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Abstract

The human body is home to a diverse and functionally important assemblage of symbiotic 

microbes that varies predictably over different spatial scales, both within and across body sites. 

The composition of these spatially distinct microbial consortia can be impacted by a variety of 

stochastic and deterministic forces, including dispersal from different source communities, and 

selection by regionally-specific host processes for the enrichment of physiologically significant 

taxa. In this chapter, we review the composition, function, and assembly of the healthy human 

gastrointestinal, skin, vaginal, and respiratory microbiomes, with special emphasis on the regional 

distribution of microbes throughout the gastrointestinal tract.
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1. Introduction

The gradual discovery that trillions of symbiotic microbes not only occupy sites across the 

human body, but are often integral players in the healthy physiology of those sites, has been 

one of the most significant advances in biomedicine since germ theory first revolutionized 

the field in the 19th century. Indeed, we have likely been evolving and coevolving with our 

microbes since well before the dawn of our species, and the profound interdependence 

between host and microbe has thrown into question the very notion of human selfhood. 

Some would even argue that we must reconceive of human beings (and, for that matter, most 

multicellular life) as “holobionts,” or superorganisms whose evolutionary trajectory can only 

be considered in light of the composite phenotype conferred by both host and microbial 

genomes.
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Especially over the past decade, scientists have amassed extensive evidence that many 

aspects of healthy bodily function are intimately dependent upon the particular assemblage 

of microbes that we carry and their respective genomes, or our “microbiome.” It therefore 

becomes extremely clinically relevant to understand which microbes appear where in the 

body, and what they are doing. This has been the focus of much foundational exploratory 

groundwork in the microbiome field, and particularly with the advent of culture-independent 

methods of bacterial quantification, we have tremendously expanded our knowledge of 

microbiome composition, function, stability, and resilience in health and disease, across a 

variety of body sites. In this chapter, we will review the current state of knowledge about the 

composition and function of the healthy human gastrointestinal, skin, vaginal, and 

respiratory microbiomes, with particular emphasis on regional specificity of microbes within 

the gastrointestinal tract, and the ecological processes that may contribute to community 

assembly in each of these habitats.

2. Ecological Principles for Understanding Community Assembly

2.1 Overview

As the microbiome field has matured, researchers have advanced beyond correlative 

investigations of which microbes appear under what circumstances and begun to pick apart 

the mechanisms for how these communities assemble, with an eye towards manipulating 

those processes and engineering the microbiome for therapeutic gain. Before diving into the 

particulars of which microbes appear in which parts of the body, we will briefly review some 

of the theory and evidence for how human-associated microbial communities assemble in 

the first place. As we proceed through the chapter, we will revisit these processes as they 

apply to different body sites.

The forces that govern microbial assembly appear to be complex and dynamic, involving 

host genotype, inter-microbial interactions, and environmental factors like diet. As such, 

many organizing principles for describing and understanding these community assembly 

processes have been borrowed from macroecology, a field explicitly focused on the complex 

interactions within and between species, and between species and their environments. 

Canonically, community assembly can be broken down into four fundamental processes, 

which then give rise to more complex phenomena. These processes are dispersal, selection, 

diversification, and drift (Figure 1). We will describe each of these briefly below (for more 

thorough review, see Vellend or Costello).1,2

2.2 Dispersal

Dispersal refers to the immigration and emigration of microbes from one local habitat to 

another (Figure 1A).2 In the context of the human body, each individual can be thought of as 

an “island” or “patch” that draws its particular consortium of microbes from the broader 

pool of microbes available on nearby hosts and environments, or the “meta-community.” 

Thus, the possible diversity of microbes that could colonize our bodies is limited by the 

diversity of microbes in the meta-community, and by the ability of those microbes to 

physically move to our “patch.” For example, initial colonization of the infant gut 

microbiota is thought to occur largely by dispersal from the available microbes associated 

Kennedy and Chang Page 2

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2021 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with either the mother or the hospital environment3. Depending on mode of delivery (vaginal 

birth or C-section), the neonate may be differentially exposed to maternal or environmental 

microbes, thereby limiting dispersal from those sources, and shaping the possible range of 

microbes the infant might acquire.

2.3 Selection

Selection is a deterministic evolutionary force by which better adapted variants within a 

population produce more offspring over their lifetime than poorly adapted competitors, and 

over time, displace those poorly adapted variants from the population (Figure 1B). These 

selective pressures often take the form of “habitat filters,” or environmental conditions 

(metabolic resource availability, pH, or adhesion sites, for instance) that limit which taxa are 

able to survive and grow in a given site. Thus, among the pool of microbes that have 

dispersed to a site and variants that have arisen via local diversification, those that cannot 

effectively utilize the available resources, and therefore cannot identify a suitable niche, will 

be driven from the community. Conversely, microbes that arrive in a site and utilize those 

resources especially effectively can experience positive selection, in which they grow more 

rapidly than other populations, and bloom to high levels of abundance in the community.

In the context of the microbiome, selective pressures can also be imposed by interactions 

with other microbes, host cells, and bacteriophage in the community, which can act to 

modify the available niche space. Even if a bacterial strain could theoretically survive using 

resources that are available in a given environment, in order for it to persist in that 

community, it has to be able to outcompete the other microbes that are likewise vying for 

those limited resources. Host cells and bacteriophage can also respond to the presence of 

particular microbes and act to suppress or promote certain populations directly or by 

modifying the environment.4,5

2.4 Drift

Ecological drift refers to random fluctuations in species abundances due to stochastic 

changes in birth and death rates (Figure 1C). Practically speaking, this means that low 

abundance species are more likely to go extinct from a community, especially in the wake of 

a perturbation, even if they may have been better adapted to that community than other taxa 

that happened to be present at higher abundance.6 Drift can play a particularly prominent 

role in community re-assembly after a strong perturbation like a course of antibiotics.7,8

2.5 Diversification

Diversification describes the generation of new genetic variants within a given population 

(Figure 1D). This could occur via mutation, recombination, or as is often the case in 

bacteria, by horizontal gene transfer. Notably, by contrast with larger-scale organisms, 

diversification in microbes occurs at a much faster rate owing to large population sizes, rapid 

reproductive rates, and high mutation rates.9 Recent data has shown that common human-

associated bacteria like Bacteroides fragilis, for instance, can evolve specific, within-person 

adaptations over the course of that person’s lifetime, and horizontal gene transfer can allow 

for antibiotic resistant variants to arise rapidly within a community in the wake of an 
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antibiotic perturbation.10,11 Diversification therefore provides a way for bacteria already 

present in a community to adapt to changing selective pressures.

2.6 Applications to the human microbiome

Within the human body, many of these forces may be at play. After all, different body sites 

constitute highly distinct ecological niches. The lung, for instance, is highly aerobic, 

whereas the GI tract is predominantly anaerobic; the vagina is comparatively acidic, and the 

skin is exposed to a barrage of variable conditions like humidity, salinity, and temperature. 

Within each of these sites, microbes also face different pressures from the host immune 

system, degrees of exposure to foreign microbes, and patterns of resource availability. Given 

this environmental variability across body sites, it stands to reason that habitat filtering and 

deterministic selective processes would play an important role in community assembly, and 

this is largely borne out by the data: evidence from the Human Microbiome Project has 

shown that human microbiota are more similar across individuals than across body sites.12 

That is, my gut microbiome is more similar to your gut than my gut is to my elbow, 

suggesting that selective processes unique to the gut (or elbow) act to shape these 

communities in predictable ways.

Especially from a biomedical and translational perspective, it is tempting to assume that 

deterministic forces like selection are the primary drivers of microbiome composition. 

However, microbial ecologists have increasingly been making efforts to quantify and 

account for the extent to which more random, stochastic processes like dispersal and drift 

play into community assembly. For example, Sprockett et al. argue that microbiome 

researchers seeking to understand community assembly must account for priority effects and 

historical contingency, in which a community can be shifted towards an alternative stable 

state by chance early life exposures to a limited subset of microbes, which then occupy 

and/or modify the available niche space, impacting the ability of late-arriving microbes to 

colonize.13 This highlights the possibility that feedbacks between stochastic and 

deterministic processes can amplify differences in community assembly, allowing 

communities under similar selective pressures to undergo divergent compositional 

trajectories. This may explain some of the substantial variation in microbial composition that 

remains within body sites among healthy individuals.12

As we review the microbiome composition and function of the body sites below, we will 

attempt to highlight what is known about community assembly processes in each of those 

sites. Filling in the gaps in our understanding of these phenomena is sure to be a central 

focus of future research efforts.

3. Gastrointestinal Tract

3.1 Overview

While all of the body sites reviewed in this chapter are topologically external, the 

gastrointestinal tract (GIT) is exceptional for the sheer volume of challenges it experiences 

from the outside world, and for the wide diversity of functional roles it must play as it 

incorporates defense into the processes of digestion and absorption. Every time we eat, our 
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GIT must identify and neutralize any potentially hazardous elements that hitchhike into the 

gut with the foreign matter we have ingested, while simultaneously breaking down and 

converting nutrients from that same matter into a form that can be easily absorbed, all the 

while sensing and providing feedbacks to the rest of the body. Thus, the GIT is home to not 

only a vast array of anatomical structures and biochemical processes that partition the work 

of digestion and absorption, but also sensory, neurological, and endocrinological networks, 

as well as complex immunological and ecological systems that are integral to defense and 

homeostasis.

Given the tremendous diversity of functions that must be performed by the GIT, it is perhaps 

unsurprising that the gut environment does not consist of a single uniform ecological niche, 

but rather a heterogeneous collection of distinct habitats along the rostral-caudal axis, which 

are home to the most abundant and diverse microbiota in the human body.12 Along this axis, 

there are several critical gradients: microbial load and diversity increases from the rostral to 

caudal end, oxygen levels decrease, mucus thickness varies, and pH dips in the stomach and 

increases distally from there (Figure 2).14–16 Each region of the GIT – which we will break 

down into oral cavity, esophagus, stomach, small intestine, and colon – performs locally 

specialized digestive, metabolic, immune, and endocrinological functions. This means there 

is local variation in nutrient bioavailability, GI transit time, and secretion of immune factors 

and bile acids, among other things.15,17 These distinctions impact local microbial 

composition in significant and often predictable ways, and the functions performed by such 

locally distinct microbial assemblages can then feed back into local host processes for a 

mutually beneficial symbiosis, or in disease states, a “dysbiotic” microbiota can contribute 

to impairment of host functionality.

Despite extensive efforts to characterize the microbiomes of healthy individuals, a concrete 

definition of the “healthy” gut microbiome has been elusive. In part, this is because of 

substantial microbial diversity even within the same body site among healthy individuals, 

especially at higher taxonomic resolution (that is, genus, species or strain level).12,18 Some 

of that variation may be attributable to idiosyncratic combinations of stochastic and 

deterministic assembly forces at play. Nevertheless, common definitions of the healthy gut 

microbiome have come to center around functional potential, rather than taxonomic 

composition, as well as stability over time, and resilience in the face of perturbation.19 Here, 

we describe some such compositional and functional characteristics of the “healthy” 

regional gastrointestinal microbiota.

3.2 Oral Cavity

Serving as the entry point for both the GIT and the respiratory tract, the oral cavity is 

responsible for a wide variety of functional roles, serving as a critical respiratory conduit, as 

well as the initiating site for many digestive processes. These include mastication, 

moistening, the first stages of enzymatic breakdown, as well as taste and other sensory 

reception, which can play an important role in defense against toxic or pathogenic agents. 

As the first opportunity for encounter between invading pathogens and the GIT, the oral 

cavity also plays a pivotal immunological role. Reflecting this diversity of functional roles, 

the oral cavity is home to a suite of anatomical and functional adaptations that create a rich 
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assortment of spatially distinct habitats, the relative accessibility of which has paved the way 

for high-resolution spatial sampling of the oral microbiota. Recent work has estimated that 

some 200-500 unique bacterial species inhabit the mouth, reaching abundances of ~20 

million individual cells.20

Anatomically, the mouth contains a variety of distinct habitats and topological features, 

including lips, teeth, gingiva, tongue, cheeks, hard and soft palate, and tonsils. The first key 

distinction between these features is whether they have shedding or non-shedding surfaces: 

the only non-shedding surface in the mouth is the dental enamel, while the remainder of the 

oral mucosa are covered in stratified squamous epithelial cells that regularly turnover and 

slough off. The non-shedding dental enamel, as a more permanent structure in the mouth, 

allows for a buildup of plaque, or bacterial biofilms. These multi-species structures are 

fascinating examples of microbial cooperation and successive community assembly: a base 

of filamentous Corynebacterium tendrils provides a scaffold upon which organized consortia 

of taxa including Streptococcus, Haemophilus/Aggregatibacter, Porphyromonas, 

Capnocytophaga, and Fusobacteria attach in “hedgehog” structures according to micron-

scale biochemical gradients.21 Plaques above and below the gum line – that is, supra- and 

subgingival plaques, respectively – also contain distinct microbiota, in part due to the 

capture and accumulation of nutrients and immune molecules in the crevices between 

gingiva and teeth.22

Although the dominant members of supragingival plaques remain abundant across the 

mouth, the less abundant members of these communities vary by tooth class (incisor versus 

molar) and tooth aspect (buccal or lingual).23–25 Data from Proctor et al. suggests that this is 

because salivary flow is a major selective force in the oral cavity: as saliva flows from the 

back to the front of the mouth from various major and minor salivary glands, it creates 

biophysical gradients of moisture and pH, while also acting to physically shuttle bacteria 

around, release or clear metabolites from partially digested food, and stimulate secretion of 

mucin.26,27 These gradients select for an enrichment of taxa like Veillonella on the molars, 

and Streptococcus and Actinomyces on the incisors.25 Microbially-mediated diseases like 

periodontitis and dental caries are commonly associated with hyposalivation, suggesting that 

in the absence of salivary flow and associated microenvironmental gradients in the oral 

cavity, dysbiotic communities can assemble.26,28,29

By contrast with the non-shedding dental enamel, the soft tissues of the oral mucosa feature 

shedding epithelial cells that turnover approximately every two to three weeks.30 Microbial 

communities on keratinized (hard palate, tongue dorsum, keratinized gingiva) and non-

keratinized (buccal and labial mucosa, tongue ventrum, soft palate) tissues are hypothesized 

to vary according to differences in adhesion mechanisms and proximity to salivary glands.
26,31,32

As the initial site of ingestion, the oral cavity is also exposed to a number of pathogens, and 

a major selective force in the assembly of this community is constant basal activation of the 

immune system.33,34 Thus, given the diverse assortment of microbes that can disperse into 

the oral cavity, regular surveillance and basal immune activity, via the IL-17 pathway for 

instance, is responsible for filtering out potentially pathogenic agents.35 Symbiotic residents 
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of the oral microbiome such as Streptococcus, Veillonella, and Granulicatella have been 

shown to contribute to these defensive processes, stimulating an increase in the production 

of immune effectors like anti-microbial peptides (AMPs) and pro-inflammatory cytokines, 

and increasing epithelial barrier function and mucosal thickness.36

3.3 Esophagus

By contrast with the oral cavity, the esophagus is relatively uniform in anatomy and 

function. Flanked by the upper and lower esophageal sphincters, the esophagus is primarily 

responsible for shuttling food from the oral cavity into the stomach. It is covered in non-

keratinized stratified squamous epithelial cells and coated in mucus secreted by submucosal 

glands.

Although a multitude of microbes pass through the esophagus with ingested food in transit 

to the stomach, these are thought to be largely transient.37 The more stable resident 

population of the esophagus resides attached to the mucosal surfaces, which can only be 

sampled via an invasive upper endoscopy procedure with brushings or biopsy, severely 

limiting characterization of this body site. Nevertheless, a small number of studies have 

found that the esophageal mucosa are primarily colonized by ingested microbes from the 

oral cavity, exhibiting a high degree of compositional overlap, with representation from the 

same major taxa including Streptococcus, Prevotella, and Veillonella.37,38 Unlike the oral 

cavity, the esophagus shows a notable absence of Spirochaetes. These patterns are consistent 

with dispersal-limited community assembly, in which the microbes that colonize the 

esophagus are a subset of the meta-community present in the oral cavity.

3.4 Stomach

The stomach plays critical digestive, defensive, and endocrinological roles in the GIT. 

Ingested material that reaches the stomach is mechanically broken down through peristaltic 

churning, chemically degraded by hydrochloric acid, and enzymatically broken down by 

zymogen proteases like pepsinogen, which is activated in the acidic stomach environment. 

The stomach also senses and regulates food intake, motility, and appetite through various 

mechanisms including stretch mechanoreceptors and production of hormones like gastrin 

and ghrelin. These functions both impact and are impacted by the gastric microbiota.

These are harsh conditions for microbial life. The low pH of the stomach (~1.5 – 2.5) 

constitutes a fairly extreme habitat filter which, in addition to serving as a defense 

mechanism against ingested pathogens, significantly limits the diversity of commensal 

microbes that are able to survive there. Historically, this led scientists to believe that the 

stomach was completely sterile, until Helicobacter pylori, an infectious, acidophilic 

bacterium that contributes to the development of peptic ulcers, was discovered thriving in 

the gastric mucosa of affected individuals.39 Recently, however, culture-independent 

techniques have demonstrated that although overall bacterial load is relatively low in the 

stomach (~101 – 103 CFU/ml), there is representation of diverse phyla, including 

Streptococcus, Prevotella, Veillonella, and Rothia.40–42 More than 65% of the taxa identified 

in the stomach are members of the oral microbiota, although many of these, identified in the 

gastric juice, are thought to be largely transient.43
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Community assembly in the stomach can be understood as a balance between dispersal from 

the oral cavity and the duodenum, and selection driven largely by pH, a dominant habitat 

filter. This is supported by evidence showing that higher pH in the stomach corresponds to 

overgrowth of taxa likely derived from oral and intestinal source communities.44 Acidity 

levels can be impacted by use of medications such as proton pump inhibitors, or even 

resident microbes: H. pylori, which has been documented at ~50% prevalence in 

asymptomatic adults in the USA, is well known to reduce stomach acidity.45,46 By breaking 

down urea into ammonia, a basic substance that neutralizes stomach acid, H. pylori can 

burrow into the gastric mucosa, where it stimulates an immune response that results in 

atrophy of the cells lining the stomach, further reducing the secretion of acid.43,47 As the 

stomach de-acidifies, it becomes more amenable to microbes that disperse from either the 

oral cavity or the duodenum, ultimately contributing to a “dysbiotic” disease state.44

Although H. pylori is commonly regarded as an endemic pathogen of sorts in the modern 

age, it has been hypothesized that, before industrialization, the pro-inflammatory IL-17 

response provoked by this highly prevalent microbe served a protective role against other 

infectious pathogens.48,49 Since then, germ theory was born, hygiene practices have evolved, 

and antibiotics have been developed, causing the prevalence of such infectious agents to 

decrease, and rendering the pro-inflammatory impacts of H. pylori mismatched to our 

“clean” environment. Thus, H. pylori is now most commonly associated with peptic ulcer 

disease and gastric cancers (see Blaser for a fascinating review of H. pylori’s disparate roles 

in upper and lower gastric disease).50

3.5 Small Intestine

The small intestine is the primary site of nutrient absorption in the GIT. It features a single 

layer of absorptive columnar intestinal epithelial cells (IECs) interspersed with a variety of 

specialized cells including goblet cells, Paneth cells, microfold cells, and enteroendocrine 

cells that aid in digestion, defense, and secretion. The apical surface of these IECs 

maximizes surface area for absorption, featuring crypts, villi, and microvilli, and is coated in 

a single, loosely attached layer of mucus that is largely free of microbes.15,51 Compared to 

the large intestine, the small intestine is more aerobic, more acidic, secretes higher levels of 

anti-microbial molecules, and has much shorter transit time.15 Microbes that colonize these 

regions must not only survive these habitat filters, but must compete for nutrients with both 

other bacteria and host cells. Therefore, very generally, the small intestine harbors an 

abundance of fast-growing, facultatively anaerobic bacteria that can utilize carbohydrate 

energy sources, have robust AMP tolerance mechanisms, and can adhere to mucus, dietary 

substrate, or epithelial tissues despite rapid GI motility.15,52

To facilitate the absorption of nutrients into the IECs, the mucus coating of the small 

intestine is much thinner than in other regions of the GIT. Thus, the small intestine faces a 

trade-off between the defensive barrier functions that a thick, secondary mucus layer could 

provide, and the ability to effectively digest and uptake nutrients from the intestinal lumen. 

To combat this, the small intestine features special immunological adaptations like Paneth 

cells in the base of the crypts, which secrete copious amounts of AMPs like lysozyme and 

α-defensins into the mucus layer, and abundant plasma cells that release secretory IgA into 
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the mucus, thereby inhibiting microbial colonization.53–55 The small intestinal epithelia 

overlay specialized gut-associated lymphoid tissue (GALT) and Peyer’s patches in the 

mucosa and submucosa that function in presentation of antigens and activation of the 

adaptive immune system.56 As a consequence of this extensive immune activity, some 

commensal microbes in the gut have been shown to possess unique antigen modifications to 

escape innate immune mechanisms.57

The study of the unique functional roles of the small bowel microbiota in healthy host 

physiology is an often-overlooked but nascent sub-field within medical microbiome 

research. While this is largely due to the relative inaccessibility of small intestinal sites 

compared to fecal sampling, recent work in animal models has begun to establish an 

essential role for the small bowel microbiota in host metabolism and nutrient absorption. For 

instance, evidence from Martinez-Guryn et al. shows that, like the well-characterized 

colonic microbiota, the small bowel microbiota of mice is dramatically impacted by 

Western-style high-fat (HF) diet, and in fact plays an indispensable role in triglyceride 

digestion and absorption.58 This work showed that small intestinal microbes are necessary 

for the release of pancreatic lipase in response to dietary lipid, indirectly aiding in host lipid 

digestion. Moreover, the authors showed that metabolites released by taxa like 

Clostridiaceae that bloom under HF conditions interact with absorptive enterocytes of the 

duodenum and jejunum to enhance the uptake of free fatty acids. Thus, as the host consumes 

more fat, the microbiome shifts and enables the host to absorb that fat. This is a striking 

example of the bidirectional crosstalk between host and microbe that is essential for the 

maintenance of healthy host physiology, especially in the face of rapidly changing 

conditions like variable diet.

Proximally to distally from the stomach, the small intestine can be divided into three 

segments, each of which features distinct functional roles, anatomical features, and 

microbial inhabitants: the duodenum, the jejunum, and the ileum. We will describe each of 

these regions below.

3.5.1 Duodenum—The duodenum comprises the first 10 - 15 inches of the small 

intestine. It is a site of significant secretory and digestive activity, with mucus from goblet 

cells protecting the intestinal epithelium from the acidic gastric chyme, bicarbonate from the 

pancreas bringing the pH back up into the neutral zone, and bile and pancreatic enzymes 

streaming in to aid in the breakdown and absorption of carbohydrates, fats, and proteins. 

Anatomically, the duodenal epithelia feature crypts and long villi with a microvilli “brush 

border” packed full of digestive enzymes for secretion and nutrient transporters for uptake. 

Immunologically, the duodenum features submucosal GALT, although there are fewer 

Peyer’s patches than in the jejunum and ileum.56

These features impact the duodenal microbiome in particular ways. First, a fairly high level 

of swallowed oxygen, as well as oxygen diffused through duodenal tissues, prevents the 

establishment of more strictly anaerobic microbes. Second, rapid motility of the duodenum 

may prevent many microbes that disperse from upper segments of the GI tract from having 

time to adhere or to establish. Thus, bacterial load is fairly low, in the range of 101 - 103 
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CFU/ml, and tends to be dominated by bacteria from the phyla Firmicutes, Actinobacteria, 

and Proteobacteria, which contain many facultative anaerobes.59,60

Primary bile acids (BAs), which are synthesized from cholesterol in the liver, are deposited 

via the bile duct directly into the duodenum. These amphipathic molecules act as a detergent 

that aids in the absorption of lipids by emulsifying fat globules. BAs, however, have been 

shown to exhibit strongly bactericidal activity, and therefore act as a selective pressure for 

more bile-tolerant microbes throughout the small intestine.15,61 Bile salt hydrolases (BSH) 

are enzymes that deconjugate primary BAs, and they are widespread across the microbial 

inhabitants of the gut.62 It is hypothesized that these BSH enzymes confer increased 

tolerance to primary BAs, which could be especially important in the proximal small 

intestine where primary BAs are most abundant.63–65

Exciting new work on extracellular electron transfer (EET) also suggests that iron, which is 

particularly abundant in the duodenum and jejunum, may be an important metabolic 

resource for gut bacteria that can utilize EET to produce energy.66 Analogous to mammalian 

intracellular oxidative phosphorylation, these bacteria can use extracellular minerals like 

iron as an electron acceptor, generating electricity and ATP, and supporting bacterial growth 

on non-fermentable carbon sources. EET pathway orthologues have recently been identified 

in the genomes of a wide variety of pathogenic and commensal Firmicutes species, 

suggesting that EET may be a significant competitive adaptation in the resource-limited 

environment of the proximal small intestine.

3.5.2 Jejunum—The jejunum harbors many of the same functional and anatomical 

features as the duodenum, but with less oxygen, neutral pH, longer villi, increasing numbers 

of Peyer’s patches, slower transit time, and an altered nutrient profile, dependent on what 

has already been digested or absorbed in the duodenum. Compared to the duodenum, the 

jejunum performs fewer digestive functions and is more specialized for absorption, serving 

as the primary absorption site for carbohydrates, small peptides, and vitamins and minerals 

like folate, calcium, magnesium, and other trace elements.67

Because the jejunum is only accessible by endoscopy in humans, studies investigating its 

microbial composition in healthy individuals are few and far between. Early work related to 

small intestinal bacterial overgrowth syndrome revealed that the typical bacterial load of the 

jejunum in healthy individuals is approximately 103 – 105 CFU/ml.68 Subsequent culture-

independent analyses have confirmed this estimate, and revealed that compositionally, the 

jejunum is dominated by a number of facultatively anaerobic genera including 

Streptococcus, Prevotella, Veillonella, Rothia, and Fusobacterium, as well as Escherichia, 

and Klebsiella.69 Although mucosal and luminal jejunal samples have not been 

simultaneously collected from the same individuals for direct comparison, independent 

studies of the mucosal and luminal jejunal microbiota have identified representation of 

similar taxa and abundances.69–71

3.5.3 Ileum—The ileum continues along the same broader environmental gradients: 

lower oxygen levels, slower transit time, and shorter, broader villi with fewer digestive 

enzymes. Digesta that arrive in the ileum have been largely depleted of nutrients that are 
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useable by the host, and its primary absorptive roles are uptake of vitamin B12 and reuptake 

of bile acids.67 While Peyer’s patches are sparse in the ileum, it has an abundance of AMP-

secreting Paneth cells in its crypts, and a relatively high number of mucus-secreting goblet 

cells that create a patchy mucus layer of variable thickness.56,72

Here, moving distally, the gut environment begins to approach the optimal conditions for 

microbial growth that characterize the colon: because the host has already taken up the 

majority of nutrients it is capable of using, microbes that inhabit the distal ileum are released 

from competition with host cells for remaining resources. Moreover, the trade-off between 

absorptive capacity and defense has been largely relieved, as nutrient absorption is less 

important in the ileum, and therefore immune mechanisms that are thought to reduce 

microbial density in the proximal small intestine are relaxed.15 Consequently, we see an 

increase in microbial load by several orders of magnitude compared to the jejunum, with 

estimates ranging from 103 – 108 CFU/ml.56

Because the ileum is difficult to sample without invasive procedures, insights into its 

composition have mostly been gleaned from patient populations with ileostomies, or those 

undergoing radical cystectomy.52,73,74 With the caveat that such patient populations 

typically have underlying health conditions that may or may not impact the composition of 

the ileal microbiota, these studies have revealed that the ileum is home to both facultative 

and obligate anaerobes, including taxa from the genera Streptococcus, Granulicatella, 
Actinomyces, Solobacterium, Rothia, Gemella, and TM7(G-1).52,73 This is significantly 

different than the colonic microbiota, with less representation of strictly anaerobic families 

like Clostridiaceae, Peptostreptococcaceae, or Eubacteriaceae, and an enrichment for 

facultative anaerobes like Streptococcaceae and Lactobacillaceae, although this may be due 

in part to differences in oxygen tension in ileostomy patients.73

Although immune release is thought to be one reason why bacterial load in the ileum is 

higher than in other parts of the small intestine, mucosal immunity still plays a pivotal role 

in shaping microbial composition in the ileum, and vice versa.75 Abundant production of 

AMPs such as cathelicidins, C-type lectins, and defensins by Paneth cells create a defensive 

border between epithelial cells and microbial inhabitants. However, production and secretion 

of these immune effector molecules is dependent upon stimulation by commensal microbes: 

germ-free mice show reduced levels of AMPs like the Gram-positive-targeting REGIII-γ, 

which is restored upon conventionalization with cecal contents from specific-pathogen free 

mice.76 Immune stimulation by commensal microbes can play an important role in 

colonization resistance against certain pathogenic organisms, as well. For instance, mice 

lacking segmented filamentous bacterium, a microbial resident unique to the terminal ileum, 

fail to develop Th17 cells, and are consequently highly susceptible to infection by pathogens 

like Citrobacter rodentium and Salmonella typhimurium.77,78

Ileal and colonic microbes also play an important role in the maintenance of host circadian 

rhythmicity. Circadian rhythms refer to periodic 24-hour oscillations in gene expression 

across body tissues, which act to coordinate homeostatic functions including the sleep-wake 

cycle, feeding behavior, and glucose and lipid metabolism.79 By temporal partitioning of 

various catabolic and anabolic processes, circadian rhythms are able to curtail inefficiency in 
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resource use by the body, and dysregulation of these rhythms has been associated with 

chronic metabolic disorders like diabetes and obesity.80 Although the central circadian clock 

is located in the suprachiasmatic nucleus of the brain and is primarily entrained by photic 

cues, oscillatory dynamics in peripheral tissues like the gut can also be entrained by feeding 

behaviors and microbial stimuli.81,82 In particular, Wang et al. have shown that, in the small 

intestine, rhythmic, circadian expression of Nfil3 is regulated by the intestinal microbiota, 

and that antibiotic-induced loss of Nfil3 rhythmicity is associated with increased body 

weight and fat storage.83

3.6 Colon

The colon is home to the most abundant assortment of microbes in the human body, 

containing orders of magnitude more microbes than all other body sites combined with 

bacterial density on the scale of 1010 – 1012 CFU/ml.59 This is promoted by the specific 

anatomical and functional features unique to this region.

Like the small intestine, the colon features a single layer of polarized columnar intestinal 

epithelial cells with divot-like crypts, but unlike the small intestine, the colonic epithelium 

lacks villi and microvilli. Goblet cells in the colonic epithelia secrete a thick, two-layered 

mucus coat, with a dense inner layer that stays largely sterile, and a loose outer layer that 

harbors an abundance of specialized microbes.16,51 The colon is highly anaerobic, and the 

digesta that pass through consist primarily of complex polysaccharides and fibers that could 

not be digested by host processes, as well as trace nutrients and any remaining bile acids that 

were not absorbed in the ileum. Motility in the colon is much slower, with typical transit 

time of up to 30 hours.84

These features allow microbes to thrive for a number of reasons. First, fermentative 

metabolism is widespread in bacteria, and the anaerobic environment and abundance of 

fibrous substrates in the large intestine create optimal conditions for this process. Second, 

the slow transit time through the colon allows microbes plenty of time to adhere, consume, 

multiply, and expand in physical space. Thus, because they are not being regularly flushed 

through the system, microbes in the colon can accumulate to higher levels. Third, the colon 

provides a number of spatially distinct niches that can support different microbial 

communities, from the colonic crypts, to the outer mucus layer, to the inter-fold regions of 

the lumen and central lumen. This spatial heterogeneity allows for niche partitioning of 

limited resources, increasing the total level of diversity that can be supported.85 Finally, as 

long-term, co-evolved symbionts, microbes in the colon have developed unique adaptive 

mechanisms of immune evasion and modulation to avoid being actively removed from the 

gut by host defense mechanisms.57,86

Microbial synthesis of short-chain fatty acids (SCFAs) through fermentative metabolism of 

complex polysaccharides is the canonical mutualistic function of the gut microbiome: this 

was perhaps the first major physiological function discovered to depend wholly on the gut 

microbial “organ.” In this catabolic process, fibrous substrates like cellulose, pectin, inulin, 

and high-amylose starch, or host-derived mucosal glycans, are fermented anaerobically by 

microbial symbionts across the Firmicutes and Bacteroides phyla, releasing SCFAs like 

acetate, proprionate, and butyrate.87 These SCFAs are salvaged by host tissues, contributing 
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an estimated 5 – 15% of the total caloric requirement for humans.88 While all of these 

SCFAs can feed into various host and microbial metabolic pathways, butyrate in particular 

serves as the preferred energy source for colonocytes.89,90 These cells oxidize butyrate into 

CO2, thereby depleting the oxygen supply in the colon and promoting an anaerobic state that 

is important for pathogen resistance, immune homeostasis, and of course, the growth of 

butyrate-producing anaerobic microbial populations, in a classic positive feedback loop.
87,90–92

Microbial composition, and therefore fermentation and metabolism, in the colon can be 

dramatically affected by the components of the diet consumed by the host. One early study 

examined human subjects who switched between an animal- and plant-based diet for a 

designated period of time, demonstrating that microbial composition changes rapidly and 

reversibly in response to dietary components.93 Additional work has extensively 

documented the profound impact of high-fat and low-fat diet on fecal microbial 

communities, with high-fat diet shifting communities towards a greater ratio of 

Firmicutes:Bacteroidetes taxa.94 At somewhat higher nutrient-resolution, recent work has 

shown that administration of specific complex polysaccharides can promote the growth of 

specific Bacteroides species.95,96

Whereas resource availability in the colonic lumen varies depending on dietary intake, many 

colonic microbes reside in and consume host-derived components of the mucosa, which may 

remain somewhat more stable across dietary behavioral patterns.15 The glycoprotein that 

makes up the majority of the colonic mucus, Mucin 2 (MUC2), is coated with a diverse 

assortment of O-linked glycans, oligosaccharides that can be cleaved from MUC2 and 

metabolized to support the growth of various specialized microbial taxa like Akkermansia 
muciniphila.97,98 Different microbes vary in their capacity to penetrate and adhere to the 

mucus layer, as well as in their tolerance to AMPs and oxygen that diffuse outward through 

the mucus from the underlying epithelial cells.99,100 Thus, the mucosal niche experiences 

unique selective pressures compared to the luminal niche in the colon, and consequently 

supports an enrichment of aerotolerant, asaccharolytic protein-metabolizing species from the 

phyla Actinobacteria and Proteobacteria compared to the lumen.100,101 Within the mucosa, 

as well, researchers have documented further spatial niche partitioning. For instance, 

Acinetobacter species are particularly effective at navigating through the mucus layer and its 

associated biochemical gradients to bind directly to the IECs of the colonic crypts.102

Like the mucosa, the lumen itself also harbors significant spatial heterogeneity, much of 

which has been overlooked by the use of fecal sampling in the majority of colonic 

microbiome studies. Evidence in mice demonstrates that the characteristic mucosal folds of 

the colonic walls create distinct “inter-fold” regions in the intestinal lumen, which are 

enriched for taxa in the families Lachnospiraceae and Ruminococcus. These taxa are thought 

to benefit both from the local accumulation of mucus from the epithelia and from an 

environment that is relatively protected from the flow of other luminal contents.17,103 The 

digesta of the central lumen, by contrast, are dominated by strictly anaerobic, saccharolytic 

taxa from the families Bacteroidaceae, Enterococcaceae, Prevotellaceae, and Rikenellaceae.
103
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Proximally to distally, the microbial inhabitants of the colon exhibit locally specialized 

functions that seem to broadly reflect resource availability. Because digesta entering the 

colon have higher concentrations of complex polysaccharides and bile acids, fermentation 

and bile acid metabolism are largely localized to the cecum and proximal colon.65,75,104

Bile acid metabolism extensively impacts microbial composition in the colon. Primary BAs 

not absorbed in the ileum enter the cecum and colon, where they can be deconjugated via 

BSH enzymes that are widespread among commensal microbes, and/or converted into 

secondary BAs by select bacterial species in the Clostridia class with 7-α-dehydroxylase 

enzymes.62,105 BAs are bactericidal to many taxa, and therefore the processes of 

deconjugation and conversion can serve as a defensive measure for microbial community 

members.61,106 Secondary BAs are typically harmless to the bacteria that synthesized them, 

but can still exert toxic effects on other microbial taxa. Thus, under conditions with high 

concentrations of primary BAs, as in the proximal colon, we would expect that the ability to 

convert primary BAs into secondary BAs would confer a species-specific growth advantage. 

This prediction finds support in the literature. One study in rats showed that the size of the 

BA pool can exert an extremely strong selective pressure on the colonic microbial 

community: rodents that received a dietary BA supplement exhibited dramatic, phylum-level 

shifts in microbial composition, particularly favoring Clostridia species that can convert 

primary BAs into secondary BAs.107 As high-fat diet induces the production of more bile 

salts for lipid absorption, these bile salts in turn impact the colonic microbiota.93,108

The composition and size of the BA pool, which both affect and are affected by microbial 

metabolism throughout the colon, likewise have profound impacts on host health and 

metabolism. For instance, deconjugated bile acids produced by the actions of microbial BSH 

enzymes can disrupt micelle formation and inhibit absorption of cholesterol and other lipids 

across intestinal membranes, with implications for cardiovascular disease.65 Secondary BAs 

generated by commensal microbes can activate nuclear receptors like Farnesoid X Receptor 

(FXR) and G-protein coupled receptors like TGR5 to communicate across host tissues and 

regulate primary bile acid synthesis and degradation, glucose and lipid metabolism, and 

energy homeostasis.109–111 Finally, microbially-synthesized bile acids are increasingly being 

investigated for their roles as mediators of inflammatory disease.108,112

The inflammatory state of the host, in and of itself, plays a large role in the composition and 

function of the colonic microbiome, reflecting the delicate homeostatic balance between the 

immune system and the microbiome in this densely populated region of the GIT. Microbes 

that colonize the healthy gut have evolved a diverse array of mechanisms to avoid triggering 

an immune response. For instance, many commensal strains, particularly from the 

Bacteroides genus, have evolved a modification to the lipopolysaccharide (LPS) on their 

outer membrane that renders it invisible to host-derived AMPs.57 Other commensal taxa 

have evolved more explicit immunomodulatory strategies. A component of the 

polysaccharide capsule of Bacteroides fragilis, for example, stimulates regulatory T cells to 

produce immunosuppressive interleukin-10, allowing B. fragilis to colonize the mucosal 

niche.86,113 Although it is unclear whether a dysbiotic microbiome triggers a pathologic 

immune response or vice versa, many studies have documented a compositionally distinct 

microbiome under inflammatory conditions that is broadly characterized by reduced 
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representation of the Firmicutes and Bacteroidetes phyla, and increased abundance of 

Actinobacteria and Proteobacteria.114–117

4. Skin

4.1 Overview

As an enormous organ that is fully external, the skin and its associated microbiome may be 

exposed to the most variable conditions of any body site. Microbes can arrive on the skin 

from any source community that the host encounters, experiencing very low dispersal 

limitation, and although the skin exhibits distinct biogeography across both regional and 

local scales, the conditions in these sites often vary in accordance with environmental 

conditions and host behaviors. Generally, the skin is dry, cool, aerobic, and acidic, although 

across regional structures and folds, there is variation in these physicochemical parameters, 

as well as in the density of micro-scale topological structures. Certain regions, like the 

axilla, for instance, tend to be warmer and more moist, with densely packed sweat glands 

and hair follicles. Even this pocket, however, is subject to temporal and behavioral 

variability – an individual that is exercising on a hot day will have a different axillary 

environment than an individual that is sitting around on a cold day. And while micro-scale 

topological features like hair follicles or sweat glands tend to act as more consistent habitat 

filters, even these sites are subject to frequent perturbations due to variable host cosmetic 

and hygienic behaviors.

The skin, therefore, emerges as a site with 1) very low dispersal limitation, and an extensive 

meta-community species pool, 2) numerous regional and local habitat filters for niche 

differentiation, and 3) high rates of perturbation. These criteria are among the most widely 

cited in the ecological literature as mechanisms for maintenance of diversity.85,118,119 Such 

characteristics pave the way for stochastic processes like dispersal and drift to interact with 

the diverse selective pressures of the skin, creating a wide variety of possible community 

outcomes across individuals. And indeed, data from the Human Microbiome Project has 

shown that, although the GIT exhibits comparable alpha diversity, or within-site diversity, 

the skin has the highest beta diversity of all body sites, which means that it is the most 

variable from person to person.12,120 Furthermore, longitudinal tracking of the skin 

microbiome reveals that it is also the least temporally stable body site, with substantial intra-

individual variation over time.120,121

4.2 Skin anatomy, physiology, and microbiome composition

Structurally, the skin consists of shedding layers of stratified, keratinized squamous 

epithelial cells with interspersed structures like hair follicles, pores, and sebaceous glands. 

An estimated 1011 microbial cells blanket the surface of the epidermis, descending into the 

pores, glands, and follicles.122,123 These structures are not only important sources of 

physical spatial heterogeneity, but their physiological functions contribute to local patchiness 

in moisture, acidity, and salinity across the skin, creating distinct, and often selective, 

ecological niches (Figure 3).124
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Apocrine sweat glands, for instance, recruit Corynebacteria species. In response to 

adrenaline, these glands release odorless steroids, acids, and other volatile secretions, which 

are consumed and metabolized by Corynebacteria into the characteristic malodorous 

compounds of sweat.125–127 Sebaceous glands, which are connected to hair follicles and 

secrete a lipid-rich substance called sebum that protects and lubricates the skin, are also 

highly selective for particular bacteria. Skin regions with dense sebaceous glands, like the 

face, chest, and back, show the lowest beta diversity compared to other skin sites, 

consistently harboring the same bacterial taxa across individuals.128 These glands recruit 

lipophilic species like Propionibacterium acnes, which consumes and degrades the lipids that 

make up sebum.129,130 This releases free fatty acids as a byproduct, contributing to the 

baseline acidification of the skin, a primary barrier against pathogens.131,132 Sebaceous sites 

are also home to fungal commensals like Malassezia, another lipophilic microorganism.133

The density of such topological structures, as well as the broader-scale anatomy of different 

skin regions, impacts the physiology and environment in those locations. Temperature and 

humidity, for example, vary dramatically across different anatomical structures. Less 

exposed, folded regions of the skin like the axillary vault, inguinal crease, gluteal crease, or 

umbilicus, tend to be both warmer and more moist than other more exposed regions of the 

skin, and they consequently recruit an abundance of humidity-loving bacteria like 

Corynebacteria and Staphylococci.121,128 Drier, more exposed regions like the limbs 

experience greater temperature fluctuations, as well as more frequent perturbations than 

other parts of the body, possibly contributing to the relatively low bacterial biomass in those 

regions.122,134 Despite this, such exposed regions are among the most diverse sites in the 

human body, with representation from the Actinobacteria, Proteobacteria, Firmicutes, and 

Bacteroidetes phyla.121,128,135

4.3 Functional roles of the skin microbiome

Functionally, the skin microbiome appears to be somewhat less integral to healthy 

physiology than the microbiomes of other body sites. Most skin symbionts are thought to be 

commensal, with relatively few examples of obligate mutualism in which the host depends 

on its microbes to fulfill a particular function. This is perhaps unsurprising in an 

environment as variable as the skin – the selective pressures are inconsistent, and therefore 

selection cannot act in a directed manner. Nevertheless, there is emerging evidence that the 

skin microbiota plays a role in stimulating and educating the host immune system: secretion 

of the AMPs like cathelicidin and β-defensins, as well as the production of complement, are 

induced by commensal stimulation of host innate immune receptors.136–138 Moreover, in 

mice, recent evidence showed that skin commensals can tune and regulate the adaptive 

immune response through their ability to shift IL-1 production.139,140 Finally, commensal 

microbes like S. epidermidis have demonstrated the ability to directly inhibit the growth of 

pathogenic organisms like Staphylococcus aureus and Group A Streptococcus.141
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5. Vagina

5.1 Overview

The vaginal microbiome is among the least diverse human body sites, and has shown one of 

the tightest, most consistently mutualistic symbioses with the host. While vaginal microbial 

residents consume host-derived materials from sloughed cells and secretions, the host is 

thought to benefit from the protective role that vaginal microbes may play against 

colonization by an assortment of pathogens, including those that might otherwise cause 

yeast infections, sexually transmitted infections, and urinary tract infections. These tight 

associations between the host and specific microbial taxa, and mechanistically well-

understood mutualisms suggest that the vaginal microbiome may be an exceptional example 

of host-microbe coevolution.

5.2 Vaginal anatomy, physiology, and microbiome composition

The vaginal epithelium consists of stratified, glycogen-filled, non-keratinized squamous 

cells that are rapidly shed, with the top layer turning over approximately once every four 

hours.142 It is largely anaerobic, and quite acidic (pH 3.5 – 4.5) in reproductive-age women. 

Although vaginal epithelial cells can produce lactic acid, substantial evidence suggests that 

mutualistic bacteria, predominantly Lactobacilli, are the primary source of this acidity, 

converting glycogen stores from shedding epithelial cells into lactic acid through anaerobic 

fermentation processes.143

This ecosystem, in most healthy reproductive-age women, is dominated by Lactobacilli.144 

Historically, the presence of abundant Lactobacilli and concomitantly acidic pH were 

considered signatures of a “healthy” vaginal microbiome, whereas a more diverse 

microbiome with higher pH has been correlated with preterm birth, “dysbiotic” conditions 

like bacterial vaginosis (BV), and the presence of vaginal pathogens like Gardnerella or 

Trichomonas.145–148 However, broader culture-independent sampling across different 

demographic groups has revealed that approximately 20-30% of healthy women have a more 

diverse, non-Lactobacillus-dominated microbiome, once again muddling our understanding 

of what exactly defines “health” in this ecosystem.144,149 This work has identified five 

distinct “community state types” (CSTs) among healthy women, four of which are each 

dominated by a different species of Lactobacillus (L. crispatus, L. gasseri, L. jensenii, L. 
iners), and the fifth (CST-IV) by a diverse consortium of facultative and strict anaerobes, 

including microbes from the genera Atopobium, Corynebacterium, Anaerococcus, 

Peptoniphilus, Prevotella, and Gardnerella.144,150 Demographically, black and Hispanic 

women are more likely to have a CST-IV consortium, whereas white and Asian women are 

more likely to have any of the other types.144,149,151

5.3 Functional roles of the vaginal microbiome

The native vaginal microbiome is thought to contribute significantly to pathogen resistance 

in the vagina by a number of mechanisms. First, lactic acid produced in copious amounts by 

resident Lactobacilli, and in lesser amounts by host cells and other microbial inhabitants, is 

inhospitable or directly inhibitory to many invading pathogens including sexually-

transmitted pathogens like Chlamydia trachomatis, Neisseria gonorrhoeae, and HIV.152–154 
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Different Lactobacillus species produce different amounts and isomers of lactic acid, 

contributing variably to the lowering of vaginal pH, and therefore their protective capacity.
155 Second, lactic acid has been shown to exhibit protective immunomodulatory properties. 

Whereas a pro-inflammatory milieu is associated with BV and STI acquisition, work from 

Hearps et al. have demonstrated that lactic acid can induce production of the anti-

inflammatory cytokine IL-1RA, and inhibit production of pro-inflammatory cytokines IL-6 

and IL-8.156 Third, vaginal Lactobacilli can produce anti-microbial bacteriocins that 

specifically target pathogens like Klebsiella, Gardnerella, E. coli, and Enterococcus faecalis.
157,158 Finally, it has been hypothesized that native vaginal microbes help to prevent 

colonization by pathogens in part by competitive exclusion: the native vaginal microbiota is 

better adapted to the vaginal environment, and can more efficiently extract the limited 

resources there, preventing potential invaders from growing and establishing.159

5.4 Community assembly in the vagina

It is an open question as to why certain healthy women have a Lactobacillus-dominated 

vaginal microbiome and others do not, and among those who do, why different Lactobacillus 
species come to dominance. Unlike the GI tract where it is easy to speculate about the 

selective pressures and habitat filters that shape community assembly, clear habitat filters 

have not been identified in the vagina. Many have hypothesized that Lactobacilli are selected 

for their ability to metabolize glycogen-derived resources, but this still fails to explain why 

other glycogen-metabolizing bacteria aren’t more prominent in these communities, or why 

only four out of over 130 known Lactobacillus species dominate the vaginal microbiota of 

70-80% of healthy women.160 Functional genomic efforts to identify habitat-related traits 

specific to these four Lactobacilli have been unsuccessful.161 One speculative explanation 

for single-strain dominance could be that priority effects allow a single, early-arriving 

Lactobacillus species to establish, conferring a spatial and numerical growth advantage that 

limits the ability of late-arriving species to compete, but this possibility requires 

experimental investigation.

Unfortunately, there exist no established animal models for studying the vaginal 

microbiome: differences in reproductive strategies that often facilitate research throughput 

(i.e. more frequent reproduction and greater numbers of offspring) dramatically affect the 

anatomy and physiology of the reproductive tract and its associated microbiome. Somewhat 

surprisingly, no other mammals, including closely related mammals like non-human 

primates, display such high abundances of Lactobacilli, or an even passably human-like 

community composition.162 Thus, mechanistic understanding of vaginal community 

assembly may remain elusive until better experimental systems are established.

5.5 Vaginal microbiome stability and resilience

The physiology of the vagina is uniquely time-dependent compared to other body sites, 

given the cyclic nature of reproductive physiology: hormone levels oscillate with regular 

menstrual cycling, and pregnancy causes a dramatic series of anatomical and functional 

changes to unfold in an orderly progression over time. In addition to these longer-scale 

chronic disturbances to the vaginal microbiome, the vagina is often subject to more acute 

perturbations due to sexual behaviors, use of contraceptives, lubricants, and menstrual 
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products, and other behavioral practices. Given the regularity of both chronic and acute 

perturbations to this community, whether or how stable the vaginal microbiome is has been a 

fundamentally important question. Interestingly, the healthy vagina is both remarkably stable 

and highly resilient. Acute behavioral disturbances to the vaginal community, as well as 

regular monthly menstrual cycling, seem to induce only mild shifts in microbial community 

membership, and most communities ultimately return to their baseline compositional state.
163–165 Similarly, longitudinal studies of the vaginal microbiome throughout pregnancy have 

revealed that, although there is reduced representation of CST-IV among pregnant women, 

suggesting a pregnancy-induced shift towards Lactobacillus dominance, over the course of 

pregnancy, the vaginal microbial community remains exceptionally stable compared to non-

pregnant women.149,166,167

6. Respiratory Tract

6.1 Overview

Historically, although the upper respiratory tract (URT) was well known to harbor large 

numbers of bacteria, it was thought that the lower respiratory tract (LRT) was sterile except 

when in a state of active disease. With the advent of culture-independent sequencing, this 

misconception has been revised, and we now know that there is in fact a low biomass but 

significant healthy LRT microbiome. The characterization of the respiratory tract 

microbiome and its dynamics over time and across disease states is an emerging field that is 

slowly bringing nuance to long-held pulmonological dogma.

6.2 Upper respiratory tract anatomy, physiology, and microbiome composition

The URT consists of the nares, nasal and oral cavities, pharynx, and upper larynx. For a 

description of the microbiota of the oral cavity, see the gastrointestinal tract section above.

Although the microbiota of the pharynx generally reflects the microbiota of the oral cavity, 

the nares and nasal cavity harbor a distinct subset of microbes. Anatomically, the nares 

features more skin-like features than the rest of the nasal mucosa, including keratinized, 

stratified squamous epithelial cells, sweat and sebaceous glands, and follicles through which 

coarse, specialized hairs called vibrissae emerge. Although air is moistened and warmed as 

it proceeds through the nasal cavity, air that enters the nasal vestibule is at ambient 

temperature, and therefore this habitat is cooler and drier than the rest of the nasal cavity. 

Microbial communities inhabiting the nasal vestibule are highly reflective of skin 

communities, featuring abundant Corynebacteria, Staphylococcus, and Propionibacteria.
121,168

Located deeper within the nasal cavity, the nasal mucosa have several significant anatomical 

and physiological features that distinguish them from both the nasal vestibule and the oral 

cavity. Compared to the nasal vestibule, the nasal mucosa are warmer and more moist. The 

epithelium transitions from keratinized stratified squamous cells to pseudostratified, ciliated 

columnar cells that are blanketed in a flowing layer of mucus. In conjunction with this 

mucus, the cilia perform an up-and-out sweeping motion throughout the respiratory tract to 

clear particulate matter. This region is dominated by Actinobacteria, including 
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Corynebacterium and Proprionibacterium as in the anterior nares, but had greater 

representation of species from Proteobacteria.169,170 This suggests that the nasal cavity may 

be seeded by microbes that have dispersed from the nasal vestibule, but has distinct habitat 

filters that select for a unique subset of these microbes.

6.3 Lower respiratory tract anatomy, physiology, and microbiome composition

The LRT comprises the trachea, bronchi, bronchioles, and alveoli. These environments are 

uniformly quite nutrient-poor and aerobic, although a number of significant anatomical and 

physiological transitions take place from the proximal to distal end. Most of these tissues, 

from the nasal cavity through the bronchioles, make up the “conductive” portion of the 

respiratory tract, responsible for bringing air into the lungs and clearing all other particulate 

matter, while the alveoli make up the “respiratory” portion, and are responsible for gas 

exchange. The epithelia of these regions largely reflect these distinct physiological roles.

The trachea and bronchi, like the nasal cavity, feature ciliated pseudostratified columnar 

epithelia. At the bronchioles, this epithelium transitions into simple columnar cells, which 

flatten into cuboidal epithelium, and eventually progress to a thin lining of squamous cells in 

the alveoli. An assortment of secretory cells are interspersed throughout the LRT, releasing 

mucus which coats the epithelial surface and traps secreted antimicrobial peptides and 

immunomodulatory molecules.171 Airway mucus is thickest in the proximal regions of the 

LRT, thins towards the distal bronchioles, and is eventually replaced by surfactant in the 

alveoli.171 Proximally to distally, the LRT also features gradients of oxygen tension, pH, 

temperature, and density of inhaled particles.172–174

Although it seems likely that this spatial heterogeneity could give rise to local differences in 

microbial composition across the LRT, in humans, current sampling techniques do not have 

the spatial resolution to investigate this possibility. Samples of the LRT microbiome are 

typically collected through a process called bronchoalveolar lavage (BAL), in which a 

bronchoscope is inserted into the bronchioles, and sterile saline is introduced and recollected 

with whatever microbial community members were washed into it. Microbes in different 

layers of the epithelial mucus, or those that might appear in the alveolus versus in the 

bronchiole, are all mixed into a single homogenized solution, hampering detection of 

distinct communities across microhabitats.

On a somewhat broader spatial scale, however, BAL data gathered from different lobes of 

the lung seem to suggest that, despite observed environmental gradients across this same 

regional scale, microbial communities are nearly indistinguishable.175 Sequencing-based 

analysis of samples from the lingula, right middle lobe, left and right upper lobes, and 

supraglottic space of the trachea all featured abundant aerotolerant Prevotella, Veillonella, 
and Streptococcus species.176 Samples from the LRT sites of each individual were more 

similar to the URT source community from that same individual than the same LRT site in 

other individuals, likely reflecting the unique, individual-based meta-community from which 

the LRT community is assembled.176 These results suggest that habitat filters may not play 

as important a role in community assembly in the lung as neutral, dispersal-based processes.
177

Kennedy and Chang Page 20

Prog Mol Biol Transl Sci. Author manuscript; available in PMC 2021 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6.4 Community assembly processes in the healthy and diseased lung

Given these findings, Dickson et al. have proposed a model of microbial community 

assembly in the lung adapted from island biogeography theory, a classic ecological model 

(Figure 4).118,176 In this model, Dickson et al. suggest that diversity in the lung is a balance 

between stochastic immigration from the meta-community species pool (the URT) and 

extinction events. The closer a site is to the source community, the greater the rate of 

immigration, and the higher diversity that site will maintain. Under this model, immigration 

into the LRT occurs when microbes from the URT physically migrate down the oropharynx, 

are inhaled as aerosolic particulate matter, or are micro-aspirated during sleep. Extinction 

events occur due to various forces like coughing, mucociliary sweeping, and immune 

clearance. Since communities at different sites are drawing from the same meta-community 

pool, there will be significant overlap between sites – each local community should 

theoretically be a subset of the same source community – but we expect decreasing species 

richness with distance from the source community. While higher resolution spatial data on 

the LRT microbiome would be invaluable in testing and refining this hypothesis, Dickson et 

al. found that species richness did decrease with distance between each sampling site and the 

URT, supporting this expectation.176

Interestingly, as patients transition from health to disease, the relative importance of neutral 

and selective processes seems to shift: the lungs of patients with advanced lung disease like 

cystic fibrosis or COPD exhibit distinct spatial heterogeneity in microbial community 

structure that is absent in healthy individuals.177–179 This could be due to either the 

proliferation of native or invading microbes that thrive under disease conditions that are 

locally exacerbated, or by the increased sensitivity of existing microbes to such local 

conditions, and their resulting extinction. Generally, injury and inflammation of the 

respiratory tract lead to increased temperature and increased production of mucus, which in 

turn creates anaerobic pockets that can support the growth of particular community members 

or pathogens.180,181 Locally severe disease may create such conditions in distinct regions, 

allowing for these new habitat filters to shape community composition there.

7. Conclusions

It is only fitting that a body with as many specialized functions as ours features accordingly 

diverse, specialized microbiota across those different anatomical and functional sites. In this 

review, we sought to emphasize that human-associated microbial communities can be 

shaped by a number of different processes, like dispersal, selection, and drift, and that these 

processes can contribute in variable measure to the assembly and composition of different 

body sites. Hopefully, a stronger understanding of these forces will one day allow us to more 

strategically manipulate these communities towards health.

We also wanted to emphasize that, although much of the data presented here has been 

instrumentally defined as “healthy” due to the absence of clinical symptoms among study 

participants, a more precise definition of the “healthy” microbiome is necessary before the 

microbiome field can transition into a more translational era. Given the degree of microbial 

diversity even among healthy individuals, an important focus of the field should be the 

development of positive criteria for salient functions or characteristics of a “healthy” 
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microbiome across body sites, rather than simply the absence of disease. As our definitions, 

frameworks, and mechanistic understandings of the microbiome continue to develop and 

refine, our capacity to engineer this complex ecological network for positive health impacts 

can only expand.
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Figure 1. Summary of ecological processes that impact community assembly.
A) Dispersal refers to the immigration and emigration of microbes between local habitats. 

The meta-community species pool represents the collection of microbial species present 

across all local habitats. As species disperse between these habitats, they can be limited by 

factors such as motility and distance from the source community. B) Selection refers to the 

process whereby species better adapted to their environment tend to survive better and 

produce more offspring. Some potential habitat filters relevant to microbial life are listed 

between the dashed lines. C) Drift refers to random fluctuations in species abundances due 
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to stochastic changes in birth and death rates over time. This can disproportionately impact 

low-abundance species, which can become extinct after a random dip in abundance. D) 
Diversification refers to the generation of new genetic variants within a population.
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Figure 2. Ecologically relevant spatial gradients across the gastrointestinal tract.
Rostrally to caudally throughout the gastrointestinal tract, a variety of physiological and 

biochemical features vary in accordance with the distinct digestive, absorptive, defensive, 

and endocrinological functional roles of each region. These factors, including oxygen level, 

pH, mucus thickness, antimicrobial production, bile acid production, and transit time, in turn 

impact the structure and function of regional microbial community membership.
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Figure 3. The skin microbiota varies by region (adapted from Grice et al.).122

The composition of the skin microbiome varies in accordance with regional and local 

topographical features of the skin. Broadly, these sites can be categorized by whether they 

are moist, dry, or sebaceous, and each of these categories features a distinct subset of 

microbial taxa that are uniquely well-adapted to those conditions.
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Figure 4. Adapted island theory of healthy lung microbiome assembly.
According to this model proposed by Dickson et al., the upper respiratory tract (URT), and 

particularly the oral cavity, constitute a source community from which microbes disperse to 

the lower respiratory tract (LRT). Microbes present in each local habitat of the LRT are 

therefore a subset of the microbes present in the URT source community. Sites deeper within 

the LRT face greater dispersal limitation, as they are physically farther from the source 

community, and therefore diversity decreases with distance from the URT.
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