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Abstract

Human-associated microbiota form and stabilize communities based on interspecies interactions. 

We review how these microbe-microbe and microbe-host interactions are communicated to shape 

communities over a human’s lifespan, including periods of health and disease. Modeling and 

dissecting signaling in host-associated communities is crucial to understand their function, and 

will open the door to therapies that prevent or correct microbial community dysfunction to 

promote health and treat disease.

Introduction

Throughout history, humans decried the wrath of gods or the configuration of the stars as the 

cause of ravaging diseases, such as bubonic plague (Yersinia pestis), Cholera (Vibrio 

cholerae), Typhus (Rickettsia typhi), or smallpox (Variola major). The microbiology era 

began when Antonie Van Leeuwenhoek crafted fine lenses and microscopes to visualize 

environmental and human-associated ‘animalcules’ or microorganisms, a finding which 

amazed both the scientific community and general public. An equally stunning revolution 

has been underway over the last two decades as scientists use DNA sequencing to observe 

and classify the trillions of microbes that cover our planet and our bodies.

Rather than trying to maintain sterility at the interface with the environment, hosts evolve 

mechanisms to influence the composition and function of their associated microbial 

communities. Scientific studies have transformed our thinking of all microbes as enemies to 

highlight the fundamental roles human-associated microbes play in promoting health 

throughout a lifetime.

The bacteria, fungi, viruses, and archaea that reside in and on the human body constitute our 

microbiota, and their genes are our microbiome. These complex communities contain taxa 

from across the tree of life, with deep lineages of multiple genera, species and strains. 
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Although techniques to culture these microbes have improved, as we understand more about 

their metabolic requirements, only a small minority has been cultured. Culture-independent 

high-throughput sequencing has greatly expanded the repertoire of microbes known to reside 

in our bodies and in the environment.

A growing body of research seeks to uncover the ‘rules’ by which microbes interact with 

each other in multispecies communities and cohabitate with their multicellular hosts such as 

humans. A corollary goal is to understand how these rules are communicated or enforced. 

Here, we begin by considering the assembly and stability of human-associated microbial 

communities, including both inter- and intra-individual variation. We highlight studies 

focused on the acquisition of strains in the early childhood years, which examine this time as 

a critical set-point to shape microbial communities and prime the immune system. Next we 

explore microbe-host and microbe-microbe interactions, with host pruning of the gut 

community as an elegant example of collaborations and competitions played out through 

mucus and antimicrobial peptides acting in close proximity and diffusible metabolites acting 

at a distance. These studies span the spectrum from basic to clinical, from one microbe 

colonizing a gnotobiotic mouse to donor feces infused into a human patient with intractable 

Clostridium difficile diarrhea. While myriad attributes of microbes and microbial 

communities have been elucidated, this review is limited primarily to human-associated 

communities and admittedly mainly on bacteria. Topics such as the virome or host immune-

microbe interactions were generally neglected by us, but definitively reviewed by experts in 

these fields (Belkaid and Hand, 2014; Virgin, 2014).

We look forward in two ways: by surveying emerging topics in microbial community 

signaling, including metabolic ‘outsourcing’ from microbes to humans; and by considering 

the growing need to understand microbe-microbe and microbe-host interactions at the level 

of molecular mechanism. Ultimately, a central aim is to achieve therapeutic benefit by 

redirecting microbial communication signals to increase community resilience or promote 

colonization by organisms that can treat or prevent disease.

1. Assembly and stability of human-associated microbial communities

Overview—Since molecular tools were developed to interrogate species and strains of 

bacteria present in a community, a driving theme has been to determine how human-

associated microbial communities are formed, and to determine at what level – if any – these 

communities are stable. A tremendous amount of data obtained at ever greater resolution has 

been collected and analyzed to address fundamental questions of microbial community 

structure: How much do communities vary between individuals? Do people share a core 

microbiome at the level of species, strains or functional units? As baseline data is collected, 

scientists and the general public are asking whether the composition and function of these 

communities depend on race, ethnicity, place of birth, mode of delivery, age, health status, 

diet, and myriad other genetic and environmental factors.

Heritability of human-associated microbial communities—To address questions 

about microbial inheritance, scientists have first grappled with the enormity of the datasets. 

It would be impractical to perform an all-against-all comparison of every microbial taxa 
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with every piece of clinical metadata. Data complexity has to be reduced either by defining a 

core microbiome and then aggregating microbes into community sub-structures, or by 

controlling for genetic and environmental heterogeneity.

In terms of reducing data complexity, the search for microbial community types is akin to 

arranging single nucleotide polymorphisms (SNPs) into blocks of human genetic linkage 

disequilibrium. These blocks simplified the task of associating regions of the human genome 

with inherited disease susceptibilities. However, SNPs are arranged linearly along a strand 

of DNA, which provides the organizational structure to cluster SNPs (International HapMap 

Consortium, 2005). No similar organizing principle has been identified for the units of 

function within a microbial community (Knights et al., 2014; Koren et al., 2013). Even the 

concept of a core microbiome has remained elusive as discussions continue about whether 

“core” should be defined based on species, strains or functional units. Although enterotypes 

or vaginal community types may obscure important elements of microbial community 

structure, they have proved useful for analyzing longitudinal studies of disease (Arumugam 

et al., 2011; Nobel et al., 2015; Ravel et al., 2011).

The other approach to reduce gene/environment complexity is to study mono-and dizygotic 

twins (MZT and DZT, respectively). Twin studies provide baseline data to quantify 

heritability of microbial taxa attributed to shared genetic (and environmental) features. 

Based on limited bacterial 16S rRNA (used as a signature of bacterial genus or species) 

sequencing of the gut microbial communities of 31 MZT and 23 DZT, an early study 

concluded that gut microbial communities have limited heritability with a comparable 

degree of co-variation between adult monozygotic and dizygotic twin pairs (Turnbaugh et 

al., 2009). A larger study of 171 MZT and 245 DZT, including 98 longitudinal samples 

sequenced with higher resolution concurred that relatively little of the human microbiome is 

heritable. However, with their large dataset, they could identify several linked microbial taxa 

whose abundances were influenced by host genetics (Goodrich et al., 2014). Ley and 

colleagues focused on the bacterial family Christensenellaceae, which had the highest 

heritability and formed a co-occurrence network with other closely associated heritable gut 

bacterial families. Phenotypically, Christensenellaceae was enriched in individuals with low 

body mass index. In a mouse model, addition of a strain of Christensella reduced recipient 

weight gain, completing the loop by showing that host genetics influences the composition 

of the gut microbial community, which in turn can affect host metabolism. This study 

demonstrates how taxa such as Christensenellaceae may be recruited and retained for 

benefits they provide the host. However, while these findings set the stage for deciphering 

the complexity of host-microbial community associations, they leave open the possibility 

that stochastic features might contribute to early strain acquisition followed by host selection 

and community pruning.

Opstal and Bordenstein expand this intellectual framework, challenging the host-centric 

interpretation of microbiome heritability as unidirectional and encouraging the use of 

models that encompass microbial interspecies interactions that drive the assembly and 

stability of the community (van Opstal and Bordenstein, 2015). Community heritability 

analyses treat the host as a foundational species, but still part of the ecosystem, and then use 

data clustering methods to identify the fraction of total variation in the microbial community 
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that relates to host genetic variation. Emerging experiments, many discussed below, point to 

microbial community interactions as self-organizing or self-selecting, so these concepts are 

clearly valid. The issue remains how to power human studies to encompass community 

heritability. One might turn to a mouse model to try to scale the complexity of controlling 

for microbial community structure and genetic relatedness among individuals. Rich studies 

with different inbred mouse strains showed diversity in the gut microbiota composition and 

provided evidence for variation determined by host genetic background (Org et al., 2015). 

Importantly for these studies genetic relatedness was determined as shared SNPs amongst 

the 100 sequenced inbred strains of mice that constitute the hybrid mouse diversity panel. 

Rather than relying upon traditional mouse genetic crosses with physical transmission of 

microbiota between generations, this experimental strategy better mirrors human population 

structures. Within these studies, cross-fostering of pups between two strains of mothers 

affected the pups microbial composition and response to high-fat, high-sucrose diet. And as 

such the authors were able to triangulate between host-encoded genetic variation and 

candidate microbiota to take more of a community heritability approach to assess how gut 

microbial communities are assembled each generation, influenced by maternal seeding, 

environmental factors, and host genetics.

Stability of strains in human-associated communities—Beyond strain acquisition 

due to heritability and environment exposure, an equally fundamental question is the extent 

and level of microbial community stability. Several studies have explored microbial 

community longitudinal stability of healthy volunteers to explore ecological principles and 

to power clinical studies. 16S rRNA sequencing studies across body sites have shown a 

community stability with a range of temporal variability dependent on body site and 

individual. Fierer’s comprehensive study of 4 body sites (forehead, gut, palm, tongue) of 85 

adults sampled weekly for 3 months concluded that the inter-individual variability exceeds 

intra-individual variability observed over time (Flores et al., 2014). So while an individual 

monitored over the course of a disease may still serve as his/her own best control, Fierer and 

colleagues caution that the variability across time can still be high even if focusing on 

abundant taxa or community diversity. And thus clinical studies that survey chronic 

disorders will need to consider the ‘personal microbiome’ composition in the context of 

temporal variability. As for the ecological principles that shape and govern stability, Gilbert 

and colleagues provided a first look at the maintenance or acquisition of prevalent microbes 

from family members and the home environment (Lax et al., 2014).

To explore the organizing principles of microbial community stability, several groups have 

considered whether strains are stably maintained within diverse communities. Bork and 

Weinstock analyzed gut bacterial strain stability by analyzing two large shotgun stool 

metagenomic datasets at the SNP level. In contrast to the variation observed between 

individuals, strains appeared to colonize stably, with low SNP variation for 43 subjects 

sampled one year later (Schloissnig et al., 2013). Tackling the same question of gut 

microbial strain stability, Gordon used low error amplicon sequencing of the 16S rRNA 

gene to study the gut communities of 37 healthy adults over a five-year period (Faith et al., 

2013). They found that each person harbored ∼100 bacterial species and ∼200 bacterial 

strains, with the majority stably maintained over the study period, and by extrapolation 
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perhaps over a lifetime. Gordon concomitantly sequenced the genomes of 500 anaerobic 

bacteria to associate the 16S rRNA sequences to a genome of origin. With a nod to 

heritability, Gordon found that strains (defined as isolates sharing >96% of their genome 

content) of Methanobrevibacter smithii and Bacteroides thetaiotaomicron were shared 

between close family members including siblings/twins and mother-daughter pairs.

Similar to the gut, multiphyletic communities of skin commensal Staphylococcus 

epidermidis and Propionibacterium acnes strains are stably maintained by healthy 

volunteers over at least one year as assessed by strain tracking and SNP analysis. This study 

proposes that functional saturation across the full gene encoding potential of the species 

(known as the pan-genome) might drive the acquisition and stability of these communities 

composed of multiple strains from one species. ((Oh et al., 2014); Oh, Byrd, Kong, Segre, in 

press). Consistent with Gilbert’s study (Lax et al., 2014), this strain level analysis dispels the 

popular misconception that skin-associated strains are washed off during a shower, only to 

be repopulated by the environment.

An important implication of these analyses is that they empower clinical studies of chronic 

relapsing disorders in which a patient will be used as his/her own control.

Early childhood acquisition of strains—These studies show that a strain, once 

acquired, can exist within a community for years, likely having an outsize impact on host 

biology. As such, important studies have focused on early childhood exploring strain 

acquisition and the consequent important effects on immune development and health into 

adulthood (Figure 2).

To gain insight into the process of strain acquisition, Gordon and colleagues studied healthy 

children (including MZT and DZT) and adults from the Amazonas of Venezuela, rural 

Malawi and US metropolitan areas. The authors found distinct features of microbial 

composition among the three ethnic groups, and yet all three groups reached functional 

maturation or community stability by three years of age (Yatsunenko et al., 2012). This 

finding highlights early childhood as a critical set point: perturbations during this period 

could have lifelong effects on community composition. Of importance to global health, 

severe acute malnutrition (SAM) during early childhood leads to alterations in the gut 

community, which may have profound lifelong effects (Subramanian et al., 2014). SAM is 

associated with relative microbial immaturity, which is only partially ameliorated with 

nutritional interventions. This microbial deficiency is, consistent with the incomplete 

restoration of healthy growth observed in children who have experienced early SAM and 

later receive nutritional supplements. Understanding more about microbial communication 

would help to predict whether delivery of probiotic strains with food interventions might 

produce better long-term outcomes for malnutrition.

Picking up on Gordon’s observation that Amazonas and Malawi have more diverse gut-

associated microbial communities, Sonnenburg and colleagues explore how over time, 

strains may be lost by individuals and by extension even from human societies when diets 

are poor in bacterial nutrients, such as carbohydrates found in dietary fiber (Sonnenburg et 

al., 2016). Specifically, Sonnenburg colonizes mice with a human fecal community and then 
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feed mice either the Western diet (high in fat and simple carbohydrates, low in fibre) or a 

more traditional diet and determines that over several generations the gut communities of 

Western-diet mice lose bacterial diversity that cannot be restored simply by reverting the 

diet. Earlier, Blaser and Falkow had proposed that medical practices and lifestyle changes 

might have had a dramatic, poorly appreciated and likely devastating effect on ancestral 

beneficial microbes (Blaser and Falkow, 2009). Blaser and Falkow’s postulate that this loss 

of microbial diversity or “disappearing microbiota” might exacerbate and underlie the recent 

rise of modern conditions such as asthma and obesity.

Faith, Colombel and Gordon contextualize these findings by proposing two basic tenets: the 

majority of resident strains are acquired in the first three years of life, primarily from family 

members; and strains can colonize for decades, and may only affect host phenotype later in 

life (Faith et al., 2015). This point is crucial in teasing apart where to place microbes in the 

context of diseases with gene-environment interactions. For example, perhaps early 

childhood strain inheritance from a family member (e.g. affected parent or sibling) impacts 

the relative risk or severity for a complex adult-onset disorders such as inflammatory bowel 

disease (Figure 1). An intriguing question is whether inherited microbes might be part of the 

“missing heritability” that cannot be mapped to either common or rare variants in the human 

genome. The authors argue that the failure of numerous studies seeking to find association 

of a microbe to a complex disease may be the long latency between strain/community 

colonization and disease-associated manifestations.

The importance of early childhood exposure in priming and establishing immune responses 

has been reviewed extensively (Belkaid and Hand, 2014; Hegazy and Powrie, 2015). 

Specific to microbial communication, tolerance established in early life has been an 

unexpected feature of microbial communities. Honda and colleagues demonstrated that oral 

inoculation of Clostridium in early life promoted accumulation of specific regulatory T cells 

and resulted in resistance to induced gut inflammation in adult mice (Atarashi et al., 2013). 

Similarly, Rosenblum and colleagues demonstrated that S. epidermidis exposure across an 

impaired skin barrier elicits a skin inflammatory response in adult mice. However, an initial 

exposure to S. epidermidis in the first week of life leads to tolerance in adult mice through 

induction of specific regulatory T cells (Scharschmidt et al., 2015). These mouse 

experiments suggest new potential therapeutic options for microbial associated gut and skin 

diseases such as inflammatory bowel disease and atopic dermatitis, respectively. A 

fascinating clinical trial underscored the possible relevance of “tolerance” to human disease. 

Whereas avoidance has been the common recommendation to avoid peanut allergy, the 

LEAP study team established a large cohort of 530 at-risk infants and demonstrated that 

active consumption of peanuts reduced the prevalence of peanut allergy at 5 years from 

13.7% to 1.9% (Toit et al., 2015). Even for the ∼100 participants with an initial positive 

skin-prick test to allergen, the prevalence of peanut allergy was 35.3% in the avoidance 

group and only 10.6% in the consumption group.

Together these findings underscore the critical nature of early childhood for strain 

acquisition, microbial community stabilization, and appropriate priming of the immune 

system. We now explore the mechanisms by which these communities might be acquired, 

selected and stabilized.
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2. Microbe-host interactions

Host pruning of the gut community—Nearly all internal and external surfaces of 

multicellular organisms are colonized by bacteria. Rather than trying to maintain sterility at 

the interface with the environment, hosts have evolved signaling mechanisms by which they 

can influence the composition and function of their associated communities by controlling 

the molecular composition of the surface to be colonized. All of these features can be 

interpreted as an effort on the part of the host to control the composition and/or function of 

its colonists: 1) the chemical composition of mucus and secretions; 2) which molecules are 

sequestered and not secreted; and 3) how mucus and secretions change in response to a 

stimulus (Figure 2).

One common class of molecular signals for controlling community composition are 

antimicrobial peptides (AMPs), secreted by epithelial cells and typically associated with 

inflammation. The intricate relationship of these gut-induced AMPs and commensal 

microbes was uncovered by Goodman and colleagues, who set out to solve the mystery of 

why Bacteroides, the most common genus in the human gut community, is markedly 

resistant to cationic antimicrobial peptides (Cullen et al., 2015). A genetic screen for 

increased AMP sensitivity amongst a gut Bacteroides revealed an endogenous phosphatase 

that dephosphorylates lipid A (the lipopolysaccharide core, normally di-phosphorylated in 

most Gram-negative species (Christian R H Raetz, 2002)) to make it less anionic; the 

phosphatase mutant is unable to stably colonize the murine intestine. By showing that the 

predominant commensal Gram-negative gut bacterium has evolved to grow in the presence 

of high concentration AMPs, this work reveals why the host can then produce AMPs to 

restrict the growth of other likely pathogenic Gram-negative bacteria. Cationic antimicrobial 

peptides are not the only host factors that shape the gut community; Hooper and coworkers 

have shown elegantly that secreted antibacterial lectins help to maintain a largely bacterium-

free mucus layer in the gut by forming hexameric pores in the membrane of Gram-positive 

bacteria (Cash et al., 2006; Mukherjee et al., 2014; Vaishnava et al., 2011). Together, these 

studies demonstrate the means by which epithelial cells prune nearby bacterial communities 

by secreting factors that selectively inhibit taxa that have not evolved means of evasion. In 

turn, these evasion mechanisms can also be understood as ‘colonization factors’ and 

constitute remarkable examples of microbe-host co-evolution.

Another means by which the host can modulate community composition is to secrete 

diffusible metabolites that promote the growth of some taxa and inhibit others. A recent 

example comes from the bacterial communities associated with plant roots, which resemble 

inside-out intestines (Lebeis et al., 2015). Arabidopsis roots secrete the hormone salicylic 

acid, which acts by two mechanisms: 1) direct stimulation or suppression of microbial 

growth in a taxon-specific manner, and 2) indirect sculpting of the community by 

modulating the host immune response. Other molecules exuded by plant roots are thus 

candidate mediators of community composition and function.

Hansson and colleagues highlighted the profound influence the commensal microbiota exert 

on the dynamics of mucus layer development (Johansson et al., 2015). There are major 

differences between the mucosal surfaces of wild-type and germ-free mice: for example, the 
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ileal mucus of germ-free mice is just slightly thicker than that of wild-type mice, but 85% of 

the wild-type mucus could be dislodged with gentle aspiration as compared to only 23% of 

the mucus in germ-free mice. Mechanistically, the mucus of the small intestine keeps the 

epithelium clean by detaching and expelling trapped bacteria in the feces. The mucus of the 

inner colon only becomes impenetrable after 4–6 weeks of colonization, during which time 

the bacterial community composition shifted, as new niches were formed. These data show 

the extent to which the host can remodel the coating on its ‘consumer facing’ surface, and 

they reveal gaps in our knowledge of how the composition of mucus is dynamically 

regulated in response to microbial colonists.

Finally, a key non-host but still microbiota-extrinsic factor that shapes the gut community is 

diet. Several studies (for example, see (David et al., 2014)) have shown that a dietary shift 

has a rapid but reversible effect on the composition of the gut microbiome; indeed, diet 

appears to have a much stronger influence on gut community composition than host genetics 

(Carmody et al., 2015). Although a complete mechanistic picture of how diet shapes the 

microbiome has not yet emerged, early studies have associated Bacteroides gene clusters 

with the catabolism of a specific oligosaccharide and the ability to bloom in the presence of 

that substrate in vivo (Larsbrink et al., 2014; Sonnenburg et al., 2010). If this principle can 

be generalized, then diet could come to be viewed as a collection of microbially accessible 

substrates that reach the small and large intestine, each one of which may enable a 

corresponding microbial taxon to bloom. More speculatively, the process of ‘unwrapping’ a 

food particle to release its contents could represent a mechanical mutualism between a 

species that eats, e.g., the polysaccharide coat and another that ferments the proteinaceous 

innards of a food particle (Fischbach and Sonnenburg, 2011a).

Bacterially derived molecules acting at a distance—Through the lens of chemical 

engineering, the gut is a stopped flow reactor with a selectively permeable membrane. Inside 

this vessel, gut bacterial convert food into high concentrations into dozens of diffusible 

metabolites at high concentration (mid-micromolar to low-millimolar). Many of these 

molecules accumulate in host circulation, which gives them the opportunity to signal at a 

distance in the host.

Perhaps the best-known example is the short-chain fatty acids (SCFAs) that are produced at 

high concentration by a wide variety of gut bacteria. In addition to serving as an energy 

source for enterocytes (Wilson, 2005), these molecules signal through a pair of G-protein 

coupled receptors (GPR41/GPR43), modulating a diverse range of host processes including 

regulatory T cell function (Atarashi et al., 2013; Furusawa et al., 2013; Smith et al., 2013). It 

is likely that other GPCRs and nuclear receptors that are orphan or which have likely been 

assigned a non-physiological ligand actually respond to a microbiota-derived metabolite. For 

example, the vitamin D receptor binds more tightly to the secondary (bacterially produced) 

bile acid lithocholic acid (LCA) than to vitamin D (Makishima et al., 2002), suggesting a 

role in sensing gut bacterial metabolism of primary bile acids.

Another molecule that is produced exclusively by the gut microbiota is trimethylamine-N-

oxide (TMAO), which derives from dietary cholines (both free and phospholipid-

conjugated) and carnitine. Gut bacteria harboring one of several related catabolic gene 
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clusters (Martínez-del Campo et al., 2015) extrude trimethylamine from the dietary 

precursor, which is then hydroxylated in the liver to TMAO. TMAO appears to promote 

atherogenesis, and small molecules that inhibit the bacterial trimethylamine lyase block 

atherosclerosis in apoE-null mice (Wang et al., 2015). The molecular mechanism by which 

TMAO signals has begun to emerge; platelets exposed to the molecule become 

hyperreactive by a mechanism that involves the induced release of Ca2+ from intracellular 

stores, increasing the risk of thrombosis (Zhu et al, Cell 2016, in press) (Figure 3).

An observation about the metabolic niche created by trimethylamine-containing dietary 

molecules shows the therapeutic promise of microbial ecology: when vegans are fed 

carnitine, no TMA (and thus no TMAO) is produced, due to a lack of TMA-producing 

bacteria in the community (Koeth et al., 2013). This shows that healthy gut communities 

exist that enable humans to eat meat and eggs without suffering the ill effects of carnitine-

derived TMAO; even if the community needed daily replenishment to prevent the otherwise 

inevitable outgrowth of TMA producers, this would undoubtedly be more effective (and 

palatable) than convincing at-risk patients to modify their diet.

A wide variety of ligands for receptors in immune cells act at a distance. These include LPS, 

which signals through TLR4 (Park et al., 2009) and an intracellular sensor, caspase-4/5/11 

(Yang et al., 2015); and ligands for TLR2, including polysaccharide A from Bacteroides 

fragilis (Round et al., 2011) and lipoproteins (Jin et al., 2007). Medzhitov and coworkers 

were among the first to show that immune response to the microbiota can be beneficial 

(Rakoff-Nahoum et al., 2004); they showed that TLR4 signaling, which had been a hallmark 

of the pro-inflammatory response to Gram-negative pathogens, was paradoxically protective 

against DSS-induced colitis. Among the many outstanding questions in this area, three stand 

out: What are the microbiota-derived molecules that induce naïve T cells to differentiate into 

regulatory T cells? In what form do lipid-bearing ligands get to immune cells and how do 

they traverse the mucus layer: outer membrane vesicles, membrane sloughing from dead 

cells, or bile acid solubilization, with analogy to solubilizing dietary lipids? And what role is 

played by contact-dependent signaling by microbes that adhere to the intestinal epithelium 

(Atarashi et al., 2013; Sano et al., 2015)?

Gut-brain and gut-metabolism axes—A growing number of recent studies (reviewed 

in (Ridaura and Belkaid, 2015)) have shown an effect of the gut microbiota on host behavior 

and cognition. In the story that has gone furthest into molecular mechanistic detail, 

Mazmanian and coworkers used the murine maternal immune activation (MIA) model of 

autism spectrum disorder (ASD) to show that the gut microbiota of MIA mice can confer on 

germ-free mice some behavioral deficits characteristic of ASD (Hsiao et al., 2013). A 

metabolomic analysis pointed to ethyl phenyl sulfate as a microbiota-derived molecule 

whose level was increased in the serum of MIA mice, and this molecule alone was sufficient 

to induce a similar phenotype (Figure 3).

Importantly, this manuscript shows that a microbially-produced molecule can get absorbed 

into the bloodstream, cross the blood-brain barrier and alter host cognition – in this way, it 

establishes a plausible case for a molecular mechanism by which the microbiota can directly 

alter host behavior. Although the study does not show that the microbiota play a causative 
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role in ASD, it opens the door to more detailed studies that seek to determine how 

microbiota-derived metabolites impinge directly on signaling in the brain, a theme that is 

extended by recent work from Hsiao and coworkers showing that the gut microbiota can 

induce serotonin production by the host (Yano et al., 2015).

Satiety (the sense of feeling full) is another important thread linking gut-brain signaling to 

the control of host metabolism. Initial work showed that induction of intestinal 

gluconeogenesis is the mechanism by which protein feeding leads to a satiety response 

involves (Mithieux et al., 2005). With subsequent investigation Mithieux and colleagues 

showed that this effect involves the sensing of protein-derived peptides by µ-opioid 

receptors in portal vein nerves (Duraffourd et al., 2012). And finally, connecting to the 

microbiome, the same group showed that intestinal gluconeogenesis can be induced by 

microbiota-derived short-chain fatty acids, with propionate and butyrate activating the same 

circuit by distinct signaling mechanisms (De Vadder et al., 2014). Together, these studies 

show that a host physiological response critical for metabolic homeostasis responds to 

chemical signals from the gut, including directly from the microbiota. The gut microbiota 

influence host metabolism in many other ways; interested readers are directed to a recent 

review from Tremaroli and Backhed (Tremaroli and Bäckhed, 2012).

3. Microbe-microbe interactions

Why are bacterial communities stable?—Community stability is a basic ecological 

phenomenon with broad implications for community composition and microbe-host 

interactions. Several studies have investigated both theoretically and experimentally how 

microbial communities are stabilized. Schluter and Foster leverage network models from 

theoretical ecology to identify general principles underlying microbiome stability (Coyte et 

al., 2015). The authors extend these theories to include unstructured ecological networks, 

and measure stability or resilience as the probability that a community will return to its 

original state after a perturbation. Most of the existing models suggest that high species 

diversity (such as observed in human microbiome datasets) would be unstable, an apparent 

contrast between theory and experiment. The authors propose a resolution to this conflict by 

developing models demonstrating that a diverse and competitive community leads to a 

stable microbiome. While increasing species or strains is a priori a destabilizing force, in 

fact the competition introduces negative-feedback loops that have a stabilizing effect. In 

contrast to cooperation, which can lead to species loss, competition dampens positive-

feedback loops and promotes stability. Remarkably, these models can also account for how 

adaptive immunity promotes stability by suppressing outgrowth of pathogenic species. In 

closing, they describe hosts as “ecosystem engineers that manipulate general, system-wide 

properties of the microbial communities to their benefit”. Discovering and testing many of 

these stabilizing modes of communication will require tractable experimental systems.

Competitive exclusion—One mechanism by which community stability is maintained is 

competitive exclusion, a process in which a resident species prevents an incipient colonist 

from gaining a foothold in the community. Mazmanian and colleagues sought to define the 

molecular processes used by symbiotic bacteria to stably colonize the gastrointestinal tract, 

using the prevalent gut genus Bacteroides as their example. Germ-free mice mono-
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associated with a single Bacteroides species resist colonization by another strain of this 

same species, while still retaining the capacity to be co-colonized with other Bacteroides 

species. To identify the molecular mechanism underlying colonization saturation, the 

authors devised a clever scheme to identify dominant-acting factors by mono-associating 

mice with Bacteroides vulgatus, and then challenging with them a library of B. vulgatus 

containing ∼10 kb fragments of genomic DNA from Bacteroides fragilis (Lee et al., 2013) 

(Figure 4). Of the thousands of clones that were used to challenge B. vulgatus mono-

associated mice, only two stably colonized the animals, and the cloned inserts both mapped 

to the same locus, subsequently named commensal colonization factors (ccf). ccf genes 

encode proteins that bind and import glycans, potentially creating both a physical and 

metabolic niche for the bacterial species expressing them. This study highlights how clever 

observations combined with defined, reductionist systems are essential to generate and test 

functional hypothesis about communication between strains, species and hosts. Moreover, it 

raises the question of how the substrates and form of the mucosal surface promotes stable 

and resilient colonization.

While Mazmanian presents one example of how commensals may develop an intimate 

physical relationship with the more protected crypts, Kishony’s work explores antibiotic 

production as a specific mode of microbial communication, and proposes general theories of 

how microbial communities support species diversity (Kelsic et al., 2015). Simplistic 

models assume pairwise species relationships in which antibiotic producing organisms 

inhibit sensitive species. These pairwise inhibitory interactions can support multiple species 

coexisting with a model of cyclic dominance, best understood by the rock-paper-scissors 

game (Durrett and Levin, 1998; Kerr et al., 2002). Kishony and colleagues introduce into the 

model a third “modulator” species that can attenuate the effect of the antibiotic-producing 

species on the antibiotic-sensitive species (for example, by enzymatically degrading the 

antibiotic). Incorporating modulator species enables stable communities to form even with 

large differences in growth rates and tight intermixing of species. Experimentally, mixing 

organisms capable of producing and degrading multiple antibiotics led to robust coexistence 

in a well-mixed chemostat. Interestingly, these communities are robust to cheaters, species 

who take a small growth advantage by ceasing production or degradation of antibiotics. 

These models provide a starting point to model and engineer multi-species microbial 

consortia that include additional means of shaping a community, such as resource 

competition, secondary fermentation, and predator-prey relationships.

Colonization resistance in the gut community—Human and animal models studies 

have begun to uncover the molecular mechanisms underlying a related phenomenon, 

colonization resistance, or the community’s susceptibility to a colonizing pathogen, often in 

the context of antibiotic-induced instability. Pamer and colleagues treated mice with various 

antibiotics, triggering susceptibility to infection by Clostridium difficile, a major cause of 

antibiotic-induced diarrhea (Buffie et al., 2014). In parallel, they performed a similar 

analysis with a cohort of patients undergoing stem-cell transplant, who due to antibiotic 

treatment and compromised immune function are particularly susceptible to C. difficile 

infection. The authors correlated the abundance of different bacterial species to increased or 

reduced susceptibility to C. difficile infection, revealing Clostridium scindens as a 
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commensal associated with colonization resistance. Consistent with the computational 

prediction, pre-colonization of mice with C. scindens ameliorated the symptoms associated 

with C. difficile infection. Noting that genes carried by C. scindens are known to 7-

dehydroxylate primary bile acids cholic acid and chenodeoxycholic acid to the secondary 

bile acids deoxycholic acid and lithocholic acid, the authors hypothesized that secondary 

bile acids might impair C. difficile growth in vivo, as has been shown in vitro (Sorg and 

Sonenshein, 2008) (Figure 4). Ultimately, Pamer and colleagues provide a well-validated 

example of how a single organism can confer colonization resistance against a common 

pathogen. This is important in both scientific and translational arenas as researchers strive to 

create artificial communities capable of recapitulating the positive effects of fecal transplant 

in patients with recurrent C. difficile infections.

Colonization resistance in the skin community—Similarly, skin microbes contribute 

to colonization resistance, shaping microbial communities and modulating innate defense 

both directly and indirectly (via the host). In the nares, Mizunoe and colleagues showed that 

strains of the common commensal Staphylococcus epidermidis provide colonization 

resistance against Staphylococcus aureus in human challenge experiments. The authors 

started with the epidemiologic finding that approximately one-third of the human population 

is colonized asymptomatically with S. aureus in the nares, which is a risk factor for 

subsequent infection (Eiff et al., 2001). In vitro, they showed that a subset of S. epidermidis 

strains can inhibit S. aureus biofilm formation, an activity they biochemically purified and 

identified as a serine protease, ESP. In isogenic strains of S. epidermidis, ESP was both 

necessary and sufficient for the destruction of S. aureus biofilms. Notably, S. aureus was 

unable to develop resistance to ESP even after one year of co-culturing, suggesting this 

protein targets an essential function. When healthy S. aureus-colonized human volunteers 

were colonized with S. epidermidis, only strains expressing ESP eliminated S. aureus 

colonization. Moreover, purified ESP also cleared S. aureus colonization, cementing the key 

role of this protein in colonization resistance. Finally, as an example of host and 

microorganism cooperating to combat invasion, ESP works synergistically with the human 

antimicrobial peptide beta-defensin 2 to kill S.aureus. Together with Gallo’s pioneering 

work demonstrating that commensal S. epidermidis strains enhance antimicrobial peptide 

expression to augment the skin’s defense against infection (Lai et al., 2009), these microbial 

findings present tremendous possibility for therapeutic potential to target both colonization 

and clearance of the human pathogen S. aureus, without having to rely on increase antibiotic 

usage.

Perturbing microbial communities with fecal microbiota transplant—With the 

potential that microbial communities can be modified for therapeutic applications, 

manipulation of these consortia represents an attractive new treatment modality. The lead 

indication has been enteric infections by Clostridium difficile, the major cause of antibiotic-

associated diarrhea. First-line treatment for C. difficile infection has been the antibiotics 

vancomycin or metronidazole, although roughly one-quarter of patients will relapse when 

treatment is stopped. In 2013, Keller and colleagues reported that infusion of donor feces 

was more successful than standard antibiotic treatment in a randomized human clinical 

study, and the results were so definitive that the trial was stopped mid-way to offer all 
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patients donor-feces infusion (van Nood et al., 2013). 15 of the first 16 (94%) patients 

treated with donor-feces infusion were cured, as compared to only 23–31% receiving 

standard of care vancomycin. The enormous clinical success of fecal microbial transplant to 

cure intractable Clostridium difficile diarrhea shines a very bright light on the need to 

understand gut microbial colonization resistance, pathogen invasion and decolonization. 

And as questions about microbial transplants capture the imagination of scientists and the 

public, basic research is exploring the ecologic principles governing the complexity of 

microbial communities in this context of human disease.

Before donor-feces infusion was used in a human clinical study, Lawley and others had 

developed these ideas in animal models. Mice infected with an epidemic strain of C. 

difficile, receiving the antibiotic clindamycin, developed highly contagious, chronic 

intestinal disease that was refractory to vancomycin treatment (Lawley et al., 2012). 

Administration of healthy donor feces via oral gavage to C. difficile-infected mice 

ameliorated clinical symptoms and cleared the pathogenic invader. To define a tractable 

resistant community, the authors then cultured the feces and combined individual isolates 

into phylogenetically distinct mixtures until a six-member community was found that 

reproducibly reduced C. difficile infection and bacterial load. These experiments laid the 

ground-work for the human clinical trial, and the hunt to identify defined strains or species 

of gut commensals that either promote decolonization or provide colonization resistance 

against C. difficile.

New frontiers in microbe-microbe signaling in communities—Quorum sensing 

has been well studied in the context of pathogen infection (O’Loughlin et al., 2013; Parsek 

and Greenberg, 2005); however, its role in the commensal microbiome is not well 

understood. A second class of signaling interactions is likely more common in bacterial 

communities, especially those that grow under anaerobic conditions. The major metabolic 

output of an individual organism (e.g., acetate or propionate) can be present at millimolar 

levels, which very likely alters the physiology of microbes in the vicinity and induces a 

transcriptional response. These interactions, which are bidirectional, are inevitable 

consequences of primary metabolism; in order to generate sufficient ATP to grow and 

divide, cells need to excrete large quantities of molecules to which other cells cannot help 

but to respond. Sometimes this establishes a syntrophic metabolic network; for example, 

secondary fermenters in the gut can convert Bacteroides-derived succinate to acetate or 

consume H2 (Fischbach and Sonnenburg, 2011b), and pairs of organisms living in the same 

niche can exchange oxidized and reduced sulfur compounds (Woyke et al., 2006). 

Secondary fermenters are often keystone species in a community – their presence enables 

the primary fermenters to thrive. However, the broader consequences of metabolism-related 

signaling interactions in bacterial communities are not well understood.

Emerging topics in microbial community signaling

Outsourcing biochemical functions to microbes

Throughout evolutionary time, humans have taken advantage of gut microbial colonization 

to outsource basic biochemical functions involved in food digestion to our myriad bacteria. 

As a key example, dietary polysaccharides supply the body with energy, but the human 
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genome lacks the carbohydrate active enzymes to extract these nutrients from plants. 

Instead, humans rely on diverse gut microbes to break down oligosaccharides, including 

predominant Bacteroides species, many of which harbor hundreds of genes involved in 

glycosidic bond cleavage (Martens et al., 2014; Sonnenburg et al., 2005; Xu et al., 2003). A 

clear symbiotic relationship has been forged between the host and its resident Bacteroides 

species to access the rich nutrients of plant material that human cells cannot metabolically 

process. While the mutual benefit is clear, experiments are still underway to functionally 

identify the modes of communication whereby the microbe senses the luminal environment 

and the host manipulates its gene expression to establish and maintain this partnership.

A recent human evolutionary adaptation in this process was revealed when Czjzek, Michel 

and colleagues were looking for proteins that break down algal biomass, and identified a 

new class of glycoside hydrolases (Hehemann et al., 2010). With the gene in hand for 

enzymes capable of agarose degradation, the authors searched bacterial databases and found 

predicted porphyranase sequences in multiple marine Bacteroides and also, intriguingly, in 

Japanese stool metagenomes and the commensal gut bacterium Bacteroides plebeius. As this 

porphyranase gene is found uniquely in Japanese and not North American gut communities, 

the authors hypothesized that the Porphyra (nori) used to wrap sushi was both the genetic 

source and the evolutionary force underlying the recent acquisition of these genes. Since the 

efficiency with which the microbiota degrades polysaccharides relates to the calories the 

host can extract from its diet, this microbial adaptation may have recently accompanied 

dietary changes.

Another role that has been outsourced to microbial communities is their ability to produce 

antimicrobials, evolved through eons of within- and cross-kingdom competition. Through 

computational searches, Mougous and colleagues found that homologs of the type VI 

secretion amidase effector (Tae) proteins, potent bactericidal proteins, are found in 

eukaryotic genomes ranging from protozoa to multicellular metazoans (Chou et al., 2015). 

These bacterial genes now contain introns and are flanked by other eukaryotic genes, 

dispelling any idea that these sequences are the result of contaminating bacterial matter. 

Phylogenetic analyses would suggest that these multiple Tae genes have been acquired from 

diverse bacteria in at least 6 horizontal gene transfer events. The eukaryote-domesticated 

Tae genes appear to be expressed and function to provide benefit to their hosts, such as the 

Tae-like protein expressed by deer ticks to limit proliferation of Borrelia burgdorferi, the 

Lyme disease pathogen. Imagine the therapeutic potential if humans could similarly 

domesticate a Tae protein to recognize and cleave a B. burgdorferi peptidoglycan, before 

bacterial proliferation and onset of Lyme disease symptoms.

An extreme form of metabolic outsourcing surrounds fungus-farming ants. Currie and 

coworkers discovered that a set of crypts under the mandible of these ants serves as a 

bacteria-cultivating organ (Currie et al., 1999; Oh et al., 2009). The actinomycete mutualists 

that grow in a mat over the mycangium produce an antifungal agent that inhibits the growth 

of a fungal pest that can overgrow the crop fungus. More recently, this story has been 

extended in three directions: by showing that different clades of fungus farming ants farm 

distinct fungal cultivars and grow different actinomycete mutualists, whose interactions 

form a rich web of interactions (Cafaro et al., 2011); by identifying additional symbionts in 
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the community (Aylward et al., 2014); and by showing that actinomycete mutualists are 

essential to controlling the growth of pests on other insects that cultivate fungi, including 

pine beetles (Scott et al., 2008).

Instead of waiting tens of thousands of years for the bacteria to find beneficial genes, could 

we identify or engineer beneficial microbes to provide biochemical functions the human 

genome lacks either for general health of for patients with rare metabolic disorders?

The microbiome and personalized medicine

There is a growing appreciation that the microbiome will be integral to personalized health 

and precision medicine (Collins and Varmus, 2015). An early appreciation of the 

personalized nature of the microbiome was the recognition that at least 40 human drugs are 

directly metabolized by the gut microbiome (Carmody and Turnbaugh, 2014; Patterson and 

Turnbaugh, 2014). Recent studies continue to impress the scientific community with 

unexpected roles for the microbiome. For example, one of the great breakthroughs in cancer 

treatment over the last decade has been immunotherapy, stimulating one’s own immune 

system to search out and destroy tumor cells. One puzzling feature of these new treatments 

has been the varying immune and clinical responses observed among patients. Papers from 

the groups of Gajewski and Zitvogel (Sivan et al., 2015; Vétizou et al., 2015) have now 

shown that commensal gut microbiota influence the immune responses against tumors and 

the therapeutic benefit of checkpoint blockade drugs to stimulate immunotherapeutic 

interventions for treating advanced melanoma. Gajewski and colleagues observe differential 

tumor growth in a mouse model of melanoma, depending on the vendor from which the 

mice were acquired. By co-housing the mice, performing fecal transfers, and isolating 

strains, they showed that live Bifidobacterium alters dendritic cell activity, which improves 

tumor-specific T cell function and thus leads to better clinical outcomes. Similarly, Zitvogel 

and coworkers deduced a microbial role after showing that treating mice with broad-

spectrum antibiotics dampened the checkpoint blockade efficacy, and showed that gut 

colonization with Bacteroides species boosts the efficacy of immunotherapy. They also note 

that checkpoint blockade may alter the intestinal microbial composition, again suggesting a 

role for augmenting or preserving beneficial strains while undergoing treatment.

The gut microbial community affects how the host metabolizes food and converts it to, inter 

alia, blood glucose. Previous studies have shown how the relative abundance of bacteria in a 

defined community is altered by dietary perturbations (David et al., 2014; Faith et al., 2011). 

Nevertheless, most people calculate protein, carbohydrates, or simply calories of a meal and 

use this as a universal measure when trying to reduce their weight or blood glucose levels. 

Segal, Elinav and colleagues devised an algorithm that integrated a large number of 

personalized features with gut microbial composition to predict personalized glycemic 

responses, an important risk factor for cardiovascular disease and type 2 diabetes (Zeevi et 

al., 2015). While it does not identify key levers or keystone species, this study sets the stage 

for tailoring nutritional advice to individuals based on factors that include modifying their 

gut microbial communities.
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Studying microbial signaling at the level of molecular mechanism

The ‘mechanism’ gap in current microbiome studies

Moving forward, there is a compelling need to understand signaling in microbial 

communities at the level of molecular mechanism. Doing so will transform a discipline that 

has been predominantly descriptive and correlative into one that is understood in terms of 

molecular interactions that drive biology. Of course, the level of detail required to prove 

mechanism depends on the context. In oncology, one can show that a mutation in a proto-

oncogene is necessary and sufficient to transform a non-cancerous cell into a cancer cell; 

that genetic ablation or pharmacological inhibition reverses this phenotype; and that 

resistance to such a small molecule inhibitor is mediated through a mutation in the target 

itself or by mutational activation of a downstream component of the signaling pathway in 

question. In infectious disease, Koch’s postulates set the standard for proving that a 

microorganism or virus is the etiologic agent of disease, and a recent perspective has put 

forward criteria adapting these strict criteria to microbiome studies (Byrd and Segre, 2016).

A small but growing set of microbiome studies have begun approaching molecular 

mechanism in a way that bodes well for the future. Several have been covered earlier in the 

review: Goodman and colleagues showed convincingly that lipid A dephosphorylation 

enables Bacteroides to colonize the gut in the presence of cationic antimicrobial peptides 

(Cullen et al., 2015); Pamer and colleagues singled out secondary bile acids produced by C. 

scindens as a mechanism for colonization resistance against C. difficile (Buffie et al., 2014); 

Mazmanian and coworkers identified ethyl phenyl sulfate as a microbiota-derived molecule 

that can give rise to some of the behavioral phenotypes characteristic of the MIA model of 

ASD (Hsiao et al., 2013); and Hazen and colleagues have accumulated convincing evidence 

that TMAO plays a causative role in atherosclerosis (Wang et al., 2015). Other notable 

examples include landmark work from Sonnenburg and Martens that has associated 

Bacteroides gene clusters with the catabolism of a specific oligosaccharide and the ability to 

bloom in the presence of that substrate in vivo (Larsbrink et al., 2014; Sonnenburg et al., 

2010), and pioneering efforts by Littman and Belkaid that have shown the extraordinary 

specificity with which the immune system recognizes commensals, even in the absence of 

an epithelial barrier breach (Naik et al., 2015; Yang et al., 2014). These studies are terrific 

examples of how understanding microbe-microbe and microbe-host interactions at the 

molecular level advance the field immeasurably and raise the prospect of new treatments for 

a variety of microbiome-related diseases.

Among the near-term opportunities for exploring mechanism in the microbiome, 

inflammatory bowel disease (particularly Crohn’s disease) stands out. Multiple studies, 

including two large efforts to enumerate treatment-naïve pediatric Crohn’s patients, have 

shown that the gut communities of a subset of Crohn’s patients are characterized by a bloom 

of E. coli (Gevers et al., 2014; Lewis et al., 2015). Although the disease is known to involve 

overactive immune signaling, and animal studies have linked adherent invasive E. coli 

(AIEC) to disease pathogenesis (Craven et al., 2012; Darfeuille-Michaud et al., 2004; Dogan 

et al., 2014; Martin et al., 2004), remarkably little is known definitively about whether E. 

coli (or any of the other species that are known to bloom in the Crohn’s gut) cause, trigger, 
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or contribute to disease. Even if E. coli (or another organism) eventually satisfies Koch’s 

postulates for Crohn’s disease – perhaps as a necessary microbial trigger that requires a host 

genetic predisposition for sufficiency – the question of molecular mechanism will still 

remain. Which bacterial molecules help drive disease, and how? It will be necessary to 

identify the molecule; construct non-producing bacterial mutants that fail to cause disease in 

an animal model; complement this mutation with the purified molecule; identify the receptor 

and show that its deficiency interrupts disease initiation or progression; show biochemically 

that the molecule engages its receptor both in vitro and in vivo; and obtain data showing that 

all of this is true not just in animal models, but also in patients. This will no doubt be a steep 

hill to climb, but the degree to which it will advance our understanding of the disease and 

the ability to develop new treatments would be tremendous.

Conclusion

One of the most salient features of the relationship between host and microbial communities 

is the high level of integration of the microbiome with almost every organ and tissue of the 

human body. Even tissues considered “sterile” are still integrated with host circuits that are 

fueled by products of microbial degradation of energy, and under the influence of metabolic 

signals that result from microbial processes. Human-associated microbial communities may 

turn out to directly impact many of the features that we consider most “human”, 

underscoring the view that we must start to understand ourselves as super-organisms.
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Fig. 1. Microbial inheritance, strain stability and late onset disease manifestation
During the first three years of life children acquire microbes from closely relatives and 

environment. Heritance may act on individual species and/or microbial communities. These 

strains are stably maintained and may impact the relative risk or severity for complex adult-

onset disorders such as inflammatory bowel disease.
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Fig. 2. Modes of signaling discussed in the review
(A) Host pruning of a bacterial community. In the example shown, the host produces an 

antimicrobial peptide to which one species is sensitive and the other resistant. (B) 

Bacterially derived molecules acting at a distance. A bacterial species produces a signaling 

molecule that traverses the intestinal epithelium, enters circulation, and acts on a distal 

cellular target. (C) Direct microbe-microbe interaction, for example by the production of an 

antibiotic to which a neighboring species is sensitive. (D) Conversion of a host-derived 

molecule (e.g., a primary bile acid) to a derivative that inhibits the growth of a neighboring 

species.
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Fig. 3. Microbe-host signaling at a distance
(A) Two examples are shown in which a molecule produced by a gut bacterium acts at a 

distance in the host. Trimethylamine (TMA) is produced by gut bacterial metabolism of 

choline and carnitine, enters the bloodstream, and is N-hydroxylated in the liver to 

trimethylamine-N-oxide (TMAO). TMAO then acts directly on platelets, causing them to 

aggregate. Short-chain fatty acids (SCFAs) produced by gut bacteria are sensed by a variety 

of cells that produce GPR41 or GPR43, including T cells. (B) Two mechanisms by which 

gut bacteria can signal to the brain. In the first example, a bacterial species in the gut 

produces 4-ethylphenol (4-EP), which is sulfated in the liver to 4-EPS. 4-EPS is then 

thought to cross the blood-brain barrier, where it can alter host cognition, resulting in some 

of the phenotypes characteristic of autism spectrum disorder (ASD). Another route by which 

gut bacteria can signal directly to the brain is less well understood, but involves signal 

transmission via the vagus nerve.
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Fig. 4. Competition exclusion, colonization resistance, and decolonization via microbial 
interactions
An example of competition exclusion is one strain of Bacteroides vulgatus (dark blue) 

excluding another (lighter blue) from colonizing the gut epithelium. Similarly, colonization 

resistance is demonstrated when Clostridium scindens in combination with a stable 

microbial community excludes the pathogen C. difficile from colonizing the gut. If C. 

difficile colonizes the gut epithelium, a mixture of Staphylococcus warneri, Enterococcus 

hirae, Lactobacillus reuteri, and novel species of Anaerostipes, Bacteroidetes and 

Enterorhabdus can displace the C. difficile resulting in decolonization.
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