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Microbial communities within the human microbiome

Microbial communities associated with the human body are complex ecological systems

governed by many of the same processes that shape plant and animal communities. Because

the composition of the human-associated microbiome is critical for normal immune

development and health [1, 2], there is a pressing need to develop robust models of

microbiome structure and function grounded in ecological theory [3, 4]. Therapies such as

fecal transplants have tremendous potential to alter the microbiome to improve health [5],

but these are currently blunt instruments that modify community structure in an untargeted

manner. In order to understand and modulate the structure of the human microbiome – and

of other microbial communities – we must better characterize the fundamental ecological

processes that underlie microbiome assembly. That is, what properties (organisms,

metabolic functions, regulatory circuits, etc.) must be present in ‘normal’ host-associated

microbial communities, and how are they established and maintained?

This question was one of the early motivating factors for studies such as the Human

Microbiome Project (HMP) [6], which hypothesized that essential microbial species might

be distributed ‘universally’ among healthy human beings [7, 8]. Such a ‘core’ microbiome,

accompanied by some level of inter-individual variation, would be analogous to the core and

pan genomes present in many microbial species [9]. A (near-)universally present, minimal

set of microbial species in healthy individuals would have provided a very clear target for

microbiological characterization and identification of biomarkers to distinguish between
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healthy and dysbiotic individuals. However, early results showed that inter-individual

variability even among closely related individuals precluded the existence of a meaningful

core microbiome in terms of microbial species [7, 10]. Although the same few phyla are

typically present within each body site niche of the human microbiome, their relative

abundances can vary by 10-fold or more among individuals, and it is not uncommon for

even closely matched individuals to share 50% or less of their microbial genera [7]. This

result suggested that if a core microbiome exists, it is not defined by the presence of specific

microbial taxa.

An alternate hypothesis is that the core human microbiome is defined by a balance of

metabolic and other functional capabilities within each body site or microhabitat. That is, the

core microbiome maintained in healthy humans may consist of common gene families and

pathways rather than common organisms. Theoretical work in metazoan ecology suggests

that if selection within each niche (see Glossary) acts primarily on functions that are not

phylogenetically unique, the result over evolutionary time is the accumulation of sets of

functionally equivalent species [11]. Selection on function rather than phylogenetic identity

within niches is plausible in microbial populations given high rates of lateral gene transfer,

which means that not all functional traits are stably associated with particular phylogenetic

markers [12]. If this was the case, a ‘functional’ core microbiome would act at the gene and

pathway level somewhat like the human genome does for small polymorphisms, with less

abundant (but highly phenotypically significant) variation occurring outside of the core and

basic, common processes maintained within it. Identifying a functional core for the

microbiome and other microbial communities has the potential to identify metabolic

pathways critical for each environment that are maintained despite stochastic variation in the

presence or absence of particular taxa. These core pathways may provide new potential

targets for molecular therapies and community engineering.

Sequencing-based techniques for investigating microbial communities are currently quite

cost-effective, and consist at a high level of (i) targeted amplicon-based techniques (e.g. 16S

rRNA gene sequencing) and (ii) shotgun metagenomic or metatranscriptomic approaches,

both reviewed in depth elsewhere [13–15]. Both can be applied to the human microbiome

and other communities to study different microbial features (i.e. phylogenetic vs. genomic

composition) with various tradeoffs with respect to cost, efficiency, and data quality and

biases. For example, primers targeting conserved regions of 16S rRNA can lead to

underrepresentation of clades with variation at the primer site. For example, the commonly

used 967F primer can underrepresent clades such as the Bacteroidetes [16], 357F/926R

(included in HMP protocols [17]) will deplete Bifidobacterium [18], and 515F/806R can

poorly amplify Propionibacterium, one of the most common skin microorganisms [13].

Conversely shotgun metagenomics can be heavily influenced by human genomic

‘contamination’ in environments with a high eukaryotic cell fraction, e.g. saliva [19].

However, used in tandem, current technologies can provide a rich picture of microbial

community phylogenetic and functional structure in order to determine how these two

features interact to assemble a core human microbiome. In this review, we discuss the

functional organization of human-associated microbial communities and the underlying

ecological processes that affect it to drive microbiome assembly.
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Assembly of habitat-specific microbial communities

To understand the processes involved in the generation and maintenance of a core human

microbiome, it is important to identify the key ecological processes underlying patterns in

microbial distributions. Microbial communities are shaped by a combination of selective and

stochastic forces qualitatively similar to, but quantitatively differing from, those in metazoan

systems: niche-based selection, dispersal, ecological drift, and mutation [11]. The balance

between these forces varies over space and time and can be difficult to determine based on

species abundance distributions alone, particularly when diversity is high [20]. Indeed, most

studies on the roles of selection and stochasticity on microbial community assembly based

on such observations suggest that both factors play significant roles in structuring

communities [21, 22]. This is due in part to the large differences in temporal and spatial

scales relative to metazoan communities, and it requires microbial ecology to account, for

example, for more stochasticity than may be apparent in larger-scale systems.

The neutral theory of community assembly has thus been particularly successful in

explaining microbial ecologies [23], although interestingly it was originally developed to

explain tropical trees sharing niches (slow-growing shade-tolerant and fast-growing sun-

tolerant species) [24]. In its classical form it posits that that steady-state species abundance

distributions are based only on ecological drift, dispersal, and the diversity of organisms

available for colonization (referred to as the metacommunity). Since it assumes that species

are effectively functionally equivalent, it can act as a null model in contrast to selective

pressure or niche specialization. However, when combined with a model of specialization

and extended to evolutionary time, neutral theory suggests that sets of functionally

equivalent species can evolve within the niches that are most prevalent [25]. That is, the

dynamics within each niche remain neutral, but selection occurs to set the boundaries of

each species set. The necessary condition for this process to occur is the absence of factors

that promote competitive exclusion between functionally similar species. This pattern of sets

of functionally similar species (‘emergent neutrality’) can appear via several different

possible pathways [26, 27] and is more likely to occur in species-rich communities [28].

Finally, these models typically only describe communities at steady-state, such that species

sets can also follow each other in successional processes; for example, any of a set of sun-

tolerant, fast-growing trees could colonize a vacant spot in a forest followed by any of a set

of slow-growing, shade tolerant trees.

Microbial communities, particularly those associated with the dynamic environment of a

host, are typically a good fit to such a model. They are often quite diverse, with a relatively

small number of high-abundance members coupled with a long tail of low abundance

members [16]. High rates of genetic exchange between spatially and phylogenetically

associated microbes provide a mechanism by which niche-determining genes can be

decoupled from phylogenetic lineages, decreasing the stability of competition between

related microbes. Even dispersal is thought to be particularly widespread for microbial

populations [29], allowing (among other consequences) inferior competitors to escape from

direct competition. Combined, these factors help to explain why a number of empirical

studies have found that microbial communities with different taxonomic compositions
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appear to be functionally similar, ranging from different wastewater treatment reactors [30]

to different individual human hosts [6].

Some factors contributing to this behavior in host-associated communities operate primarily

through colonization. The microbiome of each individual host is effectively a local

community connected to other, similar communities through dispersal. The collective set of

microbes shared in this fashion is called a metacommunity, and there is a rich ecological

theory describing its dynamics [4]. Metacommunity theory describes the linked dynamics of

transitory or more permanent habitat patches that are connected through dispersal of

individuals from multiple species [31]. Patch composition can be governed by local

selection, dispersal rates, ecological drift, and neutral processes [11]. Each individual host

can be viewed as a patch, or discrete area of habitat suitable for microbial colonization. The

rate of dispersal between habitats can have a strong influence on community assembly. If

dispersal rates are low, then chance colonization by particular microbes (random sampling)

can play a large role in initial assembly. Following colonization, dynamics may be

determined primarily by environmental selection (stochastic niche theory [32]) or by neutral

processes involving immigration of new microbes from both the reservoir and other host

individuals.

Other factors in host-associated community assembly operate dynamically after community

assembly, although their properties are in turn dictated by long-term co-evolution. This

contrasts community kinetics, or the effects of any recent perturbations on community

structure, with thermodynamics, or community steady state as dictated by the frequency,

extent, and type of perturbations that have occurred over its evolutionary history. Major

disruptions in metazoan ecologies are rare and occur only over time scales that are long

relative to reproduction, e.g. forest fires or climate change [33, 34]. Similarly, free-living

microbial ecologies are often relatively protected from perturbation, whereas differences in

assembly strategies for host-associated microbial communities may be explained in part by

frequent perturbations such as nutrient availability (diet), washing or antibiotics [35–42].

Thus host-associated communities may be more likely to be away from steady state when

observed, and they have co-evolved a robustness to both short- and long-term perturbations

in host environment resulting in assembly strategies distinct from those typical for metazoan

systems [43].

The combination of deterministic, stochastic, and temporal drivers of ecological assembly

shapes any microbial community composition, although how these selection pressures affect

host-associated communities in particular (i.e., what specific features of a microbial

community result from which specific selection pressures) is still unknown. Functional

equivalence between microbes within particular environment could plausibly arise from a

combination of both dispersal and selection, if sets of species have adapted to fill particular

niches or microhabitats within the host body that have been common over evolutionary time.

Overall, both ecological theory and observations in diverse microbial systems [6, 7, 44, 45]

support the concept that different organisms can fill comparable functional niches in the

microbiome, and it remains to be determined how niches are defined and the kinds of

selection pressures operating within them.
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Community assembly by functional traits in the human microbiome

The human microbiome is a host-associated microbial ecology of particular interest and

consists broadly of the microbial communities that reside in and on the human body:

primarily in the gut, but also in the oral cavity, skin, urogenital tract, and almost every other

body region. Understanding the principles underlying its assembly is thus especially

important, since the role these resident microbiota in human health is vast. Intestinal

microbiota salvage energy from carbohydrates and other sources, synthesize vitamins B and

K, metabolize bile acids, other sterols and xenobiotics, aid in the development of mucosal

immunity, and prevent the overgrowth of harmful bacteria [2, 46]. Across other body sites,

vaginal microbes are key in hydrogen peroxide production and pH maintenance to maintain

a homeostatic community [47], and on the skin commensal microbes can prevent

colonization by potentially pathogenic species [48]. While the culture-independent

techniques discussed above have provided extensive ‘parts lists’ of typical microbial

residents and metagenomic contents found within and among individuals, our understanding

of why and how particular human-associated microbial assemblages come to be remains

limited.

One of the early suggestions that the core human microbiome might consist of functional

traits arose from the first metagenomic surveys of the gut microbiome, which identified

genes in the microbial species associated with the metabolic functions in the gut, paving the

way for further functional attributes to be explored in other body sites [49]. The hypothesis

was prominently highlighted within the cohort of Turnbaugh et al. in 2009 [7] and finally

confirmed on a large scale by the HMP [6], an analysis of the microbial communities of 18

body sites of 300 healthy individuals. By the time of the HMP, both culture-based [50–52]

and culture-independent [53–55] studies had shown great diversity of microbial residents

across individuals at essentially every body site. The HMP’s large population confirmed that

no easily-identifiable phylogenetic core existed across individuals, in the sense of

universally carried microbial taxa present across individuals or body sites, although each

body site habitat does of course comprise a highly phylogenetically distinct microbial

repertoire enriched for characteristic taxa [6, 53, 56]. This result has been echoed by other

large projects such as MetaHIT [57], and it is of note that in each such study of the human-

associated microbial metagenome, at least two-thirds of the surveyed gene families have had

no or minimal assignable molecular function [6, 57].

The characterized components of the functional core observed to date in the human

microbiome can be decomposed into at least three components: processes universal to

microbial life that are not unique to the human microbiome, pathways that are present across

many or all body sites, and core functions within each body site habitat (Figure 1). The first

is well-understood from decades of microbiology and includes housekeeping processes such

as translation, the cell cycle, and structural components of the cell [58]. Human-associated

microbial functions enriched across body sites include biosynthesis of compounds used by a

human host, such as essential amino acids (histidine, tyrosine, phenylalanine, methionine,

arginine, and lysine); vitamins such as biotin and thiamine; and other families of bioactives

such as isoprenoids. Additionally, microbial uptake of several compounds was enriched in

the microbiome, including metals (nickel and cobalt), polyamines (spermidine and
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putrescine) and production of lipopolysaccharide (LPS). Finally, each body site investigated

by the HMP also possessed its own enriched microbe-associated functional cores, such as (i)

degradation of glycosaminoglycans and uronic acid metabolism in the gut, (ii) fungal

transcription and translation on the skin, (iii) arginine transport and methionine biosynthesis

in the oral cavity, and (iv) transport of phosphate, glutamate and aspartate in the vagina [59].

Within each of these environments, groups of functionally similar microbes associate with

enriched metabolic pathways, sometimes within but often spanning phylogenetic groups

(Figure 2). As our understanding of uncharacterized microbial genes and pathways in the

human microbiome improves, the lists of typical microbial processes within each habitat

will undoubtedly expand as well.

Moving ahead: limitations and future research paradigms

The extent to which the phylogeny of human-associated microbes is linked to their

functional roles remains to be determined (Box 1). Regardless of its degree, however, any

functional core of the human microbial communities will include molecular processes key to

microbial survival in the unique environment of our bodies, to interactions with innate and

adaptive immunity, and to our own health. While the core- and pan-genomes across

microbial isolates have begun to be well-characterized, the core- and pan-metagenomes

found across humans (or other environments) have not. Defining a core microbe-derived

metagenome for human health is of particular importance for translational applications, as

this will provide a new pool of potentially targetable gene products for therapeutics.

Conversely, individual variation in the human pan-metagenome will figure prominently in

personalized medicine, as has already been observed for microbially-linked

pharmacokinetics [60, 61]. Finally, newer techniques such as metabolomics will enable

deeper characterization of the molecular mechanisms and pathways underlying these

ecological assembly strategies and their associated host and microbial phenotypes. Just as

molecular systems biology has provided new insights into individual organisms’ function

over the past decade, a comparable ‘molecular systems ecology’ has the potential to do the

same for microbial communities over the coming years.

Box 1

Outstanding questions

• What are the key functional genes and pathways found in the core and pan-

metagenomes associated with the human body?

• Do these change according to environmental or phenotypic conditions such as

location, early life exposures, disease, or diet?

• How important is genetic variation between closely related microbes to

microbiome community function?

• Conversely, how important are taxonomic delineations such as species or genera

in defining human-associated microbial function?
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• Under what conditions are different functional units useful to study in human-

associated and other microbial communities, e.g. genes, pathways, strains,

taxonomic clades, or phylogenetic clusters?

• What is the extent to which the phylogeny of human-associated microbes is

linked to their functional roles?

• What is the role of horizontal gene transfer in function of the human

microbiome?

• What is the contribution of low-abundance taxa (the ‘rare biosphere’) to

microbiome function?

• To what degree are different molecular mechanisms used to implement the same

ecological strategies or produce similar phenotypes in microbial communities?

• What are the molecular mechanisms and pathways that underlie microbial

ecological assembly strategies and their associated host and microbial

phenotypes?
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Glossary

Ecological drift or
stochastic forces

change in population structure over time due to random factors,

i.e. neutral evolution not due to selective pressure

Functional ecology the study of organisms within one or more habitats based on their

functional traits (biochemical capabilities or larger-scale

phenotypes) and the effects these have on selective pressures and

community steady states

Metacommunitiy collection of populations that contribute to a particular ecology,

typically connected by genetic or organismal flow of varying

rates. For example, the metacommunity of a particular

individual’s skin microbiome might include other individuals’

skin (from which organismal flow might vary depending on

contact) and other body sites within that host (from which

organismal flow might vary depending on similarity of the

habitat)

Niche-based
selection

selective pressure based specifically on occupation of a particular

habitat, such that organisms with appropriate functional roles

ultimately occupy that niche over time
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Selective pressure processes that result in natural selection operating on a

population, changing the composition of genetic material and/or

of clades in the community. Examples include nutrient

availability, diet, or climate

Steady-state composition of features (organisms, genetic material, or

compounds) within a population that does not change (or changes

only slightly) over time
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• Ecological processes influence microbial assembly in human-associated

communities.

• Microbial functions are core across the human microbiome and specific to each

niche.

• Technologies/analyses are needed to better define functional traits in microbial

communities.

Shafquat et al. Page 11

Trends Microbiol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Core microbial processes within and across body sites of the human microbiome
Host-associated microbial communities, particularly those of the human microbiome, often appear to assemble based on

collections of functional traits unique to particular niches. Examples shown here include (i) the oral cavity: breath volatile

compound production through spermidine/putrescine [59] and sulfur compound pathways (e.g. hydrogen disulfide and methyl

mercaptan) [62, 63], as well as energy harvest by amino acid and simple sugar degradation [64]; (ii) skin: release of

antimicrobial compounds [65] and odor production by transforming steroids in the sweat [62]; (iii) gut: fermentation and

degradation of polysaccharides, producing short-chain fatty acids [6, 57], nutrient (e.g. vitamin) production [6, 57], and

immunostimulation [66, 67]; and (iv) vagina: pH maintenance through lactic acid production from glycogen degradation and

hydrogen peroxide production [62, 68], bacteriocin synthesis, and odiferous amine production [47, 62]. In addition to niche-

specific microbial activities, other host-associated microbial pathways are constituently present across body sites and not typical

of non-host-associated microbial (meta)genomes [59], including biosynthesis of host-essential amino acids, cofactors and lipids,

transport of metals and polyamines, and production of immunostimulatory compounds [6].
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Figure 2. Associations between groups of microbial species and enriched metabolic pathways in the human microbiome
Significant Spearman correlations between microbial species in three representative body habitats and the abundances of

metabolic pathways in their metagenomes. Data shown are from the Human Microbiome Project [6] for the (A) posterior fornix

within the vagina, (B) tongue dorsum, and (C) gut. In each case one or more microbial species, often phylogenetically diverse,

associate with the metabolic pathways enriched in each body site.
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