rossmann et al. 2015). Al-
though E. faecalis produces AI-2, it is not clear whether E. faecalis
also respond to AI-2 produced by commensal bacteria to mod-
ulate pathogenesis. Regardless, this is a mechanism in which E.
faecalis can detect neighboring bacteria that are present in high
numbers, and thus increase the likelihood of productive infec-
tion of these nearby bacteria with released phages (Rossmann
et al. 2015).

Significantly, metabolites can function as cues that enable
pathogens to sense niches within a host and modulate expres-
sion of virulence genes, independently of their roles in pro-
moting bacterial growth (Luzader and Kendall 2015). EHEC and
Salmonella sense end products of B. thetaiotaomicronmetabolism,
including fucose, succinate and SCFAs as cues to modulate ex-
pression of virulence genes important for host colonization. B.
thetaiotaomicron cleaves fucose from the host mucin, and EHEC
encodes the two-component system FusKR that senses fucose.
In this two-component system, FusK is the histidine kinase that
senses fucose and initiates a signaling cascade through the re-
sponse regulator FusR. FusR in turn directs expression of viru-
lence and metabolism genes, including repression of genes en-
coding the EHEC T3SS (Pacheco et al. 2012a). Fucose is abun-
dant in the lumen, and presumably at this site, fucose acts as
a signal that enables EHEC to repress virulence gene expression
in the lumen where it would be energetically wasteful (Fig. 5).
Succinate is a major by-product of fermentation by Bacteroides
species (Macy, Ljungdahl and Gottschalk 1978), and EHEC senses
succinate through the transcription factor Cra to gauge gluco-
neogenic versus glycolytic conditions within the intestine and
modulate virulence gene expression (Njoroge et al. 2012; Curtis
et al. 2014) (Fig. 5). The role of succinate in EHEC virulence was
demonstrated in vivo using Ci. rodentium. Mice infected with Ci.
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Figure 5. Pathogens utilize host- andmicrobiota-derived molecules to regulate virulence gene expression. Pathogens sense different molecules within different niches

of the GI tract (i.e. lumen andmucus layer), and either increase or decrease expression of virulence genes in response. For example, EHEC senses fucose in the lumen of
the colon, which inhibits expression of the T3SS, preventing unnecessary expression of virulence genes in the wrong intestinal location. SCFAs in the lumen enhance
expression of flagella and motility. In contrast, EHEC senses other metabolites near the epithelial layer, including succinate and the SCFA butyrate, which induce
expression of the T3SS and the formation of AE lesions on host epithelial cells. Additionally, the metabolite ethanolamine, a component of host and bacterial cell

membranes, induces expression of the T3SS.

rodentium displayed more severe clinical manifestations when
reconstitutedwith B. thetaiotaomicron compared tomice inwhich
the normal microbiota was depleted. Disease severity corre-
lated with increased concentrations of succinate in mice with
B. thetaiotaomicron compared to mice in which B. thetaiotaomicron
was absent (Curtis et al. 2014).

SCFAs also provide information to bacterial pathogens con-
cerning their location within the host. Concentrations of SCFAs
vary throughout the GI tract, with the highest concentrations
measured in the proximal colon (Tan et al. 2014). Pathogens ex-
ploit sensing SCFAs to differentially regulate gene expression.
Salmonella senses acetate to promote expression of hilA and invF
that encode regulators of SPI-1, a pathogenicity island required
for invasion of epithelial cells (Durant, Corrier and Ricke 2000).
Salmonella’s response to acetate is due at least in part to the accu-
mulation of acetate in the cytoplasm, likely as a result of increas-
ing concentration of acetate in the distal ileum (Lawhon et al.
2002). Addition of propionate and butyrate to culture medium
did not have significant effects on Salmonella virulence (Durant,
Corrier and Ricke 2000; Lawhon et al. 2002). In EHEC, a mix-
ture of SCFAs triggered expression of genes encoding flagella
and motility (Tobe, Nakanishi and Sugimoto 2011); however, bu-
tyrate, specifically, enhanced LEE gene expression and adher-
ence to epithelial cells (Nakanishi et al. 2009) (Fig. 5). The bu-
tyrate regulatory cascade is complex and involves several pro-
teins. Upon sensing butyrate, the leucine-responsive regulatory
(Lrp) protein initiates a signaling cascade that promotes expres-
sion of pchA (Nakanishi et al. 2009), which encodes a direct ac-
tivator (PchA) of the LEE (Iyoda and Watanabe 2004; Abe et al.
2008). Additional studies demonstrated that Lrp directly regu-
lates another transcription factor LeuO (Takao, Yen and Tobe
2014). Subsequently, LeuO binds the LEE promoter to activate
gene expression and microcolony formation (Takao, Yen and
Tobe 2014). LeuO activation of the LEE genes required PchA, and

both PchA and Ler activated leuO expression. This positive feed-
back mechanismmay prolong expression of the LEE (Takao, Yen
and Tobe 2014), and thus enhance EHEC attachment to the host
epithelium.

EHEC and Salmonella recognize ethanolamine as a signal to
modulate virulence gene expression (Kendall et al. 2012; Luzader
et al. 2013; Gonyar and Kendall 2014; Anderson et al. 2015) (Fig. 5).
In EHEC, ethanolamine activates expression of genes important
for colonization of the GI tract, including those encoding fim-
brial adhesins, the T3SS encoded within the LEE pathogenic-
ity island, and Shiga toxin (Kendall et al. 2012; Gonyar and
Kendall 2014). In Salmonella, ethanolamine activates expression
of the T3SS encoded within the Salmonella pathogenicity is-
land 2, and thus augments Salmonella survival and replication
within macrophages (Anderson et al. 2015). EHEC and Salmonella
directly sense ethanolamine through the transcription factor
EutR, which is encoded in the ethanolamine utilization (eut)
operon (Roof and Roth 1992). Independently of its role in ac-
tivating the eut operon, EutR directly activates transcription
of virulence gene expression in EHEC and Salmonella (Luzader
et al. 2013; Anderson et al. 2015). Interestingly, during murine
infection, Salmonella EutR differentially regulates gene expres-
sion in response to distinct host environments. In the intestine,
EutR promotes ethanolamine metabolism, enabling Salmonella
to sidestep nutritional competition; however, in the spleen, EutR
activates expression of SPI-2 and thus enhances systemic in-
fection (Anderson et al. 2015). Ethanolamine is ubiquitous and
constantly replenished in the host environment, suggesting that
ethanolamine is a reliable indicator of the host environment.
These studies highlight the complex roles of nutrients in bacte-
rial pathogenesis, not only in promoting growth, but also serv-
ing as host recognition cues that enable proper spatiotemporal
control of genes encoding colonization and virulence factors.
Altogether, pathogens overcome the microbiota roadblock to
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infection by rapidly replicating during episodes of dysbiosis,
scavenging metabolites and niches not readily consumed or in-
habited by the microbiota, and exploit microbiota-derived sig-
nals, including metabolites, to drive virulence mechanisms.

CONCLUSIONS AND OUTLOOK

In this review, we highlighted how the resident microbiota func-
tions to antagonize growth and virulence of invading pathogens
as well as ways that pathogens overcome and exploit the mi-
crobiota to successfully establish infection. Clearly, maintaining
diversity of the microbiota is important to prevent and limit dis-
ease. Indeed, manipulation of the commensal community as a
means to prevent and treat intestinal infections is an area of
active investigation. Strategies for this include the use of pre-
biotics, foods that support the growth of the resident micro-
biota, as well as of probiotics, which are live bacteria. Recent
evidence supports a role for the use of probiotics as a treat-
ment against antibiotic-resistant enterococci (Kommineni et al.
2015). However, in most cases, the mechanism(s) and efficacy of
orally ingested probiotics are poorly understood (Martinez et al.
2013). In the context of CDI, the standard treatment of oral van-
comycin is approximately 30% effective (van Nood et al. 2013). By
comparison, fecal transplant has been shown to cure 80%–90%
of recurrent infections (Kelly et al. 2015), suggesting that direct
repopulation of the microbiota is effective in treating CDI. Al-
though the utility of fecal transplants has been most exten-
sively studied in the context of treatment for CDI, growing ev-
idence suggests that fecal transplants prevent infections by
other pathogens. For example, a Microbial Ecosystem Thera-
peutic (MET-1) composed of 33 bacteria cultured from a healthy
human volunteer not only cured recurrent CDI in humans
(Petrof et al. 2013), but was also protective against Salmonella
infection in a murine model of infection (Martz et al. 2015).
Moreover, mice that are normally susceptible to Ci. rodentium
infection become resistant upon receiving a fecal transplant
from mice that are resistant to Ci. rodentium colonization (Will-
ing et al. 2011). Overall, these studies highlight the feasibility
of utilizing live bacteria as a preventative measure or treat-
ment for infectious diseases as an alternative to conventional
therapeutics. Additionally, utilizingmicrobiota-derivedmetabo-
lites or small molecules that enhance the colonization resis-
tance could be beneficial in limiting pathogen infection. These
metabolites could be generated in vitro and administered orally
to a patient, or single bacterial strains could be engineered
to optimally produce pathogen-limiting metabolites and used
to treat infection (Sonnenburg and Fischbach 2011). Longer
term studies are necessary to fully understand the efficacy
and safety of using live bacteria or bacterial-derived molecules
as therapeutics (Hoffmann et al. 2013; Olle 2013; Choi and
Cho 2016).

Although the enhancement andmanipulation of the resident
microbiota as a means to prevent and treat infectious diseases
shows promise, the possibility exists that this type of treat-
ment may have adverse outcomes. Invading pathogens exploit
the microbiota to regulate expression of virulence traits, and
even as reservoirs for harboring toxin-encoding phages (Gam-
age et al. 2006). Although it would be ideal to develop a ‘one
size fits all’ approach to treating infectious diseases, the real-
ity is that all hosts and their corresponding microbiota, as well
as pathogenicmechanisms of invading pathogens, differ. There-
fore, novel therapeutics developed to harness resistancemecha-
nisms of themicrobiotawill need to consider not only a patient’s

genetic make-up and lifestyle but also incorporate the identifi-
cation and knowledge of virulence mechanisms of the invading
pathogen to effectively and safely treat infectious diseases.
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