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Abstract Animals, ranging from basal metazoans to
primates, are host to complex microbial ecosystems;
engaged in a symbiotic relationship that is essential for host
physiology and homeostasis. Epithelial surfaces vary in the
composition of colonizing microbiota as one compares
anatomic sites, developmental stages and species origin.
Alterations of microbial composition likely contribute to
susceptibility to several distinct diseases. The forces that
shape the colonizing microbial composition are the focus
of much current investigation, and it is evident that there
are pressures exerted both by the host and the external
environment to mold these ecosystems. The focus of this
review is to discuss recent studies that demonstrate the
critical importance of host factors in selecting for its
microbiome. Greater insight into host—microbiome inter-
actions will be essential for understanding homeostasis at
mucosal surfaces, and developing useful interventions
when homeostasis is disrupted.

Keywords Microbial colonization - Bacteria -
Microflora - Intestine - Mucosa - Immunoglobulin A -
Antimicrobial peptide - Defensin - Mucus - Dysbiosis -
Homeostasis

C. L. Bevins

Department of Microbiology and Immunology,
University of California Davis School of Medicine,
Davis, CA 95616, USA

N. H. Salzman (D)

Division of Gastroenterology, Department of Pediatrics,
Children’s Research Institute, Medical College of Wisconsin,
8701 Watertown Plank Rd., Milwaukee, WI 53226, USA
e-mail: nsalzman@mcw.edu

Introduction

Mammals, including humans, are colonized at epithelial
surfaces by a vast and complex microbial ecosystem.
Indeed, we are not alone in our co-evolution and intimate
association with microbes, as similar surface colonization
is observed in lower vertebrates, invertebrates, and even
plants. It is becoming increasingly evident that this col-
onizing microbiota plays a profound role in host
physiology [1-4]. Accordingly, the dynamic interplay
between host and microbes is a focus of much current
research.

In mammals, the intestinal tract contains the majority of
colonizing bacteria, reaching 10'? cfu/g of gut contents in
the large bowel [5]. Early studies of the microbiota focused
on readily cultivable organisms; however, subsequent
molecular analyses of the composition of this ecosystem
demonstrated much greater complexity than initially
deduced. Molecular analysis based on bacterial 16S rRNA
sequences has revealed more than 1,000 different species
of bacteria in the human gastrointestinal (GI) tract [6].
Revisiting attempts to culture intestinal microbes indicate
that a majority of bacterial taxa present in the intestine are
actually cultivable under controlled anaerobic conditions
[7]. The dominant bacteria have been identified in the
intestine, as well as at several other body sites [8] (Fig. 1).
Presumably, composition differences reflect, in part, the
host’s influences on the microenvironment at each ana-
tomic site.

The composition of an individual’s colonic microbiota,
typically assessed by analysis of bacteria in feces, has
been a chief focus of studies in humans [8—14]. Analysis
over time has revealed that much of the higher order
taxonomy in the colonic microbiota community structure
remains relatively fixed in the absence of disease or
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Fig. 1 Composition of
colonizing bacterial
communities at several
anatomic surfaces of healthy
humans, adapted from Spor

et al. [81] with permission. The
relative abundances of the six
dominant bacterial phyla are
based on the analysis of pooled
specimens from different body
sites. Primary data were from
[13, 82—85]. The color
designations are: Firmicutes,
yellow ( ); Bacteroidetes,
green (F4); Fusobacteria, purple
(01); Proteobacteria, black (EH);
Cyanobacteria, light green ( );
Actinobacteria, red (F4)
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medication use; however, both transient microbes of low
abundance and blooms of various taxa are evident with
repetitive sampling [15]. Furthermore, while there is
significant variability between individuals [13], a recent
analysis indicates that the microbial composition clusters
into one of three categories, termed enterotypes [16]. It is
not yet clear what drives these patterns, although it
appears that it is not a function of age, gender, or body
mass index.

The forces that shape each individual’s specific microb-
iome and those that shape the microbiota at various anatomic
sites are not completely understood. Many selective forces
influence the composition of these open ecosystems,
including nutrients, microbe—microbe interaction, pressures
from the external environment, and host-derived factors
[17-20]. Greater insight into these mechanisms will be
highly relevant to an increased understanding of the impact
of the microbiome on host physiology and the best approa-
ches to manipulating the microbiome for the enhancement of
health and/or the treatment of disease. The focus of this
review is to highlight some recent advances that help elu-
cidate the role of the host in selecting and regulating its own
microbiota.
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Do genetics trump the environment?

The influence of the host on colonizing microbiota is
strikingly evident in studies of Hydra. Fraune and Bosch
examined the colonizing microbiota in two Hydra species
maintained in laboratory culture for more than two decades
under identical conditions of medium, temperature, and
diet [21]. Remarkably, the microbial composition from
these two species differed greatly in their microbiota. Even
more impressive, Hydra of each species living in the wild
in their native habitats were colonized by a composition of
microbes similar to that of the laboratory organisms
(Fig. 2). These data provide compelling support that the
host selectively shapes its bacterial community and suggest
that genetic factors of the host can outweigh environmental
influences in determining microbial surface colonization.
In another model system used to examine how the host
influences the composition of gut microbial communities,
conventional gut microbiota from zebrafish and mice were
exchanged between host species (Fig. 3). Accordingly,
Rawls et al. [22] colonized germ-free mice with the mic-
robiota of zebrafish, and visa versa, germ-free zebrafish
were colonized with mouse intestinal microbiota. Analysis
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Fig. 2 Comparison of microbiota colonizing two species of a basal
metazoan, Hydra, adapted from Fraune and Bosch [2] with permis-
sion. Analysis of the microbiota of two species, Hydra vulgaris and
H. oligactis. The relative abundance of different bacterial divisions
within the microbiota is shown in pie charts. Although maintained in
the laboratory under standard conditions, including the same diet for
more than 20 years, the two species differed dramatically in
composition of their microbiota [21]. Analysis also revealed that
individuals living in the wild were colonized by a group of microbes
similar to that in laboratory-reared counterparts of the same species.
The color designations are: a-Proteobacteria, gray (_ ); ff-Proteobac-
teria, light blue (| ); d-Proteobacteria, white (3); y-Proteobacteria,
black (BH); Spirochetes, pink (); Bacteroidetes, green (E4)

of the microbiota in the recipient hosts revealed that the
zebrafish and mice significantly shaped the relative abun-
dance of the different taxa of transferred bacteria to
resemble the structure of their native bacterial
communities.

Finally, an investigation of hominids in their natural
habitats provides evidence that host phylogeny can super-
cede environment in predicting the community structure of

colonizing microbiota of the distal intestine [23]. This
study included closely related primate host species (goril-
las, bonobos, and three subspecies of chimpanzees) from
ten geographic locations in central Africa collected over a
6-year time span. Also included were specimens from two
humans from different continents. Analysis of the fecal
microbiota from these closely related hosts revealed clear
species-specific host signatures in microbial taxonomic
structure. Remarkably, the pattern of relationship among
the hominids inferred from the analysis of mitochondrial
DNA was identical to that inferred from their fecal
microbial communities. These data support the notion that
host factors are vitally important in shaping the intestinal
microbiota of diverging great apes over evolutionary
timescales.

Clearly, these investigations in model systems support
the idea that the host shapes its colonizing microbiota,
which then leads to the question “What are the specific
factors that come into play”?

The anaerobic environment of the mammalian intestine

Oxygen tension is well known to be a highly selective
factor for bacterial growth. The anaerobic environment of
the mammalian intestine is likely to be a principal host
factor in determining the composition of the microbiota.
Obvious support for this idea comes from the observation
that the overwhelming majority of commensal microbiota
are strict or facultative anaerobes. Further support comes
from observations that changes in oxygen tension can

Fig. 3 Comparison of bacterial taxa composition following recipro-
cal transplantation of intestinal microbiota in gnotobiotic zebrafish
and mice by Rawls et al. [22]. Four intestinal bacterial communities
were compared: (right to left) conventionally raised zebrafish (fop),
ex-germ-free mice that had been colonized with a normal zebrafish
microbiota, ex-germ free zebrafish that had been colonized with a
normal mouse microbiota, and conventional raised C57BL/6 mice.

[

The relative abundance of different bacterial divisions within these
four communities is shown in pie charts. The color designations are:
Proteobacteria, black (Bd); Firmicutes, yellow ( ); Bacteroidetes,
green (EH); Fusobacteria, purple (17); Actinobacteria, red (EH);
Planctomycetes, fan (). The tree was based on pairwise differences
(weighted UniFrac metric) between the four communities
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dramatically shift the bacterial composition at this site.
Such a shift was revealed by a recent study of the intestinal
microbiota following small bowel transplantation, where
an ostomy was created at the time of organ transplantation
and then maintained to provide access for monitoring
possible tissue rejection [24]. The post-transplant microbial
communities, sampled via the ostomy, showed a shift from
predominantly strict anaerobes (Bacteroides and Clostridia)
to dominance by facultative anaerobes (Lactobacillus and
Enterobacteria). In the same study, patients with open
ostomies for other medical conditions also showed this
dramatic shift; these shifts then reverted to the expected
anaerobic bacterial composition after surgical closure of
the ostomy. The authors hypothesize that the ostomy
allowed oxygen into an otherwise anaerobic distal small
intestine, thus driving the transition from one microbial
community structure to another. These recent investiga-
tions, together with the long recognized dominance of strict
anaerobes in the mammalian colon, support the view that
host regulation of ambient oxygen tension in the intestinal
lumen is a key determinant of the community composition
of the microbiota.

Feeding your friends

While ingested nutrients from the diet can significantly
influence the composition of the microbiota, the host can
also provide endogenous nutrients for the colonizing
microbiota. An example comes from investigations of
mechanisms mediating mutualism between the host and a
colonizing microbe—Bacteroides thetaiotaomicron, an
often-abundant member of the intestinal microbiota in mice
and humans. Colonization of germ-free mice with this
bacterium led to the induction (likely through a soluble
mediator) of pathways controlling host incorporation of
fucose into cell surface carbohydrates of enterocytes [25].
The induction occurred under conditions when fucose was
otherwise not present in the intestinal environment [26].
In turn, when B. thetaiotaomicron detected the surface
expression of fucosylated surface glycans, the bacterium
induced the expression of genes facilitating fucose
metabolism. The presence of fucose could then serve as a
nutrient for the bacteria, and via a negative regulatory loop,
the presence of fucose would tap the brakes on host fu-
cosylation of surface carbohydrates. This tightly regulated
process has been proposed to facilitate intestinal coloni-
zation by these resident bacteria. The model predicts that
colonization by other microbes unable to participate in this
fucose-dependant interplay would be at a selective disad-
vantage. Further support for this model comes from the
discovery of a significant association of a nonsense muta-
tion in the FUT2 gene with the diversity, richness, and
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abundance of bifidobacteria in human colonic microbiota.
FUT2 encodes the fucosyltransferase-2 enzyme, which
underlies cell surface glycosylation to determine ABH
histo-blood group classification. The presence or absence
of fucosyltransferase-2 activity alters the expression of
ABH and Lewis glycan epitopes in the intestinal mucosa,
supporting that FUT2 genotype (also termed secretor sta-
tus) is an important determinant for composition of the
intestinal microbiota. Presumably this paradigm may sim-
ilarly govern other mutualistic interactions between host
and colonizing microbiota [27].

An intriguing twist to the theme that host-derived
nutrients serve as factors to shape the microbiota comes
from analysis of the intestinal microbes in breast-fed
human infants [28, 29]. Human breast milk contains sub-
stantial quantities of oligosaccharides that are (curiously)
indigestible and hence cannot directly nourish the infant
(Fig. 4a). Rather, this collection of complex carbohydrates
serves as selective nutrients for infant-type bifidobacteria, a
group of bacteria commonly observed in the feces of
breast-fed infants. Indeed, these bacteria are proficient at
utilizing the human milk oligosaccharides (HMOs) as a
sole carbon source [30]. Genomic sequencing has revealed
that Bifidobacterium longum subsp. infantis, a member of
this group, possesses a contiguous (43 kb) gene cluster
encoding proteins dedicated to the uptake and catabolism
of HMOs (Fig. 4b, c) [31]. Different mechanisms for HMO
utilization are present in other infant-associated bifido-
bacterium, suggesting a convergence of co-evolutionary
selection. In contrast, other bacteria, including the closely
related adult-type bifidobacteria Bifidobacterium longum
subsp. longum, are deficient in this locus and in the ability
to utilize HMOs. Thus, it appears that an abundant col-
lection of oligosaccharides present in human milk can
selectively nourish genetically compatible bacteria and,
accordingly, provide a mechanism for mothers to shape the
composition of the gut microbiota in their infant offspring.

Microbiota and the immune system: an active dialogue

An intimate relationship exists between the host immune
system and its colonizing microbiota [32]. Recent studies,
particularly those involving the manipulation and moni-
tored bacterial reconstitution of germ-free mice, have
cumulatively shown that the intestinal microbiota is able to
drive numerous fundamental aspects of innate and acquired
immune responses [33, 34]. In the absence of intestinal
microbiota, germ-free animals have stunted intestinal
development, including rudimentary Peyer’s patches and
intestinal lymphoid follicles [35], fewer CD4 and CD8 T
cells, reduced production of immunoglobulin A (IgA)
(reviewed in [34]), and reduced expression of some innate
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Fig. 4 Elements of a lactation-mediated nutritive strategy to shape
the infant intestinal microbiota, adapted from Zivkovic [29] with
permission. a Macronutrient composition of human breast milk, with
human milk oligosaccharides (HMOs) as an abundant component at
an estimated 5-15 g/L. b HMO-related gene cluster 1 from Bifido-
bacterium longum subsp. infantis contains the necessary glycosidases
(sialidase, fucosidase, galactosidase, and hexosaminidase) and

immune effector molecules [36, 37]. Reconstitution of
germ-free animals with a normal complex microbiota, with
specific bacterial mixtures, or in some cases single bacte-
rial species (mono-association), will largely correct these
deficiencies. Interestingly, in some cases, it is sufficient to
inoculate germ-free animals with specific components of
bacteria, such as its surface polysaccharide antigen, to
reconstitute pertinent aspects of the mucosal immune sys-
tem [38]. However, it is also evident that bacterial-host
interaction is a two-way street. That is to say, while bac-
teria induce immune maturation, the host immune system
helps regulate the abundance and composition of the mic-
robiota. In addition, even under baseline conditions, the
immune system must be vigilant to prevent commensals
from indiscriminately gaining access to the mucosal epi-
thelium and the host systemic circulation.

The mucus barrier: “Good fences make good
neighbors”

A physical barrier at most body surfaces, including the
intestine, is provided by mucus secreted by epithelial
goblet cells (Fig. 5) [39]. Similar to the surface glycans
discussed above, the mucus provides a food source for
bacteria. Although it is likely that the composition of the
mucus could selectively enhance the survival of specific
bacterial species or ecosystems, experimental evidence to
support this hypothesis is limited. Recent investigations of
the minimal human gut metagenome has detected a
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carbohydrate transporters necessary for importing and metabolizing
HMOs. ¢ Bifidobacterium longum subsp. infantis imports HMO via
specific transporters and the carbohydrates are then hydrolyzed by a
collection of intracellular glycosidases, which generate monosaccha-
rides that can enter central metabolic pathways. Interestingly, other
infant-borne bifidobacteria possess different strain-specific modes for
the consumption of HMOs
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Fig. 5 Mucus produced by goblet cells forms a continuous layer in
relatively close proximity to the epithelial cell (Epi) surface of the
colon. The mucus layer is discontinuous in the small intestine (not
shown). In the colon, there is an inner dense layer as well as a less
dense region closer to the lumen [40, 41]. The mucus layer provides a
physical barrier to limit contact between the lumenal microbes and
host cells. In addition, antimicrobial peptides (AMPs) and secretory
immunoglobulin A (IgA) are present at the epithelial surface and
embedded in mucus. These immunologically active molecules
contribute to the barrier function of mucosal surfaces

significant contribution by genes involved in secondary
metabolism relating to glycan and complex sugar digestion,
two processes which are essential for both dietary and
endogenous host sugar degradation [14]. This contribution
by these genes implies that glycan scavenging is essential
for intestinal colonization and provides support for specific
glycans provided by the host being able to contribute to the
sculpting of the intestinal ecosystem.
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In the large intestine, the mucus provides a formidable
barrier. It is comprised of an inner dense layer that
excludes the majority of bacteria and an outer less dense
layer in which the commensal bacteria reside [40—42]. The
mucus barrier is a vital contributor to the innate immune
barrier in the colon. Evidence suggests that this barrier
largely shields the host adaptive immune system from
responding to the colonizing microbiota [43, 44]. Defects
in this barrier lead to robust immune activation and chronic
mucosal inflammation [45, 46]. In the small intestine, the
mucus layer is discontinuous, particularly overlying the
small intestinal M cells or microfold cells that are com-
monly found in the epithelium over the dome of the Peyer’s
patches, which are mucosal lymphoid structures. Bacteria
are taken up by M cells and delivered to macrophages at
the basolateral surface of the epithelium. In addition,
dendritic cells can directly sample luminal bacteria in close
proximity to the epithelial surface. In either scenario,
macrophages and dendritic cells can present antigen to
initiate adaptive immune responses. In addition to the
physical barrier, there are additional immunologically
active components of the barrier, including IgA and anti-
microbial peptides (Fig. 5), as discussed below.

IgA: the adaptive immune system weighs in

Immunoglobulin A is the most abundant immunoglobulin
and is secreted at all mucosal surfaces, where it is engaged
in a complex dynamic interaction with the colonizing
microbiota. At effecter sites, in the intestine and at other
mucosal surfaces, plasma cells secrete IgA, which is
transcytosed across the mucosal epithelium and released
into the lumen. IgA binding does not destroy bacteria in the
lumen, and the majority of colonizing organisms are coated
with IgA. Although the mechanisms are not entirely clear,
IgA binding may trap bacteria in the mucus or otherwise
prevent organisms from gaining access to the epithelial
surface.

The interaction between IgA and commensal microbiota
is highly dynamic. Using a germ-free mouse model that
could be reversibly colonized without the use of antibiotic
treatment, Hapfelmeier et al. [47] answered a number of
elusive questions regarding IgA—commensal interaction.
They determined that high numbers of live bacteria (>10°
cfu) were required for IgA induction. The IgA induced is
specific to the individual commensal. Interestingly, repe-
ated challenge with the same bacteria induces additive IgA
responses rather than a synergistic response. This is in
contrast to systemic induction of immunoglobulin respon-
ses. In addition, IgA induction does not persist in the
context of a complex microbiota, as additional commensal
bacterial species induce their own specific IgA, suggesting
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that the repertoire of IgA is constantly shifting to respond
to the specific and changing microbial environment of the
intestinal tract. There is evidence that IgA can shift the
composition of the microbial environment of the gut as
well.

Other mouse models have examined the role of IgA in
the regulation of the composition of the intestinal micro-
biota, including a knockout model for activation-induced
cytidine deaminase (AID ™'~ mice) [48]. AID is essential for
the somatic hypermutation of immunoglobulin genes and
immunoglobulin class switching. AID™'~ mice accumulate
intestinal IgM plasma cells, but no IgA; consequently, they
serve as a prominent model for IgA deficiency. The defi-
ciency of IgA in these mice results in alterations of
the intestinal microbiota, characterized by the increased
presence of Gram-positive anaerobes (Firmicutes) and
dominated by the uncultivable organism segmented fila-
mentous bacteria (SFB) [49] (Fig. 6). Similar findings
have been noted in other mouse models that lack IgA and
isolated lymphoid follicles, including V(D)J recombina-
tion activation gene (Rag) ™'~ [49] and nucleotide-binding
oligomerization domain containing 1 (Nod1)™"~ mice [35].
If Rag™’~ mice are reconstituted with bone marrow from
AID '~ mice, the alteration in the microbiota persists.
However, if the animals are reconstituted with wild-type
bone marrow, their IgA levels normalize and their micro-
biota shifts back to approximate that of the wild-type
control animals. In addition, it is likely that this alteration of
the microbiota in AID™'~ mice has an impact on the
development of enlarged Peyer’s patches and lymphoid
follicles, which are characteristic findings in these mice,
since treating the animals orally with non-absorbable anti-
biotics eliminates these pathologies.

Antimicrobial peptides: an ancient mediator of peace

Peptides with an antimicrobial activity function in niche
protection throughout biology and contribute to the
immune barrier in mammals [50, 51]. In addition to their
host defense role in protecting metazoans from overt
pathogens, newly reported data in tunicates, insects, and
mammals show they have a key role in both preventing
commensal translocation and regulating the composition of
the colonizing microbiota [52—55]. In the small intestine,
Paneth cells are the predominant source of antimicrobial
peptides [56, 57]. These secretory cells, found at the bases
of the crypts of Lieberkiihn, have multiple essential func-
tions in both host defense and homeostasis [58]. They
produce several classes of molecules with broad-spectrum
antimicrobial activity, including «-defensins and lysozyme,
which are constitutively expressed and secreted, and Reg-
Ily, a bacterial lectin induced via MyD88 (myeloid
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Fig. 6 Impact of o-defensin and IgA expression on colonizing
microbiota. a Analysis of microbiota in small intestine of HDS5
transgenic mice, adapted from Salzman et al. [S4]. Subclone sequence
analysis of the bacterial composition of the distal small intestines of
HD5 transgenic mice and their wild-type (WT) littermates, presented
as the relative percentage of dominant bacterial phyla. b Analysis of
microbiota in the AID™'~ small intestine, adapted from Suzuki et al.

differentiation primary response gene-88)-mediated path-
ways [37]. Secreted effector molecules of Paneth cells
localize to the mucus layer, where they contribute to the
innate barrier against invading microbes [59]. Partial
ablation of Paneth cells (by the lineage-specific transgenic
expression of toxin) results in increased commensal
translocation, but it does not alter the abundance of colo-
nizing intestinal bacteria in the lumen [55]. Mouse models
for deficiency of Nod2, a gene encoding a muramyl
dipeptide receptor that is prominently expressed in Paneth
cells, also show disrupted intestinal homeostasis with
alterations in commensal bacterial composition and abun-
dance [60]. Nod2-deficient mice have multiple defects in
handling bacterial challenges [61, 62], and their reduced
expression of a subset of Paneth cell a-defensins likely
contributes to some of these defects.

Complementary mouse models of defensin-excess and
defensin-deficiency were used to probe the specific role of
Paneth cell a-defensins in shaping the composition of the
intestinal microbiota [54]. The expression of physiologi-
cally relevant concentrations of human Paneth -cell
defensin, HDS, in mouse Paneth cells results in significant
shifts in the small intestinal microbial composition (Fig. 6).
The abundance of Bacteroides increases with the addition
of HDS to the repertoire of endogenous mouse o-defensins,
while the abundance of Firmicutes decreases. SFB, a
member of the Clostridiales class and Firmicutes phylum,
is reduced to undetectable levels in HDS transgenic mice.
SFB are uncultivable bacteria that can intimately adhere to
small intestinal epithelial cells and which alone can broadly
trigger mucosal immune development [54, 63—65]. In the
context of a complex microbiota, SFB can drive Th17 cell
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[49]. Analysis of mucosal biopsies obtained from proximal segments
of the small intestine of 16-month-old AID™~ and WT mice.
Biopsies were pooled from littermates for each genotype, and the
microbiota was identified by sequence analyses of the 16S rRNA PCR
products. Each color represents a bacterial group identified. AID
Activation-induced cytidine deaminase

differentiation. In the HDS transgenic mice, the reduced
levels of SFB are associated with an absence of Th17 cell
differentiation [54]. In wild-type mice, Th17 cell abun-
dance is directly proportional to small intestinal SFB
abundance [54].

Reciprocal changes in the composition of the micro-
biota were observed in a complementary model of
defensin-deficiency [54]. Here, mice lacking MMP7 (also
called matrilysin) produces a defensin-deficiency because
this metalloproteinase is responsible for processing pro-
defensins into their active form in mice [66]. These
defensin-deficient mice show reductions in the abundance
of Bacteroides, with increased numbers of Firmicutes,
and show the persistent presence of SFB and lamina
propria Th17 differentiation [54]. Thus, Paneth cell
a-defensins can regulate the composition of the intestinal
microbiota, with far-reaching effects on the mucosal
immune system.

Recent studies of another antimicrobial peptide, human
p-defensin 1 (hBD-1), encourage speculation on a different
(in this case, indirect) mechanism by which oxygen tension
may influence the composition of the microbiota. hBD-1 is
broadly expressed at most human epithelial surfaces,
including the large intestine. The primary structure and
tissue expression patterns of hBD-1 are conserved in many
mammals. Curiously, however, its in vitro antibiotic
activity is very weak, raising the question of whether its
antibiotic functions are significant in vivo. The paradox
appears to have been solved by the discovery that the
reduction of the hBD-1 disulfide bonds dramatically
enhances its antimicrobial activity, particularly against
anaerobic commensal species [67]. While further studies
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are needed to ascertain details regarding the relative
amounts of reduced and oxidized hBD-1 present in vivo,
and to fully understand both regulation and consequences
at mucosal surfaces, it appears that the redox state of this
defensin peptide might play a key role in regulating the
composition of microbiota at the epithelial surface, and
perhaps in preventing translocation of the mucosa-associ-
ated bacteria.

Pathogens cleverly exploit host immunity to favorably
alter the microbiota

The evidence discussed here indicates that the host’s
immune system is intimately involved in shaping the
composition of the intestinal microbiota during homeosta-
sis. There is also evidence to support that defects in
mucosal immunity can result in profoundly altered com-
mensal colonization of the intestine, termed dysbiosis [35,
46, 60, 68-71]. However, even a normal immune response
to infectious challenge can induce dysbiosis. Typically, the
disruption is transient, and with resolution of the infection,
the changed microbiota returns to baseline [72]. However,
in some cases, the changes in the microbiota can favor
survival of the invading pathogen, providing an interesting
twist to the host-microbiota dialogue.

Salmonella enterica serovar Typhimurium is a well-
characterized enteric pathogen which causes enteritis that
is characterized by an inflammatory diarrhea. In mouse
gastroenteritis models, virulent S. Typhimurium triggers
local mucosal immune responses that cause disruption of
the intestinal bacterial ecosystem [73]. In this situation, the
host response to Salmonella drives the disruption of the
microbiota, not Salmonella directly [73, 74]. Disruption of
the microbiota enhances pathogen colonization and per-
sistence, suggesting that the bacterial-dependent induction
of mucosal inflammation functions to the pathogen’s
advantage [73-76]. Additional studies have shown that
S. Typhimurium directly exploits other aspects of the host
response to enhance its own survival in the course of
infection [77, 78].

Studies using the intestinal pathogens Citrobacter
rodentium and Campylobacter jejuni reported similar
findings, in that host inflammation was responsible for the
disruption of the intestinal microbiota [72]. Interestingly,
these studies also demonstrated that inflammation and
resulting diarrhea resulted in characteristic changes in the
microbiota composition, with loss of the highly abundant
Firmicutes phylum and replacement by the Proteobacteria
phylum, dominated by bacteria of the Enterobacteriacea
family. These changes appear to be similar in models of
chronic intestinal inflammation [79] and in humans with
inflammatory bowel disease [80], suggesting that host
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innate mucosal inflammatory responses also select for a
characteristic microbiota composition.

Concluding comments

The intestinal microbiota is a complex and multifunction
ecosystem that is essential to the development, protection,
and overall health of its host. The microbiota functions as
an extra organ, to which the host has outsourced numerous
crucial metabolic, nutritional, and protective functions.
Yet, what is driving this symbiotic relationship? Do our
microbes shape their environment, or adapt to the host
environment? What is the relative significance of our
intrinsic environment (driven by genetics, aging, and pos-
sibly epigenetics) versus our extrinsic environment (driven
by nutrition, behavior, pathogens, and toxins)? In this
review, we have examined new evidence suggesting that
the host selects and shapes its ecosystem (Fig. 7). The
resulting ecosystem is a critical driver of host physiology,
and disruption consequently may have significant health
consequences. The study of organisms on the simpler end
of the evolutionary scale suggests that the host’s role far
outweighs other environmental factors in molding the
composition of the microbiota. In mammals, the role of the
host is also clearly evident, although countless underlying
mechanisms surely remain unresolved. In humans, the
situation is further complicated by our ability to relent-
lessly and deliberately manipulate our environment (both
external and internal), ultimately affecting the host—

Host Sculpting

Non-Immune Immune
__Factors _ Factors
Oxygen Tension, pH Defensins
Digestive Enzymes laA
and Bile Salts N
Mucus Others

Microbiota _

Proposed Mechanisms

Create Environment
Provide Selective Nutrients

Produce Discriminating Antimicrobials

Fig. 7 Sculpting of the colonizing microbiota. Our central tenet is
that the host actively shapes the composition of its colonizing
microbiota. The mechanisms include non-immune factors, as well as
innate and adaptive immune factors. Together, these host factors
combine to create a discriminating environment, provide selective
nutrients, and generate specific antimicrobial factors
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microbe balance of the super-organism. In many cases, the
disruptions may contribute to disease pathogenesis.
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