
Experimental Approaches for Defining Functional Roles of 
Microbes in the Human Gut

Gautam Dantas1, Morten O.A. Sommer2,3, Patrick H. Degnan4, and Andrew L. Goodman4

Gautam Dantas: dantas@wustl.edu; Morten O.A. Sommer: msom@bio.dtu.dk; Patrick H. Degnan: 
patrick.degnan@yale.edu; Andrew L. Goodman: andrew.goodman@yale.edu
1Center for Genome Sciences & Systems Biology and Department of Pathology & Immunology, 
Washington University School of Medicine, St. Louis, Missouri 63108

2Department of Systems Biology, Technical University of Denmark, DK-2800 Lyngby, Denmark

3The Novo Nordisk Foundation Center for Biosustainability, Technical University of Denmark, 
DK-2970 Hørsholm, Denmark

4Microbial Diversity Institute and Department of Microbial Pathogenesis, Yale University School of 
Medicine, New Haven, Connecticut 06536

Abstract

The complex and intimate relationship between humans and their gut microbial communities is 

becoming less obscure, due in part to large-scale gut microbial genome-sequencing projects and 

culture-independent surveys of the composition and gene content of these communities. These 

studies build upon, and are complemented by, experimental efforts to define underlying 

mechanisms of host-microbe interactions in simplified model systems. This review highlights the 

intersection of these approaches. Experimental studies now leverage the advances in high-

throughput DNA sequencing that have driven the explosion of microbial genome and community 

profiling projects, and the loss-of-function and gain-of-function strategies long employed in model 

organisms are now being extended to microbial genes, species, and communities from the human 

gut. These developments promise to deepen our understanding of human gut host–microbiota 

relationships and are readily applicable to other host-associated and free-living microbial 

communities.
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INTRODUCTION

Since the beginning of microscopy, we have recognized that the human gut harbors 

enormous microbial communities. Recent technological advances in microbial genetics and 
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genomics have led to a renewed appreciation that diverse aspects of human health and 

disease are critically influenced by the human microbiota. This hypothesis is compelling 

because of at least three striking differences between the genetic capacity of an individual’s 

own genome and the added functional repertoire encoded in his or her gut microbiome. 

First, unlike the human genome, the gut microbiome is not a composite of maternal and 

paternal genes. Instead, we are born without any microbes and acquire these organisms 

through an ongoing process of environmental exposure, selection, and interspecies 

competition. Second, interpersonal microbial differences far exceed interpersonal genomic 

differences. Common estimates suggest that individual human genome sequences vary at 

approximately one nucleotide per every thousand (44); in contrast, gut microbial 

communities can exhibit drastically different representations of microbes at the phylum level 

(88). Third, the genetic content of an individual’s gut microbial community is dynamic. In 

mice, changes in diet can restructure community composition in a single day (91). 

Moreover, these microbial communities outnumber the cells in the human body tenfold (73), 

and the number of genes in the microbiome exceeds the number in the human genome by 

more than two orders of magnitude (67). Together these features suggest that a significant 

component of our genetic repertoire is guided by rules fundamentally different than those 

that apply to the human genome.

As a result, it is perhaps not surprising that gut microbiome research reflects the legacies of 

multiple scientific traditions. One approach leverages the power of model systems: Readily 

cultured human gut species, some of which are genetically tractable, have provided a wealth 

of information on gene function and adaptations of human gut microbes to their 

environment. These efforts are complemented by studies that examine gut microbiomes in 

situ, generally using culture-independent methods to capture microbial diversity and 

community dynamics in their full complexity. Although these distinctions provide a simple 

conceptual framework, advances in high-throughput sequencing and other technologies are 

blurring the divisions between these approaches. The goal of this review is to provide a 

technique-centric overview of established and emerging experimental strategies that 

combine direct manipulation and genomics in the context of human gut microbial 

communities.

FUNCTIONAL INSIGHTS FROM SIMPLIFIED MODELS OF THE HUMAN GUT 

MICROBIOME

Human gut microbiome research rests on a strong foundation: The most well-studied and 

paradigm-defining organism in biology, Escherichia coli, is derived from this microbial 

community (64). Almost uniquely among gut bacteria, our understanding of E. coli gene 

function comes largely from direct biochemical, genetic, and genomic analyses rather than 

homology-based annotation (46). However, it is important to note that E. coli and the entire 

phylum Proteobacteria are relatively minor members of the human gut microbiota: Instead, 

the gram-negative Bacteroidetes and the gram-positive Firmicutes constitute 80–90% of 

these communities (42).

After E. coli, arguably the next best-studied model gut commensal bacterium is the obligate 

anaerobe Bacteroides thetaiotaomicron. B. thetaiotaomicron and related species are among 
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the most dominant organisms found in the distal small intestinal and colonic microbiota 

(97). They contribute to the transition from nutrition from breast-milk to plant-derived 

polysaccharides (6), as well as to the prevention of pathogen invasion by mediating the 

development of the intestinal mucosal barrier (98). B. thetaiotaomicron possesses an 

expanded capacity to sense, harvest, and metabolize complex plant-derived dietary 

polysaccharides that cannot natively be digested by the host (5, 72, 97). Mechanistic insights 

into these key functions have come from careful genetic and biochemical analyses of the 

relevant B. thetaiotaomicron metabolic enzymes and their structural complexes, such as the 

starch-utilizing genes (75, 76), as well as from system-wide -omic analyses (97).

Few other gut commensals have received anywhere near the degree of deep 

multidisciplinary analytic treatment as E. coli or B. thetaiotaomicron, especially for the 

purposes of modeling host-microbiota commensalism (5, 98). Mahowald et al. (57) made 

headway in this respect, reporting the complete genome sequences of Eubacterium rectale 

and E. eligens, two important representatives of the fastidious, dominant gut Firmicutes. By 

coupling this genomic information with transcriptomic analyses of E. rectale during growth 

with B. thetaiotaomicron in gnotobiotic mice, the authors were able to model niche 

specialization and functional redundancy between members of these two major bacterial 

phyla and to define host-derived glycans as a nutritional source that determines microbiota 

ecosystem stability (57). Gene catalogs from additional representative gut symbionts will 

continue to expand as a result of large-scale multi-investigator efforts such as the NIH-

funded Human Microbiome Project (89).

Caveats of Studies in Model Systems

Renewed efforts to model the human gut microbiota in simplified systems are revealing 

several important caveats to these studies. For instance, microbial communities removed 

from their native environment can exhibit altered compositions. This is clearly the case in 

extreme examples: Transplantation of mouse microbiota into germ-free zebrafish, or 

zebrafish microbiota into germ-free mice, reshapes the community to more closely resemble 

that of the recipient host (68). This host effect is likely reduced (but not eliminated) in 

studies of human microbial communities grafted into another mammal, such as a germ-free 

mouse (15, 33, 49, 91). In addition to the microbiota responding to the host, model systems 

may disrupt the response of the host to the microbiota. For example, germ-free mice exhibit 

reduced CD8+ and CD4+ T cell counts in the small intestine that are restored upon 

colonization with a complete mouse microbiota (81). Transplantation of human gut 

microbial communities into these animals, in contrast, fails to restore T cell counts and other 

microbiota-dependent immune responses despite reaching the same density as a transplanted 

mouse microbiota (15).

FUNCTIONAL INSIGHTS FROM IN SITU ANALYSES

In addition to sequencing individual microbial genomes, massively parallel, low-cost DNA 

sequencers have also enabled deep cataloging of community diversity through the selective 

sequencing of informative phylogenetic markers or unbiased shotgun sequencing of 

metagenomic DNA (65, 67, 89). Phylogenetic surveys have focused almost exclusively on 

sequencing select regions of the small-subunit (16S) ribosomal RNA (rRNA) gene, which is 
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present in all microbes (16, 96). The 16S rRNA genes from a microbial community can be 

amplified using primers complementary to highly conserved regions of the gene and 

sequenced in parallel to generate community diversity profiles independent of culturing bias 

(48, 55). The identity and abundance of each community member can be inferred by 

comparison of each unique sequence to reference 16S rRNA databases (16), and 

phylogenetic profiles of different microbial samples can be compared by various statistical 

clustering metrics as well as ecological and evolutionary measures of diversity (55, 89).

While 16S rRNA-based surveys attempt to reveal “who’s there?” in a particular microbial 

community, shotgun metagenomic sequencing attempts to answer the complementary 

question of “what can they do?” (37). Metagenomic sequencing experiments aim to catalog 

all the genes from a community without the need for initial culturing, by random sequencing 

of all DNA extracted from the sample (31, 67, 88). The polypeptides predicted from these 

sequences are annotated by homology to gene function databases (31, 67, 88). Analogous to 

16S rRNA statistical analyses, metagenomes can be computationally compared to infer 

differences in composition and relative abundance of encoded community genetic functions 

(54, 55).

Defining Normal

By using these in situ approaches, a substantial effort has been undertaken to define the 

normal (healthy) human gut microbiota, across a range of timescales, geography, host 

genetics, environments, and cultural traditions. In an elegant example of how metagenomic 

surveys can promote functional insight, Hehemann et al. (39) identified genes encoding 

porphyranase and agarase enzymes in the gut microbiomes of Japanese individuals but not 

North Americans. These functions were acquired likely by lateral gene transfer from marine 

Bacteroidetes (associated with seaweed consumed in the Japanese diet) to resident 

commensals in Japanese individuals and selected for by regular seaweed consumption 

characteristic of this diet (39). In recent years, reduced sequencing costs have allowed 

interrogation of increasing numbers of individuals, with ever-greater temporal resolution and 

coupled metagenomic analyses (48, 67, 88, 99). These studies, which are the subject of 

several recent reviews (56, 93), were inspired by earlier surveys performed on marine and 

other environmental microbiomes, and indeed the computational methods that were critical 

for analyzing these data were developed largely by the environmental microbiology 

community (37, 70).

For example, Yatsunenko et al. (99) used both 16S rRNA sequencing and metagenomics to 

describe the microbial communities from 531 samples from healthy children and adults from 

rural Venezuela, rural Malawi, and metropolitan areas in the United States. This large-scale 

study highlighted a pronounced, age-independent clustering of the microbiota of US 

metropolitan inhabitants that differed from the Malawi and Amerindian cohorts (99). On the 

basis of these data, the authors selected 110 individuals for shotgun sequencing, which 

revealed that the dynamics observed in infant microbiota is neither a consequence of a lower 

diversity of encoded functions nor an indicator of functions that are uniquely specialized to 

this early host developmental period (99). In a separate study, less than 50% of the 

metagenomic sequences recovered from 124 European individuals had high sequence 
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identity to the ~200 reference complete gut microbial genomes available at the time, 

illuminating the importance of culture-independent metagenomic sequencing in uncovering 

compositional and functional novelty in the human microbiota (67). This observation also 

emphasizes the need for increasing the diversity of organisms included in reference gut 

genome projects (65, 89).

Defining the Effects of Microbiome Perturbations

In situ surveys of healthy humans provide a critical foundation for studies of perturbed gut 

microbial communities. Perhaps one of the most dramatic modifications to the gut 

ecosystem is that caused by antibiotic treatment; as a result, in situ studies of the response of 

the microbiome to antibiotics highlight general themes that apply to other, more subtle 

perturbations.

Most culture-based studies have focused on specific indicator organisms to understand the 

effect of antibiotic treatment on the gut microbial community. These studies showed that 

resistance can emerge during treatment and persist for years after treatment is concluded 

(18, 78, 79). Culture-based analyses complement emerging culture-independent studies of 

the effects of antibiotic treatment on gut microbial communities. For example, Dethlefsen et 

al. (21) demonstrated that ciprofloxacin treatment perturbs the abundance of over one-third 

of all taxa in the human gut microbiota and causes a significant reduction in diversity. 

Temporal analysis reveals that the recovery after antibiotic treatment is often incomplete and 

does not follow common trajectories across individuals (22).

Furthermore, in situ studies have revealed that antibiotic exposure can create vacancies in 

the gut microbiota that become occupied by new strains (18). For instance, mice treated with 

streptomycin are increasingly susceptible to enteric infection (29), and humans treated with 

various antibiotics show increased risk of Clostridium difficile diarrhea (101). How these 

vacancies occur, and how the combination of recovery and invasion leads to emergence of 

the posttreatment communities, remains largely unclear (18). More subtle perturbations, 

such as changes in diet, also rapidly and broadly restructure gut microbial community 

composition in humans. This relationship is discussed in several recent reviews (23, 25, 50) 

and will have substantial implications for our ability to re-engineer the gut microbiota to 

address health issues (36). Specifically, medical tests often require fasting or other dietary 

normalization (a glucose meal prior to an oral glucose tolerance test, for example); a 

corresponding standard meal may prove essential for separating diet from other factors in 

shaping the microbiome (32).

Caveats of In Situ Metagenomics

It is increasingly clear that a wide range of human pathologies are associated with an altered 

gut microbiota (19), but determining whether these alterations observed by 16S rRNA 

sequencing are a driving factor (cause) or a consequence of disease (correlation) is not 

straightforward. Even in cases in which the gut microbiota does contribute to disease, the 

species that exhibit a change in abundance in diseased individuals are not necessarily the 

disease-causing agents within the community. For example, mice lacking the 

immunoregulatory cytokine interleukin-10 (IL-10) spontaneously develop colitis. This 
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pathology is not observed in animals maintained in the germfree state or treated with 

antibiotics, suggesting that microbes are required for disease pathogenesis (74). Although 

members of the Enterobacteriaceae are strongly enriched in gut microbial communities of 

IL-10−/− mice, isolates from this group do not cause colitis even though the microbiota is 

required for disease (8). Members of a different bacterial phylum (Bacteroides), however, do 

specifically induce disease in IL-10−/− animals, even though they do not show a change of 

abundance as a result of this host mutation (8).

Also, the success of metagenomic studies is closely tied to the quality of the underlying 

functional annotations of metagenomic sequence fragments. As discussed above, 40–60% of 

the gene content of a human gut microbiome consists of protein-coding sequences that lack 

obvious homologs in current reference databases (66, 99). Further, annotations based on 

overall sequence homology (rather than conservation of key protein folds, active sites, DNA 

binding residues or other features) affect the accuracy of functional assignments that lack 

experimental validation. Stepwise perpetuation of such incorrect assignments across proteins 

increasingly dissimilar to an experimentally validated reference sequence has been termed 

function creep (26, 87).

The extent of function creep in a metagenomic analysis is expected to scale with the 

evolutionary distance between the members of a microbiota and the model organisms that 

provide the experimental basis for the functional assignments. The extensive interpersonal 

variation observed in the human gut microbiome adds a further complication. As a 

simplified illustration of this challenge, we queried the metagenomes of 39 unrelated 

individuals (4) against the EcoCyc database of all E. coli genes whose functions have been 

assigned by direct experimental study (46). Notably, the percentage of reads that show 

significant similarity to these experimentally validated reference genes varies widely across 

these metagenomes, even though all the samples are from the same environment (Figure 1). 

Use of the MetaCyc database (11), which includes experimentally validated genes from 

diverse organisms, largely addresses this challenge (Figure 1). However, MetaCyc is 

restricted to metabolic pathways and it is likely that many important functions of the gut 

microbiota (e.g., transport, regulation, host interaction) are encoded in genes that do not 

belong in this category.

EMERGING INTERFACES BETWEEN MODEL SYSTEMS AND IN SITU 

STUDIES

Sequence-based interrogations enable extremely detailed in situ snapshots of compositional 

and functional diversity of gut microbial ecosystems (65, 67, 99). However, a complete 

understanding of microbiota functions must also involve complementary approaches to 

genetically and functionally manipulate, model, and perhaps engineer these communities. 

Importantly, the same high-throughput sequencing and computational methods that have 

produced the wealth of in situ studies described above can also be leveraged to allow new 

experimental manipulations (33, 34, 61, 82). Novel mechanistic insights gleaned from 

experimental studies can then be used to better understand in situ sequencing surveys, 

enabling iterative cycles of observation, perturbation, and analysis (33). In the following 

sections, we highlight some of the experimental models that have been developed for both 
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gain-of-function and loss-of-function assays of the gut microbiota at various scales. As an 

organizing principle, we attempt to categorize model experimental systems in terms of their 

prime applicability to three hierarchical levels of biological complexity: genes, species, and 

communities.

Loss-of-Function Approaches at the Gene Level

New techniques have allowed both targeted and untargeted loss-of-function genetic studies 

in prominent human gut symbionts in the mammalian host environment. For example, 

conversion of otherwise intractable polysaccharides into useable calories is a major 

component of human-symbiont interaction, but these processes have been difficult to 

mechanistically dissect in vivo because of the diverse range of saccharide linkages present in 

the gut and the enormous numbers of polysaccharide utilization loci present in single gut 

microbial species (97). To address this challenge, Martens et al. (58) developed a markerless 

gene deletion system for B. thetaiotaomicron that enabled creation of a quintuple-mutant 

strain unable to express the genes encoding each of the polysaccharide utilization systems 

that target mucin O-glycan linkages. This strain was rapidly outcompeted in vivo under 

conditions where mucin O-glycans are the preferred carbon source, providing new insight 

into the mechanism of bacterial glycan foraging in vivo (58).

Other techniques are extending genetic loss-of-function approaches to the genome scale. 

Signature tag mutagenesis and other negative selection strategies are widely used for 

identifying virulence factors of pathogens in vivo (13), but they have only recently been 

applied to human gut symbionts (34, 35). This approach, called insertion sequencing 

(INSeq), involves three steps. First, the target organism is mutagenized with a randomly 

inserting mariner transposon (51) that has been modified to encode recognition sites for the 

Type IIS restriction enzyme MmeI (62). Mutant populations are passed through a selective 

condition (colonization of the gastrointestinal tract of a germ-free mouse, for example), with 

samples collected before, during, and after selection. Genomic DNA is isolated from each 

sample and digested with MmeI, which cleaves its target 20 bp away from its binding site. 

This captures short fragments of genomic DNA adjacent to each transposon insertion in the 

population. Sequencing these fragments on a high-throughput DNA sequencer identifies 

insertions that change in abundance over the course of selection, highlighting genes required 

for fitness in these conditions. This strategy has revealed hundreds of genes that mediate 

colonization of human gut symbionts specifically in the mammalian gut environment: For 

example, B. thetaiotaomicron requires vitamin B12 transporters in certain community 

contexts but not others, suggesting that availability of these small molecules has a 

previously unrecognized role in shaping community composition in vivo (34). Because 

germ-free mice can be readily colonized with >108 human gut symbionts and this population 

rapidly grows to 1011 cells/g or higher in the distal gut, complex populations (105 or more 

different mutants) can be studied in a single animal without the population bottlenecks that 

complicate signature-tagged mutagenesis studies of pathogens. Related techniques have 

been applied to pathogenic bacteria (28, 30, 52, 92).
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Gain-of-Function Approaches at the Gene Level

INSeq identifies gene functions by probing phenotypic consequences of removing one gene 

from a genome: Functional metagenomics invokes the opposite concept by adding genetic 

fragments to a heterologous host (Figure 2). This approach involves the extraction, shotgun 

cloning, and expression of metagenomic DNA within a host strain of interest followed by a 

selection for a specific function. Clones capable of surviving the selection as a result of a 

gain of function are sequenced and analyzed (17, 61, 83). Thus, metagenomic functional 

selections can be considered a targeted sequencing approach that facilitates the identification 

of parts of the metagenome encoding experimentally validated functions. Like INSeq, an 

advantage of this strategy is that genes can be associated with functions without relying on 

sequence homology.

Enzymatic functions involved in tolerance toward toxic compounds or substrate utilization 

are well suited for functional metagenomic selections, because they can be readily selected 

for by exposing the cell library to concentrations of an inhibitor, which is lethal to the wild-

type host cell, or by subjecting the library to growth on an energy or nutrient source that 

does not support growth of the wild-type host cell. This approach has been used for close to 

a decade to study the antibiotic resistance genes encoded by environmental microbial 

communities (1, 69). Functional selections were first applied to study the human gut 

microbiota in 2009 (84). In that study, we mapped antibiotic resistance genes encoded by the 

gut microbiota of two unrelated individuals and identified several hundred resistance genes, 

including a large number of novel sequences. Many of these novel resistance genes were 

encoded primarily in the strict anaerobes in these communities (82). Even though 

subsequent studies have identified additional antibiotic resistance genes from the human gut 

microbiota (12, 20), comprehensive profiling of hundreds of individuals is still needed to 

better estimate the pool of resistance genes in the human gut microbiome. The human gut 

microbiota has long been implicated in the dissemination of antibiotic resistance genes to 

human pathogens, although the typical frequencies of genetic exchange in an unperturbed 

gut ecosystem are thought to be rather low (45, 53, 94).

Further developments within the field of metagenomic functional selections will likely 

involve the engineering of more complex genetic networks within the host cell to facilitate 

the identification of biological functions other than antibiotic tolerance. For instance, 

functional metagenomic clone libraries have been interrogated for their ability to utilize a 

variety of dietary fibers to identify novel β-glucanase, hemicellulase, galactanase, amylase, 

or pectinase activities (86). Additionally, host strains containing intracellular biosensors 

allow the identification of clones containing metagenomic DNA involved in the production 

of quorum-sensing inducers (95).

Loss-of-Function Approaches at the Species Level

Loss-of-function and gain-of-function approaches have also been applied at the level of 

species rather than genes. For example, the duration of host immune responses to the gut 

microbiota has been obscure because microbial colonization causes continual stimulation 

with microbial antigens. In an elegant study, Hapfelmeier et al. (38) used a species-level 

loss-of-function strategy to colonize germ-free mice with an auxotrophic E. coli strain that 
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grows readily in the lab but does not persist in vivo. These reversibly colonized animals 

return to the germ-free state unless continually inoculated with bacteria, which provides new 

insight into the dynamics and persistence of host-commensal interactions. Specifically, the 

authors demonstrated a long-lasting IgA response that persists months after exposure to gut 

microbes. This loss-of-function approach could be used to determine the dynamics of other 

host responses to the microbiota, including gut development, pathogen resistance, or even 

behavior (10, 81, 85).

Personalized, arrayed culture collections (33) provide an additional approach for targeted 

exclusion of single species from a microbial community. Arrayed culture collections consist 

of thousands of isolates from a single human donor, clonally archived in multi-well format. 

The 16S rRNA sequence of each isolate is determined using barcoded sequencing primers 

on a high-throughput DNA sequencer. These communities can then be reassembled in germ-

free mice, with key species (or groups of species) excluded for loss-of-function studies. This 

strategy is based on the observation that 99% of the 16S rRNA reads derived from an 

individual’s gut microbiome correspond to phylum-, class-, and order-level taxa that can be 

readily cultured from that individual’s microbial community, and 70% of these reads belong 

to bacterial genera that can be readily cultured from the original sample (33). Furthermore, 

metagenomic sequencing reveals that 90–95% of annotated functions (e.g., KEGG orthology 

and pathway annotations, Enzyme Commission assignments) identified in complete, 

uncultured human gut microbiomes are also detected in culture collections derived from 

these communities. Although some functions of a complete microbial community will 

undoubtedly require its uncultured members, personalized culture collections should allow 

experimental dissection of many aspects of the host-microbiome relationship at the species 

level.

Gain-of-Function Approaches at the Species Level

Colonization of germ-free mice with a single bacterial species represents a simple gain-of-

function microbiome study. This approach has been used to address diverse questions, 

including whether a single species is sufficient to restore host transcriptional or 

developmental responses induced by a complete microbiota (40, 85) or directly test whether 

the impacts of an unhealthy microbiota can be attributed to particular members of the 

community (3). Importantly, examples are emerging in which gain-of-function phenotypes 

can be observed by adding a single species to existing microbial communities: In mice, 

development of T helper cells that express IL-17 is triggered by segmented filamentous 

bacteria (SFB) that naturally occurs in some mouse facilities (27, 43). Although SFB cannot 

currently be cultured in the laboratory, it can be maintained in pure culture in gnotobiotic 

mice. Co-housing and feeding experiments demonstrate that this single species is sufficient 

to induce intestinal Th17 differentiation in mice that carry a complete (SFB-negative) 

community of their own.

Loss-of-Function Approaches at the Community Level

Community loss-of-function experiments seek to understand and model the impact of 

altering community structure on the host-commensal ecosystem (7). Experimental models 

involve either directed reduction or removal of subpopulations from a complete microbiota, 
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such as the antibiotic-induced perturbations described above (14, 101), or artificial 

construction and study of defined minimal microbiota subcommunities, where the effective 

loss-of-function is all the normal microbiota members not included in the artificial 

community (33, 60). Murine models have been particularly effective in understanding how 

antibiotic dose, target spectrum, and duration influence the selective reduction or removal of 

gut microbial phylotypes, and defining the potential functional consequences of such 

changes (83). In these models, host genotype, diet, and other variables that may affect 

baseline microbiota composition can be controlled, and the impact of antibiotic perturbation 

can be assayed by high-resolution phylotype or metagenomic sequencing (2).

For example, mice treated with the glycopeptide vancomycin show a decrease in the 

normally abundant Firmicutes and Bacteroidetes, with concomitant increase in the 

Proteobacteria and Tenericutes, with no reduction in overall microbiota biomass (71). The 

phylotype-specific effect of vancomycin is explained at least partially by its mechanism of 

action: The drug targets a peptidoglycan precursor needed for normal cell wall synthesis in 

gram-positive bacteria and is thus ineffective against the gram-negative Proteobacteria 

because it cannot penetrate their outer membrane, and the Tenericutes cell wall is not 

composed of peptidoglycan.

However, community loss-of-function due to antibiotic action can also proceed through 

more complex and indirect ecosystem perturbations. Mice treated with a combination of 

metronidazole, neomycin, and vancomycin were significantly compromised in their ability 

to clear pathogenic vancomycin-resistant enterococci (9). The drug combination suppresses 

the commensal microbiota, which in turn causes downregulation of intestinal expression of 

RegIII-γ, a secreted host innate immune defense molecule. Cho et al. (14) recently used 

murine models to understand the impact of so-called subtherapeutic concentrations of 

antibiotics on the microbiota and the host during infancy. Mice exposed in infancy to 

subtherapeutic concentrations of penicillin, vancomycin, penicillin and vancomycin, or 

chlortetracycline showed significantly elevated ratios of Firmicutes to Bacteroidetes 

compared with no-antibiotic controls (14). These differences parallel relative increases in 

the Firmicutes population in ob/ob mice, which are genetically prone to obesity (90), and 

indeed the authors observed that the antibiotic-treated mice had significantly increased 

adiposity relative to the controls (14). This community loss-of-function analysis is 

particularly significant, considering the disproportionately high level of antibiotic exposure 

in humans during infancy and early childhood, and the worsening obesity epidemic in 

children.

Gain-of-Function Approaches at the Community Level

Community-level gain-of-function experiments provide an important strategy for addressing 

whether an altered microbiome is the cause or the consequence of an observed host 

phenotype. In these studies, the gut microbiota of a host displaying a certain trait is 

transferred into a naïve recipient. Transmission of the phenotype is consistent with the donor 

microbial community composition being a causative factor. Although this approach is not 

new, recent studies demonstrate that such gain-of-function tests are particularly powerful 

when coupled with 16S rRNA and metagenomic analyses. For example, Turnbaugh et al. 
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found that the gut microbiome of leptin-deficient ob/ob mice is enriched in genes involved 

in caloric extraction, and used a microbiome transplant to determine whether this altered 

genetic capacity has functional consequences (90). To this end, the authors introduced the 

gut microbial communities of wild-type and ob/ob mice into wild-type, germ-free mice and 

measured weight gain in these recipient animals, demonstrating that the increased capacity 

for caloric extraction encoded in the microbiome was transmissible. Recent studies have 

shown that human gut microbial communities can be transplanted into germ-free mice 

largely intact, with little loss of diversity (91). Communities from individual human donors 

remain readily distinguishable for months after transplantation into germ-free recipients 

(33). In an elegant study, Koren et al. (49) transplanted the gut microbial communities of 

women at varying stages of pregnancy into germ-free mice to connect pregnancy-dependent 

reconfigurations of community structure with functional consequences for energy balance.

These gain-of-function studies are not limited to the use of germ-free animals. Conventional 

(non-germ-free) mice can be used as recipients if the microbes responsible for a given trait 

can successfully invade a preexisting microbial community (24, 43). It is also important to 

recognize that certain functions of the microbiota may manifest only in specific host genetic 

contexts and thus would not display a transmissible phenotype. For example, mice lacking 

IL-10 show increased levels of Proteobacteria that are associated with colon cancer, but 

these microbes do not cause disease in wild-type hosts (potentially because IL-10 also 

protects against disruption of the epithelial barrier) (3).

FUTURE DIRECTIONS

The development of methods that integrate metagenomics and experimental approaches is in 

its infancy, and the types of questions that can be answered with these techniques are still 

poorly defined. However, there are several important steps forward in the short term. On the 

one hand, functional metagenomics highlights novel capacities at the genetic level from 

fragments of environmental DNA cloned into E. coli or another heterologous host, but the 

microbe that naturally encodes the target activity can be difficult or impossible to identify. 

Arrayed culture collections, on the other hand, can be used to find microbes that carry out 

certain functions, but the genetic basis for this behavior remains unknown. Combining these 

techniques will capitalize on the strengths of each: Members of an arrayed culture collection 

could be pooled, community DNA harvested, and subcloned into E. coli for functional 

metagenomic analysis. Primers specific to genes of interest could then be used to identify 

the native source for the gene in the arrayed culture collection (33). In this way, connections 

can be made between gene-, species-, and community-level functional studies of the 

microbiome.

Further, current methods of studying the gut microbiota rely on well-mixed samples in 

which most if not all information on the structure of the microbial community is lost. A 

promising avenue for studying the gut microbiota relies on engineered microenvironments 

that mimic the natural ecosystem yet allow detailed and continuous monitoring of the 

recreated microbiota. It is now feasible to fabricate microchannels that are suitable for long-

term cultivation of human epithelial cells and isolates from the human microbiota (41, 80). 

Indeed, so-called gut-on-a-chip devices have been created in which differentiated cell lines 
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can be cultivated over several days with isolates from the gut microbiota (47). These devices 

offer the promise of in situ monitoring of the interactions between members of a microbial 

community as well as between the microbiota and host cell lines. Advanced imaging 

coupled to engineered reporter cell lines would likely contribute to our knowledge of 

processes such as signaling and genetic exchange in the context of a structured community.

These in vitro experimental approaches will be strengthened by the continued development 

of animal models for studying human gut microbial communities. For example, the term 

humanized has been used to describe mice implanted with human genes or cells (63, 77, 

100), but it also describes gnotobiotic animals carrying human gut microbial communities 

(59, 91). It is likely that mice humanized with both the genetic/cellular and microbial 

features of humans will provide important new insights into this host-microbiome 

relationship. Notably, both the current work described in this review and the future 

directions outlined above rely enormously on the same foundation of accurate, mechanistic 

understanding of the functional capacities of the human gut microbiome. If new 

experimental studies keep pace with the incredible surge in genomics and metagenomics, 

both approaches will benefit.
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Glossary

Microbiota a microbial community

Gnotobiotic germ-free animals colonized with specific microbes or groups 

of microbes

Germ-free lacking any microbes

Metagenome (or 
microbiome)

the composite genetic material encoded by all members of the 

microbiota

Metagenomic 
functional selections

methods for shotgun, heterologous, expression cloning of 

microbial community DNA in model organisms to interrogate 

specific functions

Conventional describes animals that carry a normal microbial community 

(e.g., specific-pathogen-free)
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Figure 1. 
Experimentally validated gene functions are differentially represented across human gut 

microbiomes. Sanger-sequenced fecal metagenomes from 39 individual donors (4) were 

annotated utilizing a database of (a) 2,696 Escherichia coli proteins with experimentally 

validated functions (46) or (b) 6,977 proteins that are involved in experimentally validated 

metabolic pathways across 811 species (11). Colored bars represent the proportion of reads 

from each donor binned according to the e-value of their best BlastX hit.
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Figure 2. 
Complementarity of insertion sequencing (INSeq) and functional metagenomics approaches. 

INSeq measures the functional consequences of loss of each gene from the genome, and 

metagenomic functional selections identify phenotypes gained by introduction of each gene 

into a heterologous host. Gray cells depict gene disruptions resulting in a fitness defect 

(INSeq), or gene additions that do not confer a selective fitness benefit (functional 

metagenomics).
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