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The gut microbiota has diverse and essential roles in host metabolism, development of the immune system and

as resistance to pathogen colonization. Perturbations of the gut microbiota, termed gut dysbiosis, are

commonly observed in diseases involving inflammation in the gut, including inflammatory bowel disease, infection,

colorectal cancer and food allergies. Importantly, the inflamed microenvironment in the gut is particularly conducive to

blooms of Enterobacteriaceae, which acquire fitness benefits while other families of symbiotic bacteria succumb to

environmental changes inflicted by inflammation. Here we summarize studies that examined factors in the inflamed gut

that contribute to bloomsof Enterobacterieaceae, and highlight potential approaches to restrict Enterobacterial blooms

in treating diseases that are otherwise complicated by overgrowth of virulent Enterobacterial species in the gut.

INTRODUCTION

The symbiosis between symbiotic microbes and animals is the
result of at least 500 million years of co-evolution,1,2 giving rise
to an intricately balanced but yet complex and diversemicrobial
community of as many as 1014 bacteria in the healthy human
gastrointestinal tract, which are collectively referred to as the
gut microbiota. The human gut microbiota is composed of
more than 500 species within 4 dominant phyla: Firmicutes,
Bacteroidetes, Actinobacteria, and Proteobacteria.3,4 Firmi-
cutes and Bacteroidetes account for more than 90% of the
bacterial population in the colon, whereas Actinobacteria and
Proteobacteria are scarce in the colon but relatively more
enriched in the ileum. The advent of new technologies in the
past decade has substantially advanced our understanding of
the complexity and functional diversity of the gut microbiota.
Symbiotic bacteria produce enzymes that digest complex
carbohydrates and regulate bile acid metabolism.5 Synthesis
of certain vitamins as well as nutrients, such as short-chain fatty
acids (SCFAs), requires gut symbiotic bacteria.6 SCFAs,
produced by bacterial fermentation of undigested carbohy-
drates in the colonic lumen,7 are absorbed by host cells, and
oxidation of SCFAs releases energy that can be utilized both
locally in the colon as well as systemically when transported to
the liver via the portal bloodstream.8,9 The SCFAs acetate,
proprionate and butyrate have been shown to contribute to the

development of colonic regulatory T (Treg) cells that limit local
inflammation in the gut, as well as engage the G protein-
coupled receptor GPR43 on neutrophils to diminish their
infiltration into tissues and hence mitigate inflammation.10,11

Another major function of the gut microbiota is to provide
microbial signals for proper development and function of the
host immune system. For example, Bacteroides fragilis and
Clostridial species exhibit the unique capacity to induce
Treg responses.12–15 Development of local T-cell-dependent
and -independent immunoglobulin A response, as well as the
gut-associated lymphoid tissue, are dependent on the presence
of symbiotic bacteria in the intestine.16–19

What is gut dysbiosis?

Given the diverse functions of the gut microbiota, maintenance
of a balanced gut microbiota is essential for intestinal
homeostasis and human health. Over a century ago, Nobel
Prize laureate Elie Metchnikoff was the first one to introduce
the term dysbiosis to describe disrupted symbiosis, and to
theorize that human health could be enhanced by introducing
beneficial bacteria found in yogurt.20 Gut dysbiosis refers to
altered composition of the gut microbiota that is associated
with functional changes in the microbial transcriptome,
proteome or metabolome. A myriad of both intestinal and
extra-intestinal disorders are linked to gut dysbiosis, including
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inflammatory bowel disease (IBD), infection, food allergies,
asthma, diabetes, obesity, multiple sclerosis, autism, period-
ontitis, and colorectal cancer.21–26 Gut dysbiosis is thought to
originate from shifts in relative bacterial abundances, caused by
dietary changes, inflammation, immune deficiency, infection or
exposure to antibiotics or toxins.21 Recent studies have suggested
that perturbations of the gut microbiota may foster ‘‘blooms’’ of
otherwise low-abundance and harmful bacteria that contribute
to disease (Table 1). In particular, Enterobacterial blooms are
commonly observed in gut dysbiosis in various contexts
involving inflammation in the gut.27–36

Blooms of Enterobacteriaceae

Enterobacteriaceae, including symbionts Escherichia coli,
Klebsiella spp., and Proteus spp., are a large family of gram-
negative facultative bacteria within the class Gamma-proteo-
bacteria and the phylum Proteobacteria. Enterobacteriaceae
reside in the gut at low levels and are localized in close proximity
to the mucosal epithelium due to their relative higher tolerance
of oxygen diffused from the epithelium. In the newborn
intestine, the first colonizers in the aerobic gastrointestinal tract
are facultative anaerobes such as Enterobacteriaceae, which
deplete oxygen to create a new environment suitable for
colonization of strict anaerobes, such as Bacteroides, Clos-
tridium, and Bifidobacterium just a few days after birth.37

During the first fewmonths, breast milk allows oligosaccharide
fermenters such as Bifidobacterium to thrive. Subsequent
weaning and introduction of solid foods rich in polysaccharides
not digestible by host enzymes gives rise to the expansion of
polysaccharide fermenters Bacteroides, Clostridium, Rumino-
coccus, and simultaneously a decrease in Bifidobacterium and
Enterobacteriaceae.38,39 Interestingly, Enterobacteriaceae are
among the most commonly overgrown symbionts in many
conditions involving inflammation, such as IBD, obesity,

colorectal cancer, celiac disease, and antibiotic treatment. Both
environmental and nutritional changes as a result of inflam-
mation in the gut may confer a growth advantage to
Enterobacteriaceae. The inflamed gut in various contexts,
either infection by a pathogen,34 chemically induced colitis,40 or
deficiencies in host immunity,28,41 appears to provide a
favorable environment for expansion of Enterobacteriaceae.
For example, an increased prevalence of Enterobacteriaceae,
including adherent-invasive E. coli (AIEC), is also found in
patients with Crohn’s disease or ulcerative colitis, the two forms
of IBD.42–46 Despite the increased abundance of E. coli
including AIEC in patience with IBD, there is insufficient
evidence to substantiate the hypothesis of infectious causes of
IBD by AIEC in the gut. On the other hand, the bloom
of E. coli appears to be a consequence rather than a cause of
inflammation in IBD, likely due to the unique ability ofE. coli to
thrive in the inflamed gut. Furthermore, the bloom of E. coli
in the inflamed gut is likely not exclusive to AIEC. Enter-
obacterial blooms often negatively impact host defense against
pathogens or injury. For example, Enterobacterial blooms also
enhance the susceptibility to Clostridium difficile-induced
colitis in mice treated with one dose of clindamycin.29

E. coli pathobionts that had emerged in antibiotics or dextran
sulfate sodium (DSS)-treated mice caused bacteremia and
ultimately mouse mortality.36,40 In a study of human fecal
microbiota, higher abundance of Bacteroides and Escherichia
species was associated with higher susceptibility to Campy-
lobacter infection.47 In addition, a recent study of humanized
mice reported that expansion of Proteobacteria due to
antibiotic treatment, or transplantation of E. coli isolated from
a patient with Crohn’s disease, exacerbated gluten-induced
enteropathy.48 Potent inflammatory PAMPs in Enterobacter-
iaceae such as lipopolysaccharides are thought to promote
disease. Lipopolysaccharide from Enterobacteriaceae has been

Table 1 Enterobacterial blooms in human diseases and mouse disease models

Species Source of inflammation Impact of Blooms References

Mucosa-associated symbiotic E. coli
strains

Patients with inflammatory bowel
disease

Monocolonization increased incidence of invasive car-
cinoma in the IL-10-deficient colorectal cancer mouse
model

27

Symbiotic E. coli C. jejuni-colonized infant mice Reduced colonization resistance against C. jejuni 35

Enterobacterial species Mouse oral C. rodentium infection Unknown 34

Proteobacterial species Toll-like receptor 5-deficient mice Transient instability of the gut microbiota 28

Adherent and invasive E. coli (AIEC) Ileitis in patients with Crohn’s disease Unknown 30

E. coli isolates with heightened
virulence

Isolated from patients with Crohn’s
disease or ulcerative colitis

In vitro, enhanced capability to activate NLRP3 inflam-
mation and resistance to macrophage killing.

42

Blooms of Klebsiella pneumoniae and
Proteus mirabilis

T-bet-/- �Rag2-/-ulcerative colitis
(TRUC) mouse model

Oral infection with these strains elicited colitis in Rag2-/-

and WT adult mice

41

Salmonella and E. coli Mouse oral Salmonella model High densities of Salmonella and E. coli lead to horizontal
gene transfer of the colicin-plasmid p2 fromSalmonella to
E. coli

98

E. coli pathobiont Ampicillin and neomycin-treated mice Multidrug-resistant E. coli capable of inducing lethal
NAIP5–NLRC4 inflammasome in systemic infection

36

Enterobacterial species Clindamycin-treated mice Enhanced susceptibility to Clostridium difficile-induced
colitis

29

Abbrevations: C. jejuni, Campylobacter jejuni; E. coli, Escherichia coli; IL-10, interleukin-10; WT, wild type.
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shown to exacerbate NSAID-induced intestinal injury and
increase intestinal permeability in celiac disease.49,50

Inflammation-driven blooms of Enterobacteriaceae are
associated in various diseases (Table 1) and could
potentially contribute to the pathogenesis of disease
development. A deeper understanding of the mechanisms
underlying the blooms of Enterobacteriaceae in the context of
inflammation would shed light on approaches to mitigating
Enterobacteriaceae-mediated pathogenesis. Here we provide a
comprehensive review of recent literature elucidating both host
and microbial factors in the inflamed gut that give rise to
blooms of Enterobacterial species.

Inflammation-induced environmental changes that drive
dysbiosis

Inflammatory host response in the gut can be initiated by
insults such as infection, injury and even antibiotic treatment.
Several studies have provided evidence that an inflammatory
tissue environment is conducive to perturbations of the gut
microbiota often characterized by blooms of particular
bacterial species that are genetically endowed with the
capability of utilizing nutrients more abundantly found in
the inflamed gut. One of the initial observations of infection-
driven reduced diversity of the gut microbiota was in a mouse
model of Helicobacter hepaticus, suggesting that invasion by a
pathogen causes significant disturbances in the gut microbial
community structure.51 However, colonization of a pathogen
per se is not always associated with altered gut microbiota, as
infection with another pathogen, Campylobacter jejuni, estab-
lished gut colonization in mice but failed to trigger a robust
inflammatory response or alterations of the composition of the
gut microbiota.34 Of note, some pathogens within the family
Enterobacteriaceae, namely Citrobacter rodentium and Sal-
monella, initially utilize virulence factors to induce intestinal
inflammation, which subsequently confers a growth advantage
for these pathogens in the intestinal lumen.32,34,52 In addition,
oral infection with Citrobacter rodentium elicits robust
inflammatory response and significantly reduced the microbial
diversity of colonic microbiota while promoting the growth of
facultative Enterobacteriaceae.34 Several mechanisms have
been proposed to account for blooms of Enterobacteriaceae
in the inflamed gut (Figure 1), which include: (1) nutritional
changes, (2) anaerobic respiration, (3) aerobic respiration, (4)
mucin utilization, (5) metal acquisition, (6) production of
antimicrobials, (7) horizontal gene transfer.

Nutritional changes

Diet has a pivotal role in determining the composition of the gut
microbiota.53 For example, the abundance of oligosaccharides
in human breast milk favors the proliferation of bacteria
equipped with carbohydrate processing enzymes, such as
Bifidobacterium andBacteroides spp., thus giving rise to distinct
gut microbiota in breast milk-fed infants, in contrast to
formula-fed infants that have higher levels of Clostidium
spp.54,55 Mice fed on a ‘‘Western diet’’ with high sugar and fat
display a reduction in Bacteroidetes but an overgrowth of
Firmicutes.56 A vegetarian diet in humans is associated with

lower intestinal pH and increased SCFA that might have an
inhibitive effect on the growth of E. coli and other members of
Enterobacteriaceae.57 Hence, nutrient sources have a profound
role in shaping the composition of the gut microbiota.
In the inflamed gut, collateral damage of the mucosal
epithelium due to inflammatory response and increased
shedding of dead epithelial cells result in an elevation
of phospholipids such as phosphatidylcholine and phospha-
tidylethanolamine, which are derived from lipids of
dead epithelial cell membrane. Ethanolamine can be used
as a source of carbon and/or nitrogen by a variety of species in
the Firmicutes, Actinobacteria and Proteobacteria phyla, as
well as pathogenic species such as Salmonella and Pseudo-
monas.58 Utilization of ethanolamine involves breaking
ethanolamine into ammonia and acetaldehyde by an ethano-
lamine ammonia lyase in a vitamin-B12-dependent man-
ner.58,59 The ammonia can be used as a cellular supply of
reduced nitrogen, and the acetaldehyde is converted to the
metabolically useful compound acetyl-CoA, which is absorbed
in various metabolic cycles, such as the tricarboxylic acid cycle,
the glyoxylate cycle, or lipid biosynthesis.58

Anaerobic respiration

Under inflammatory conditions, gut luminal oxygen levels rise
partly due to the elevatedblood flowandhemoglobin. In addition,
host proinflammatory cytokine signaling leads to activation of
intestinal epithelial reactive oxygen species-generating enzymes
such as Nox-1 and Duox2,60,61 while neutrophils transmigrating
into the gut lumen to generate copious reactive oxygen species via
the phagocyteNADPHoxidase.62 Furthermore, reactive nitrogen
species are also produced in the gut lumen by both epithelial cells
and transmigrating neutrophils. Inflammatory host response
results in respiratory electron acceptors that favor bacterial
growth by anaerobic respiration, including nitrate respiration, for
bacterial growth. A previous study showed that the amounts of
nitrate in inflamed colon rise rapidly when a superoxide radical
reacts with nitric oxide (NO) to form peroxynitrite (ONOO� ), a
potent antimicrobial that is rapidly converted to nitrate (NO3� ).
The nitrate-rich tissue environment confers a growth advantage
for Enterobacteriaceae such as E. coli through nitrate respiration,
since genes encoding nitrate reductase are found within the
genomes of Enterobacteriaceae but largely absent in obligate
anaerobic bacteria belonging to the classes Bacteroidia and
Clostridia.63,64 In a similar fashion, Salmonella enterica (Salmo-
nella) infection leads to generation of nitrate in the inflamed
intestine that selectively supports the growth of Salmonella by
nitrate respiration.65 In addition, neutrophil respiratory burst
leads to oxidation of thiosulfate to tetrathionate (S4O6

2� ), which
can be used by Salmonella as a respiratory electron acceptor,
thereby boosting the growth of Salmonella in the inflamed gut.66

Furthermore, reactive oxygen species and reactive nitrogen
species can oxidize organic sulfides, such as methionine, or
tertiary amines, such as trimethylamine (TMA), to form S-oxides
and N-oxides, respectively, that are used as electron acceptors
for anaerobic respiration to fuel the growth of E. coli in the
inflamed gut.66
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Aerobic respiration

Successful colonization of Enterobacteriaceae in the mamma-
lian intestine attributes to their respiratory flexibility. Enter-
obacteriaceae are facultative anaerobes that are able to respond
to different oxygen availability in the intestine, switch between
aerobic and anaerobic respiration, and obtain energy from
fermentation instead of respiration when exogenous electron
acceptors are not available. In the absence of oxygen, E. coli can
resort to anaerobic respiration using nitrate, nitrite, trimethy-
lamine-N-oxide (TMAO), dimethyl sulfoxide (DMSO) and
fumarate, in the order of preference, as electron acceptors.67

Inflammation or infection has been shown to lead to mucosal
hypoxia. For instance, a recent study demonstrated a significant
reduction in gut tissue oxygen levels inmice infected orally with
Salmonella.68 Higher blood flow and hemoglobulin within the
luminal environment in an inflamed intestine is thought to
result in a more aerobic microenvironment in the lumen that
favors the bloom of facultative anaerobes such as Enterobac-
teriaceae.59 However, it remains challenging to measure
luminal oxygen levels. In response to an aerobic environment,

E. coli expresses terminal oxidases that mediate aerobic
respiration using oxygen as a terminal electron acceptor.69

Expression of terminal oxidases is regulated at the transcrip-
tional level by the O2 and NO3

� sensing regulators FNR, ArcA/
B, NarX/L, and NarP/Q.59 Aerobic (oxidative) respiration is
thermodynamically more favorable than anaerobic respiration
or fermentation. The higher concentration of oxygen derived
from higher blood flow and hemogloblin within the luminal
environment in an inflamed intestine favors the growth of
facultative anaerobes such as Enterobacteriaceae while inhibit-
ing the growth of obligate anaerobes including mainly
Bacteroidia and Clostridia. In fact, the importance of oxygen
intake in blooms of Enterobacteriaceae is highlighted by
multiples studies. Blooms of Enterobacteriaceae were observed
in patients following small bowel transplantation due to
increased oxygen intake in the bowel.70 Bacterial respiration of
butyrate, a SCFA, was shown to render epithelial cells in the
colon hypoxic.71 In addition, a recent study illustrated that
when butyrate-producing Clostridia are depleted by strepto-
mycin treatment, epithelial oxygenation is elevated, leading to
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Figure 1 Mechanisms of inflammation-driven blooms of Enterobacteriaceae in the gut. (1) Superoxide radicals and nitric oxide react to give rise to
nitrate (NO3

� ), which can be reduced by nitrate reductase-expressing Enterobacteriaceae in anaerobic nitrate respiration. (2) Higher levels of oxygen in
the inflamed gut permit aerobic respiration by Enterobacteriaceae, while inhibiting growth of obligate anaerobes Bacteroidia and Clostridia. (3)
Phospholipids from dying epithelial cells are broken down to give rise to ethanolamine, which is converted to ammonia that can be utilized in tricarboxylic
acid cycle, glyoxylate cycle and lipid biosynthesis. (4) The release of sialic acid from MUC2 is mediated by cecal sialidase activity from Bacteroides
vulgatus, and Enterobacteriaceae can take up sialic acid for synthesis of bacterial capsule and lipooligosaccharides. (5) Bacterial siderophore
Enterobactin released by Escherichia coli inhibits the bacteriocidal effect of myeloperoxidase from neutrophils. (6) Colicin Ib (Collb)-expressing
Enterobacterial species kill closely related but Collb-sensitive Enterobacterial species by releasing Collb, which forms pores in Collb-sensitive bacteria
and disrupts cell wall synthesis.
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luminal expansion of Salmonella via aerobic growth mediated
by Salmonella type III cytochrome bd-II oxidase and synergized
with nitrate reductases.72 A previous study showed that aerobic
respiration is required for commensal and pathogenic E. coli to
colonize the mouse intestine, as E. coli mutants lacking ATP
synthase, which is required for all respiratory energy-conser-
ving metabolism, were eliminated by competition with
respiratory-competent wild-type strains. Likewise, E. coli
mutants, which lacked the high-affinity cytochrome bd oxidase
that is required for aerobic respiration when oxygen tensions
are low, also failed to colonize the mouse intestine.73 These
results suggest that even in the steady state, a low threshold of
oxygen in the intestinal tissue may be pivotal for Enterobacter-
iaceae to establish stable colonization in the intestine, and an
increase in local oxygen availability, as seen in the inflamed gut,
further drives the blooms of Enterobacteriaceae. It remains
technically challenging, however, to accurately measure the
concentration of oxygen in the gut lumen. Data on oxygen
levels in the intestine are difficult to compare between different
laboratories due to technical limitations of the available
techniques. Hence, the role of oxygen levels in blooms of
Enterobacteriaceae in the inflamed gut remains a subject of
active investigation. Up to date, spectral electron paramagnetic
resonance imaging in living mice to measure oxygenation and
Pd-porphyrin used to quantify luminal oxygen have been used,
but not in the context of chronic or acute inflammation in the
gut.59 Accurate measurement of oxygen concentrations in the
inflamed gut and its impact on Enterobacterial blooms will be
insightful for developing approaches to dampen Enterobacter-
ial blooms and restore healthy gut microbiota.

Mucin utilization

Themucus layer coating the gut epithelium is a critical first line
of host defense against ingested food or potential invading
commensal or pathogenic bacteria in the gut lumen. Coloniza-
tion of commensal bacteria is limited to the outer mucus layer,
but the innermucus layer is largely devoid of bacteria. Secretory
mucin glycoprotein (MUC2) and bioactive epithelial mem-
brane-bound mucins (MUC1, MUC3, and MUC17) are
produced by intestinal goblet cells. Lack of MUC2 mucin in
mice is associated with increased bacterial adhesion to the
surface epithelium, increased intestinal permeability and
enhanced susceptibility to colitis induced by DSS.74,75

N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, N-acet-
ylneuraminic acid (sialic acid), L-fucose and D-galactose are five
major mucin-derived sugars that can be potential nutrient
sources for bacteria. Increased production and secretion of
mucin is a hallmark of intestinal inflammation triggered by
enteric infection, likely as amechanism to facilitate expulsion of
pathogens and maintain the integrity of the mucus layer.
Secretory MUC2, a major colonic mucin in both humans and
mice, has been shown to be upregulated by the transcription
factor nuclear factor (NF) kB during inflammation via NFkB-
binding sites in MUC2. Increased numbers of mucosa-
associated E. coli are observed in human IBD.44 Conversely,
a recent study reported enrichment of E. coli in the colons of

mice with DSS-induced colonic damage and inflammation,
and the growth advantage of E. coli is conferred by elevated
mucin-derived sialic acid during inflammation.76 Sialic acid is
one of the major carbohydrates in mucins and can be taken up
by bacteria lacking de novo biosynthetic pathways for these
sugars, such as E. coli, and incorporated into bacterial capsule
and lipooligosaccharides.77 DuringDSS-induced inflammation,
the release of sialic acid from mucin was mediated by cecal
sialidase activity from Bacteroides vulgatus, which also
expanded in the DSS-induced inflamed gut. Treatment with
a sialidase inhibitor was effective in mitigating DSS-induced
colitis in mice.76 Higher levels of sialic acid contribute to
expansion of both S. Typhimurium and Clostridium difficile in
mice treated with antibiotics.78 In addition, increased fecal
glycosidases were observed in patients with Crohn’s disease,
consistent with enhanced mucin-degrading activity in the
inflamed gut. Mucin-degrading bacteria, Mucispirillum
schaedleri,Akkermansiamusiniphila andB. acidifaciens, expand
during intestinal inflammation and mediate release of less
complex sugars (lactose, melibiose, raffinose, and galactinol)
from mucins.59 Accumulation of these sugars and metabolites
may either directly or indirectly lead to depletion of commensal
bacteriamainly from the Bacteroidetes and Clostridia phyla in the
inflamed gut, but on the other hand confer a growth advantage to
Enterobacteriaceae as well as pathogens such as S. Typhimurium
and Clostridium difficile.59,78

Metal acquisition

Iron is a vital nutrient for both the host and pathogens. Iron in
vertebrates is mostly sequestered intracellularly by the iron
storage protein ferritin or by heme as a co-factor of hemoglobin
ormyoglobin. Furthermore, iron is insoluble in the extracelluar
neutral pH of serum and hence inaccessible to pathogens.79

Therefore, free iron in the circulation is limited to a low
concentration,10� 24

M, as a mechanism to restrict growth of
pathogens. To circumvent host iron restriction, many bacteria
produce and release iron-chelating molecules, termed side-
rophores, with high affinities for Fe3þ to compete against host-
mediated sequestration of iron via heme acquisition and
transferrin/lactoferrin receptors.79,80 Enterobacteriaceae are
equippedwith an arsenal of catecholate-type and hydroxamate-
type siderophores that are critical for their survival in low iron
environments, either in the circulation or in inflamed
tissues.81,82 In the inflamed gut, a variety of antimicrobial
proteins are produced and released by host cells to limit the
availability of iron for bacterial growth. Lipocalin-2, for
instance, is produced by both mucosal epithelial cells and
infiltrating neutrophils in response to inflammation, as a
strategy to prevent bacterial iron acquisition by binding and
sequestering the siderophore enterobactin.83,84 A recent study
showed that enterobactin, a catecholate siderophore released by
E. coli, inhibits the activity of the neutrophil bacteriocidal
enzyme myeloperoxidase both in vitro and in the inflamed gut,
hence promoting the survival of E. coli in the inflamed gut.85

A study that sequenced the genomes of AIEC from intestines of
patients with Crohn’s disease, dogs with granulomatous colitis,
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and mice with acute ileitis demonstrated common over-
expression of genes encoding iron acquisition (yerinabactin,
chu operon) in these more virulent bacteria relative to
nonpathogenic E. coli.86 The ability of Enterobacteriaceae to
acquire iron can be advantageous in the response to a pathogen
that is dependent on iron for intestinal colonization. For
instance, E. coli strain Nissle 1917 inoculated into mice limited
Salmonella intestinal colonization by competing for iron
using siderophores.87 Therefore, these studies underscore
the importance of iron acquisition in promoting blooms of
more virulent Enterobacteriaceae in the inflamed gut, which
often give rise to disease.

Another metal that is sequestered by host response in the
inflamed gut is zinc, which is an essential element for the growth
of most organisms including bacteria. The intracellular con-
centration of zinc is tightly regulated, as too little zinc does not
support growth but toomuch is toxic. Therefore, many bacteria
have evolved high-affinity zinc-binding and transport sys-
tems.88 Calprotectin, a heterodimer composed of S100A8 and
S100A9, is an antimicrobial protein that chelates zinc or
manganese for its activity and is upregulated by IL-17 and IL-22
in response to infection.89,90 Elevation of Calprotectin in the
extracellular fluids of patients with inflammatory disorders,
such as rheumatoid arthritis and vasculitis, renders calprotectin
amarker for inflammation.91 In response to inflammation in the
gut, transmigration of neutrophils into the intestinal lumen
leads to massive release of Calprotectin by dead neutrophils in
the intestinal lumen, thereby drastically reducing the availability
of zinc to bacteria in the intestinal lumen. Salmonella overcomes
Calprotectin-mediated zinc sequestration by neutrophils by
expressing a high-affinity zinc transporter (ZnuABC) while a
znuA mutant Salmonella exhibits impaired growth in the
inflamed gut.92 In addition, a high-affinity transporter for zinc is
essential for Campylobacter jejuni to replicate and colonize in
the gut.88 Hence, these studies underline the acquisition of the
micronutrient zinc in the inflamed gut as an important means
for Salmonella and likely resident Enterobacteriaceae to bloom
while other members of the gut microbiota succumb to the low-
zinc microenvironment. However, it remains unclear whether
resident Enterobactericeae in the gut express high-affinity
transporters for zinc akin to ZnuABC in Salmonella in response
to inflammation in the gut.

Inflammation-driven production of antimicrobials

In addition to competition for limited nutrients in the gut,
bacteria can bloom at the expense of other bacteria by producing
antimicrobials. For example, bacteriocins termed colicins pro-
duced by Enterobacteriaceae can kill phylogenetically close
relatives by pore formation in the inner membrane, nuclease
activity ordisruptionof cellwall synthesis.A recent study revealed
that colicin lb (Collb) production in Salmonella confers a growth
advantage to Salmonellaover colicin lb-sensitive residentE. coli in
the inflamed gut.93 A Salmonella strain that is unable to induce
intestinal inflammation, however, does not exhibit Colicin lb-
mediated outcompetitionof residentE. coli.93 Expression ofCollb
(cib) is in fact driven by low iron availability and the SOS response

(which refers to the bacterial response to DNA damage) in a
Fur- and LexA-dependent manner, respectively, within an
inflammatory environment.94,95 Neutrophils recruited to the
inflamed tissue release copious iron-sequestering lactoferrin
upondegranulation,96 and iron availability is further restricted by
lipocalin-2 abundantly produced by both neutrophils and
epithelial cells to bind to and inhibit the bacterial siderophore
enterobactin.97 Moreover, SOS response is instigated in the
inflamed gut when bacteria sense DNA damage inflicted by
oxidative stress in the inflamed gut.95 Therefore, the inflamma-
tory environment in the gut creates unique conditions that
potentiate the effects of colicins, which as a fitness factor
contribute to blooms of colicin-expressing Enterobacteriaceae in
the inflamed gut.

Horizontal gene transfer

Horizontal gene transfer could be another strategy for
Enterobacterieacea to acquire virulent factors essential for
thriving in the inflamed gut despite perturbations caused by
environmental changes.98,99 Recent studies have suggested that
inflammation-inflicted blooms of Enterobacteriaceae may be a
consequence of enhanced fitness of Enterobacteriaceae due to
horizontal gene transfer. The mammalian intestine is pre-
dominantly colonized by obligate anaerobes within the
Firmicutes and Bacteroidetes phyla, which is theorized to
suppress and maintain facultative anaerobes such as Enter-
obacteriaceae at low densities (far less than 108 c.f.u./g) in the
normal gut. The lowdensities of Enterobacteriaceae result in low
frequencies of efficient conjugative plasmid transfer, or
horizontal gene transfer (HGT).98,100 The genomes of Enter-
obacteriaceae in general contain a large portion of horizontally
acquired DNA, which in fact makes up more than 20% of an
E. coli genome. In addition, the relative small size of genome and
short doubling time of E. coli likely contributes to the high
adaptability and propensity of E. coli to bloom in the presence of
perturbations of the microbiota in the inflamed gut.101 One
hypothesis is that inflammation-driven blooms of Enterobac-
teriaceae fosterHGTdue to high densities of Enterobacteriaceae
in the inflamed gut.98,99 Stecher et al.98 showed that in a mouse
model of Salmonella oral infection, Salmonella-induced inflam-
mation parallels blooms of both Salmonella and resident
commensal E. coli, which favors conjugative HGT between
Salmonella and E. coli. Thus, the adaptation of Enterobacter-
iaceae to growth in the inflamed gut, inflicted by either pathogen
infection or impaired host immunity, may enhance selection of
strains with higher pathogenic potential and ultimately the
emergence of pathobionts due to acquisition of virulence factors
and antibiotic resistance.99,102 In fact, expansion of patho-
bioints, a hallmark of dysbiosis, is associated with chronic
inflammatory conditions observed in immunocompromised
mice.41,103 Of note, HGT is more common but not exclusive to
Enterobacteriaceae; an open pangenome shaped by HGT is
found inEnterococcus spp. as well.59,104 Clinically, a recent study
confirmed in vivo HGT of OXA-48, a highly prevalent
carbapenemase worldwide, from OXA-48-harboring K. pneu-
moniae to E. coli in the gut of an infected patient. Therefore,
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HGT might, at least partially, contribute to the emergence of
carbapenem-resistant Enterobacteriaceae that poses an urgent
threat to health care in developed countries.102

CONCLUSIONS AND FUTURE DIRECTIONS

Inflammation in the gastrointestinal tract, due to infection,
antibiotic use or dietary changes, result in a plethora of stressors
that favor the blooming of Enterobacterial species with
acquired inflammation-driven fitness factors to overcome
environmental and nutritional limitations. We are still at the
infancy of understanding the impact of Enterobacterial blooms
in gut dysbiosis on host metabolism and adaptation to future
insults such as infection, antibiotic use or dietary changes.
The effort to understand mechanisms underlying gut dysbiosis
has been hindered by technical difficulties to culture many
obligate or facultative anaerobic gut symbiotic bacteria in an
in vitro system. The recent successful isolation and culture of
segmented filamentous bacteria,105 an important gut symbiotic
bacterium that drives gut homeostatic Th17 and immunoglo-
bulin A response,106,107 will likely affect many studies on
dysbiosis and its relation to mucosal immune response. One
conceivable consequence of overgrowth of Enterobacterial
species with heightened resistance to environmental stressors is
systemic translocation of these Enterobacterial species thatmay
ultimately lead to bacteremia and even sepsis. Indeed, a growing
number of outbreaks by bacteria from the family Enterobac-
teriaceae have emerged in the hospital setting.108,109 Bacteremia
due to Gram-negative symbiotic E. coli accounts for 25–50% of
all bloodstream infections globally.110 Therefore, understand-
ing factors in the inflamed gut that confer a growth advantage to
Enterobactericeae will shed light on therapeutics to prevent
flourished Enterobacterial species in the gut from altering host
homeostasis and contributing to disease development. Inflam-
mation in the gut arises from various conditions, but the
fundamental environmental changes in the inflamed gut are
consistent in different disease settings and commonly foster the
emergence of virulent species of Enterobacteriaceae. Dampen-
ing inflammation would be an ideal approach to restricting
blooms of Enterobacterieaceae as well as many detrimental
effects of inflammation, but it remains a challenge to tone down
inflammatory response, as seen in the treatment for rheumatoid
arthritis and cancer.111,112 Thus, maneuvering nutritional
changes, oxidative stress, or iron/zinc availability commonly
observed in the inflamed gut might be a better approach to
either diminish blooms of Enterobacteriaceae or decelerate the
outcompetition of symbionts within other families, thereby
restoring a healthy gut microbiota and host homeostasis.
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