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Abstract

The connection between disease and the disruption of homeostatic interactions between the host
and its microbiota is now well established. Drug developers and clinicians are starting to rely more
heavily on therapies that directly target the microbiota and on the ecology of the microbiota to
understand the outcomes of these treatments. The effects of those microbiota-targeted therapies
that alter community composition range in scale from eliminating individual strains of a single
species (for example, with antibacterial conjugate vaccines) to replacing the entire community
with a new intact microbiota (for example, by fecal transplantation). Secondary infections linked
to antibiotic use provide a cautionary tale of the unintended consequences of perturbing a
microbial species network and highlight the need for new narrow-spectrum antibiotics with rapid
companion diagnostics. Insights into microbial ecology will also benefit the development of
probiotics, whose therapeutic prospects will depend on rigorous clinical testing. Future probiotics
may take the form of a consortium of long-term community residents: “a fecal transplant in a
capsule.” The efficacy of microbiota-targeted therapies will need to be assessed using new
diagnostic tools that measure community function rather than composition, including the temporal
response of a microbial community to a defined perturbation such as an antibiotic or probiotic.
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The human microbiota consists of hundreds of microbial species that inhabit distinct body
sites, which can be thought of as ecosystems [see review by Costello ef a/. (1)]. The healthy
human state is a homeostasis between the microbiota and the host. Maladies such as Crohn’s
disease, chronic periodontitis, and bacterial vaginosis are characterized by a disruption of
this homeostasis, a state known as dyshiosis (2). We envision a future in which new
therapeutics and diagnostics enable the management of our microbiota to treat and prevent
disease (3).

Two major challenges face the development of microbiota-targeted therapies. First, changes
in the composition or function of the microbiota must be proven to cause a disease or
contribute to its pathology. Correlative studies are a good start, but without a causative link
there is little reason to expect that a microbiota-targeted therapy will cure a disease or
alleviate its symptoms. Second, we may need to be satisfied with a less detailed
understanding of how microbiota-targeted therapies work than we currently expect for drug
development. To date, a threshold requirement for developing a new drug is an
understanding of its molecular mechanism at the level of a protein-ligand interaction. Should
this requirement be applied to microbiota-targeted therapies? A central lesson of ecology is
that perturbations often ripple through an ecosystem, leading to unexpected outcomes (1).
Likewise, the desired effect might not occur at the level of inhibiting a specific enzyme but
by restructuring a microbial community in a specific way. To advance microbiota-directed
therapeutics, we will need to define new endpoints (for example, microbial community
composition or function), develop therapies to achieve them, and design diagnostics to
evaluate our efforts.

WHAT IS THE GOAL OF THERAPEUTICALLY PERTURBING A MICROBIAL
COMMUNITY?

A clear therapeutic goal is a prerequisite for designing a drug; in a practical sense, the goal
will determine the diagnostic used to judge the therapy’s success in preclinical studies and
clinical trials. The goal of a therapy often takes the form of a clinical endpoint or a surrogate
endpoint, and the distinction between them is especially important for microbiota-targeted
therapies. A clinical endpoint is the long-term goal of a therapy, such as preventing death
from heart disease or eliminating the signs and symptoms of Crohn’s disease (4). If the goal
of a microbiota-targeted therapy is a clinical endpoint (for example, clearing Clostridium
difficile-associated diarrhea), then achieving it is equivalent to clinical success.

However, clinical endpoints are often impossible to measure in preclinical studies because of
the use of animal models rather than human subjects. In addition, certain clinical endpoints
can be impractical to measure in a clinical trial (for example, the prevention of death from
heart disease). In these cases, a surrogate endpoint—a marker whose level predicts the
therapy’s effect on the clinical endpoint—is used (4). For example, a reduction in serum
cholesterol has been used as a surrogate endpoint for preventing death from heart disease.
The goal of many microbiota-targeted therapies will be a surrogate endpoint, such as shifting
the gut community from a Crohn’s disease—associated state to a “healthy” state. If these
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therapies are to succeed, their surrogate endpoints must be predictive of the clinical
endpoint; a correlation between the two is not enough.

WHAT IS A HEALTHY MICROBIOME?

The goal of many microbiota-targeted therapeutics will be to restore a healthy host-
microbiota homeostasis. Metrics for assessing the state of the microbiota can be sorted into
two categories: global measurements and specific markers. However, as discussed later, the
health of a community may have more to do with its ability to resist pathogen invasion (a
functional property) than its static composition (a structural property).

Two commonly used global metrics derive from ecology: alpha diversity (within-community
diversity) and beta diversity (between-community diversity). The relationship between alpha
diversity and health differs among body sites; for example, increased alpha diversity in the
gut is associated with a decreased risk of necrotizing enterocolitis in premature infants (5
7), whereas decreased alpha diversity in the vaginal community is associated with a
decreased risk of bacterial vaginosis (8). Although the relationship between beta diversity
and health is not as well explored, the example of cystic fibrosis is instructive: Increased
beta diversity is observed in later-stage disease after the oropharyngeal microbiota is invaded
by Pseudomonas aeruginosa and subjected to increased antibiotic exposure (9). It is not yet
known whether the increased beta diversity in cystic fibrosis is a cause or a consequence of
antibiotic exposure and pathogen invasion.

In addition to diversity measures associated with health and disease, specific taxa are
emerging as indicators of disease states. In many microbiota-related ailments, the disease
state is marked by a change in the level of normal community members rather than the
presence of a foreign pathogen. For example, a decrease in the common gut resident
Faecalibacterium prausnitzii is associated with ileal Crohn’s disease (10, 11), and the
suspected causative agents of gingivitis and periodontitis are normal members of healthy
periodontal communities (12-15). Two key challenges for microbiota markers are to define
the relationship between the marker species/genes and disease pathophysiology, especially if
it is direct, and to determine how broadly these apply within the human population.

WHAT SCALE OF PERTURBATION IS APPROPRIATE?

Viewing a human-associated microbial community as a network of interacting species, the
scale of perturbation could range from “surgically” excising a single node to eliminating the
entire network and replacing it with a new one (Fig. 1A). There is precedent for
interventions at both ends of this spectrum. Antibacterial conjugate vaccines represent the
simplest perturbations; these agents stimulate the immune system to remove specific strains
of a single species from the community. Fecal transplantation, which lies at the opposite end
of the spectrum, consists of a colonic lavage to dislodge the resident community followed by
the infusion of a donor community (20 to 30 g of donor feces suspended in 100 ml of water)
during endoscopy or colonoscopy. Fecal transplantation appears to be effective in clearing
recurrent C. difficile infections that are refractory to antibiotic treatment (16), but it is not
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yet clear whether a perturbation this extreme is required to displace a tenacious strain of C.
difficile from the gut community.

As we highlight in the examples below, the tendency of ecological perturbations to ripple
through a community can make the effects of even a simple perturbation difficult to predict.
A major challenge for the future will be to create predictive models of microbial community
ecology that can anticipate—and ultimately circumvent—these ripple effects (1, 17).

TARGETED REMOVAL OF SPECIFIC STRAINS FROM THE UPPER
RESPIRATORY TRACT MICROBIOTA

Several widely used vaccines target bacterial mutualists or commensals that are occasionally
pathogenic (termed “pathobionts™). For pathobionts, colonization is the first step in
infection; these strains colonize many people and cause deadly infections in a subset. Two
examples of such vaccines are conjugate vaccines against Haemophilus influenzae type b
(Hib) and Streptococcus pneumoniae that protect against infection and clear or prevent
colonization (Fig. 1A). Once the leading cause of bacterial meningitis in children <5 years
old, Hib infections have been nearly eliminated by the use of a conjugate vaccine (18, 19).
Before the vaccine’s introduction in the early 1990s, Hib colonized 3 to 5% of healthy
children; in immunized populations, the vaccine has virtually eradicated Hib from the
pharyngeal microbiota. It has apparently been replaced by less virulent H. influenzae strains
(20, 21).

Similarly, the introduction in 2000 of the seven-valent pneumococcal conjugate vaccine
against S. pneumoniae resulted in a 77% decline in severe invasive disease (22, 23). After
vaccination, nonvaccine serotypes of S. pneumoniae (most of which were less virulent than
the vaccine serotypes) became more prevalent in the pharyngeal community, and overall S.
pneumoniae colonization rates did not decline significantly. Thus, immunizations against
Hib and S. pneumoniae have led to their replacement by less virulent members of the same
species and appear to have caused few other effects in the ecosystem. This phenomenon may
prove to be a common outcome of the targeted removal of a pathobiont, because many
pathobionts have closely related, nonpathogenic relatives that can occupy the same niche.
(24). An important caveat is that initial concerns about a possible increase in Staphylococcus
aureus carriage after the use of the S. pneumoniae vaccine may yet prove to be valid (25).

The success of vaccines against pathobionts underscores the need for a better understanding
of the immunological aspects of host-microbiota interactions and the potential for success in
developing new microbiota-targeted vaccines [see reviews by Blumberg and Powrie (26) and
Hooper et al. (27)]. It also illustrates that strain-level changes in community composition can
have a clinically important impact. Because these changes are not usually detectable by 16S
rRNA (ribosomal RNA) sequence analysis, there is a growing need for culture-independent
diagnostics that enable species- and strain-level identification of the microbiota. Finally, our
ability to surgically remove a single taxon from a community has come far in advance of our
ability to understand the ways in which communities respond to such perturbations,
including the role of microbe-microbe interactions in determining which species fill a niche
opened by a perturbation (Fig. 2A).

Sci Transl Med. Author manuscript; available in PMC 2017 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lemon et al. Page 5

ANTIBIOTICS CAUSE COLLATERAL DAMAGE TO MICROBIOTA

Antibiotics save countless lives and are essential to clinical practice, but they profoundly
perturb human-associated microbial communities (1, 28, 29). Antibiotic treatment often
achieves the goal of eradicating infection with help from the immune system. However, it
can have the ecologically undesirable side effect of killing mutualistic (that is, helpful)
bacterial symbionts, creating a rare opportunity for a hardy pathogen—whose growth
usually is suppressed by these mutualists—to become a dominant species in the community
(for example, alternative state 2 in Fig 3) (1). Two examples of such “secondary infections”
are C. difficile-associated diarrhea and yeast infections (candidiasis), both of which are
associated with antibiotic use (30, 31). In such situations, the goal of a microbiota-targeted
therapy would be to perturb the new “unhealthy” alternative stable state of the community
sufficiently to shift it to a “healthier” alternative stable state (Fig. 3).

The clinicians who prescribe antibiotics and the researchers who develop them face four
challenges, which we focus on here and in the following section: (i) Can clinically useful
adjunctive therapies be developed to prevent secondary infections? (ii) Can physicians be
encouraged to use antibiotics with narrower activity spectra to minimize the collateral
damage to bacterial mutualists? (iii) Should diagnostics be designed to identify the etiologic
agent of infection and then actively monitor the microbiota for signs of a secondary
infection? Clinicians routinely monitor patients for adverse effects of antibiotics on the
kidneys and liver, but apart from counseling patients to be alert for symptoms of C. difficile-
associated diarrhea and candidiasis, they have no good way to monitor the state of the
microbiota. (iv) Can targeted antibiotics that cause minimal perturbation to the healthy
microbiota be developed?

PASSIVE RECOVERY VERSUS ACTIVE REPOPULATION

In a real sense, the current approach to antibiotic treatment is the equivalent of treating a
weed-infested garden with a herbicide, and then leaving it fallow in the hope that the desired
crops take root. This is an example of the ecological phenomenon of secondary succession,
which describes changes in a community’s species after a disturbance. One way to influence
the course of secondary succession is to seed the newly cleared ecosystem with one or more
pioneer species (Fig. 2A) (1).

An intriguing example of success with ecosystem repopulation in the context of the
microbiome is the use of fecal transplantation to treat refractory recurrent C. difficile-
associated diarrhea. The incidence of C. difficile infections is rising rapidly; between 1996
and 2005, the number of annual reported cases in the United States tripled and the number of
deaths in England rose nearly sevenfold to 3393 (31). Nearly all C. difficile infections are
healthcare-associated, occurring in patients who are either hospitalized or were recently
discharged (32). A recent study reported that, in patients with multiple recurrences, fecal
transplantation resolved the symptoms of 34 of 34 patients who were infected with
conventional strains of C. difficile and 32 of 36 patients who were infected with a C. difficile
strain from a particularly virulent group known as ribotype 027 (33). At present, fecal
transplantation is only used to treat patients for whom secondary antibiotic therapy has
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repeatedly failed; however, its potential use as an adjunctive or follow-up therapy to the
initial course of anti—C. difficile antibiotics could markedly reduce the rate of recurrence,
which is currently 20 to 30%. Further in the future, one might imagine autologous fecal
transplantation with the patient’s stored preantibiotic fecal microbiota as a way to prevent or
treat C. difficile-associated diarrhea (Fig. 2A).

Apart from this example, the literature suggests that a shift in clinical practice from passive
recovery to active repopulation of microbiota during and after antibiotic treatment will
require proof of efficacy and pharmaceutical-grade products (34). A recent meta-analysis of
randomized controlled trials of adjunctive probiotic therapy for the prevention of antibiotic-
associated diarrhea in children suggests a possible benefit of high-dose probiotics (35). In
contrast, there are not yet sufficient data to support concurrent probiotic therapy during
antibiotic treatment in adults to prevent C. difficile-associated diarrhea (36). In both cases,
there is a strong need for large randomized controlled trials with a consensus definition of
the disease state and clinical endpoints, and standardized probiotic constituents and dosing.

Similarly, will future antibiotic treatment of pathobiont infections be followed by therapeutic
repopulation with a mutualistic microbiota? For example, after treatment of S. aureus
infections, the microbiota recovers passively but S. aureus is not necessarily eradicated,
potentially leaving the patient at higher risk for a new S. aureus infection than someone who
is not colonized. In certain high-risk populations, efforts have been made to eradicate S.
aureus carriage, especially for methicillin-resistant S. aureus, through the use of a topical
antibiotic to the anterior nares (mupirocin) and chlorohexidine body washes (37, 38).
However, the current approach to decolonization makes no attempt to influence secondary
succession. A future challenge will be to determine what role pathobionts such as S. aureus
play in a healthy microbiota and whether a pathobiont-free consortium can be used to
replace the original community.

NARROW-SPECTRUM ANTIBIOTICS: POLICY, DIAGNOSTICS, AND NEW

AGENTS

Numerous evidence-based clinical practice guidelines and antibiotic stewardship programs
promote the use of narrow-spectrum antibiotics. For example, a children’s hospital in
Kansas introduced a clinical practice guideline for the empiric treatment (that is, before the
etiologic agent of infection is identified) of uncomplicated community-acquired pneumonia
that favored the use of ampicillin, a relatively narrow-spectrum antibiotic, over ceftriaxone,
which has a much broader activity spectrum. The result was a shift from empiric use of
ceftriaxone in 72% of cases to empiric use of ampicillin in 63% of patients, with no
significant change in the failure rate of the initial antibiotic (39). Similarly, a 2011 national
clinical practice guideline recommends ampicillin for hospitalized children with
uncomplicated community-acquired pneumonia (40).

For patients with severe acute infections, the empiric use of broad-spectrum antibiotics
remains a life-saving measure. In these situations, the switch to equally effective narrow-
spectrum agents is limited by the fact that current diagnostics require 24 to 72 hours to
cultivate, identify, and determine the antibiotic susceptibilities of the bacterium causing the
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infection. The increased use of narrow-spectrum antibiotics will require companion
diagnostics that are not only more rapid and sensitive but also just as specific as current
cultivation-based methods. Nucleic acid—based tests for pathogen-specific genes seem to
meet these criteria, but their exquisite sensitivity raises a question that is both ecological and
practical in nature: If such a test comes back positive, how can a clinician be certain that the
pathogen is still alive, and if so, that it is the etiologic agent of infection and not a
contaminant (for samples from sterile sites/compartments) or a bystander (for samples from
nonsterile sites)?

In addition to providing equally effective treatment of susceptible bacterial pathogens,
narrow-spectrum antibiotics minimize the collateral damage to microbiota community
structure, decrease the selective pressure for the spread of antibiotic resistance genes within
the microbiota, and lower the probability of acquiring resistant strains. Much of this is
predicted by ecological studies showing that perturbations render a community more
susceptible to invasion (1). Further research on the impact of antibiotics on the microbiota is
needed to determine how the loss of antibiotic-susceptible species leads to unintended
changes in the species network (41); even a narrow-spectrum antibiotic may remove a well-
connected node from a network, which could have an unexpectedly large impact on
community structure.

HOW SHOULD NEW ANTIBIOTICS BE DESIGNED?

Two key insights from ecology are likely to change the way future antibiotics are designed
and developed. First, a long-standing paradigm has been that for activity spectrum, “broader
is better.” The unintended consequences of broad-spectrum antibiotics provide an impetus
for supplementing their position in the physician’s toolbox with targeted agents. Two recent
efforts have proven that antibiotics can be designed with the narrowest of spectra: Both
inhibit S. aureus but not closely related bacteria. One molecule, a dehydrosqualene synthase
inhibitor, blocks the production of the glycolipid virulence factor staphyloxanthin, the
yellow pigment from which the species name of S. aureus is derived. This antibiotic—which
was originally developed as a candidate cholesterol biosynthesis inhibitor for use in humans
—does not kill S. aureus but makes the bacterium more sensitive to innate immune clearance
in an animal model of infection (42). The other molecule, an FtsZ inhibitor, has been
proposed to bind FtsZ in a region that is polymorphic among Firmicutes; the result is an
antibiotic with activity against various species of Staphylococcus and Bacillus subtilis, but
not against S. pneumoniae and Enterococcus faecalis (43). To be used as single-agent
therapies very early in the course of treating an infection, these drugs would require rapid
companion diagnostics as described above.

Second, although antibiotics are often designed and tested against bacteria in liquid culture,
pathogens often live in structured, surface-associated communities known as biofilms (44).
Numerous infections are caused by bacteria living in biofilms: These include dental caries,
periodontal infections, otitis media, endocarditis, osteomyelitis, artificial joint infections,
pulmonary infections in cystic fibrosis, and device-associated infections (45, 46). Given that
existing antibiotics are rarely able to clear the biofilm from the affected site, patients often
require weeks to months of therapy and surgical/mechanical intervention. To more
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effectively treat biofilm-associated infections, agents that promote the dispersion of biofilms
or block their formation altogether are needed. A recent promising discovery comes from the
observation that the commonly studied soil bacterium B. subtilis produces a diffusible factor
that promotes the disassembly of its own biofilms, which is a mixture of D-amino acids (47).
The generality of this result was demonstrated by showing that D-amino acids can prevent
biofilm formation by the Gram-positive pathogen S. aureus and the Gram-negative pathogen
P, aeruginosa. Studies into the mechanism by which D-amino acids act could open the door
to a new class of agents that reverse or prevent biofilm formation. This would make their
constituent pathogens easier to treat with conventional antibiotics, many of which are more
active against free-living bacteria than bacteria in a biofilm (48).

WHAT IS THE PATH FORWARD FOR PROBIOTIC THERAPIES?

Probiatics are another class of microbiota-targeted therapies whose properties are intimately
connected to ecological principles. One key question for the design of future probiotics is
whether they should be short-term or long-term residents of a community. Most current
probiotics (for example, species of Lactobacillus and Bifidobacterium) are transient
members of the gut community, present for only a few days (49). Among the advantages of
short-term colonization are a lower risk of unintended consequences and the ability to
determine empirically which probiotic is most effective through rounds of trial and
observation. However, long-term residents (for example, species of Bacteroides and
Clostridium) would be capable of modulating community structure and function in ways that
short-term residents could not, including signaling to the host via receptors expressed in gut
epithelial cells that may have evolved to monitor chemical cues from common long-term
residents [see review by Holmes et al. (50) and review by Nicholson et a/. (51)]. If future
probiotic therapies supplying long-term residents become widely used, an important
challenge—made famous by ecological studies of agriculture—will be to ensure that no
single strain is used in too broad a swath of the human population; a limited choice of
probiotic strains could inadvertently create a population-level vulnerability to disease (52).

In addition to residence time, another key property of a probiotic therapy is the number of
bacterial species it comprises. Most existing probiotics consist of one or a few strains, and
the constituents of those that are simple consortia appear to have been chosen on the basis of
the dictum of “more is better” rather than for scientific reasons. At the other end of the
complexity spectrum, fecal transplants consist of an intact, highly complex community of
hundreds of species. Will new probiotics occupy the middle of this spectrum? Two
possibilities are synthetic communities containing ~20 species, chosen to represent the
major taxa of common gut bacteria (53), and, more ambitiously, a defined mixture of 50+
species chosen to mimic the healthy state of one of the common “enterotypes” (54)—a
simplified fecal transplant in a capsule.

Currently, most probiotics target the gut, but the principles of designing and testing gut
probiotics may also apply to the skin, oral, vaginal, and upper respiratory tract communities.
For example, for atopic dermatitis, a topical ointment with a probiotic Corynebacterium
species that blocks colonization by S. aureus may be just as effective as an antibiotic or an
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immunosuppressant (55). Likewise, probiotic toothpastes and mouthwashes could be highly
effective in reversing or preventing caries and periodontal disease (56).

The widespread clinical use of probiotics will require proof of efficacy and safety from large
randomized controlled trials with a consensus definition of the disease state, pharmaceutical-
grade products, and standardized dosing (34-36). A few notable studies have led the way in
showing a positive effect of probiotics on disease outcome (57). Clear successes have been
seen with the use of probiotics for preventing necrotizing enterocolitis in preterm neonates
(58) and acute diarrhea in children (59), and promising data exist for preventing antibiotic-
associated diarrhea and C. difficile-associated diarrhea in adults (60, 61). Probiotics are
beneficial for ulcerative colitis and pouchitis, and although the data look less promising for
Crohn’s disease, differences in study design (the use of different bacterial strains and
underpowered studies) make the results difficult to interpret and compare (62). A hint of
benefit has been seen for irritable bowel syndrome, but a recent meta-analysis highlighted
that most studies to date have been poorly designed (63), emphasizing the need for better
study design in the future. Notably, low success rates in individual trials need not be a reason
to abandon the effort; as long as a subset of patients are clear responders, much could be
learned from pursuing the biological basis of their response, just as a subset of responders
have revealed the molecular basis for a response to targeted kinase inhibitors in oncology
trials (64).

For probiotics with proven safety and efficacy, elucidating the molecular mechanisms by
which they exert their effects will also be important for convincing the academic and clinical
communities of their importance. Notably, a probiotic does not need to cause a change in the
composition of the community to exert an effect, because community function (or that of the
host) may be altered without changing community membership. Indeed, a recent report
shows that a mixture of probiotics does not alter the composition of the gut microbiota, but it
changes their metabolic function (65).

WILL MICROBIOTA DIAGNOSTICS LEAD OR FOLLOW THERAPEUTICS?

The microbiota has two characteristics that make it an excellent source of diagnostics (Fig.
2B). First, information richness: Bacterial cells are exquisitely sensitive to their
environment, often changing in number or activating transcriptional circuits in response to
extracellular cues. The community roster (metagenome) and state (metatranscriptome,
metaproteome, and metametabolome) will therefore be sensitive readouts of, inter alia,
inflammation and metabolism (26, 27, 50, 51). Second, ease of collection and analysis:
Fecal samples, saliva, and nasal swabs are easier to provide than blood. For a patient at risk
for developing Crohn’s disease, mailing a monthly fecal sample from home would be
simpler and more cost effective than an annual colonoscopy. Tools being developed for
cancer genotyping could be adapted for microbiota analysis, so the big challenge will be less
technical in nature and more scientific: What question should be asked of the sample?

A simple combination of perturbation and measurement, such as used in the glucose
tolerance test, should be the goal of some diagnostics for microbiota (Fig. 2B). For example,
administering a probiotic or antibiotic and then measuring community composition at a few
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longitudinal time points would determine the community’s resistance to perturbation and its
resilience (ability to return to its original state). Although single time-point measurements of
community composition are informative, perturbation-based diagnostics will be especially
important for the microbiota, which has many “normal” taxonomic compositions. It might
be easier to define normal or healthy in terms of functional attributes like resistance and
resilience rather than by a single measurement of composition.

An emerging theme that links ecology to the latest studies of the microbiota is the need to
map a community’s composition to its function (Fig. 1B). The mapping is rarely obvious,
because closely related taxa can have distinct functions and unrelated species can have
surprisingly similar functions. Nevertheless, a mechanistic understanding of how
composition determines function is critical to developing useful diagnostics and
therapeutics. The host may be indifferent to which species are present, but the community’s
ability to liberate nutrients from the diet and resist pathogen invasion are vital.

Two questions thus arise: First, at what level of granularity should a function be
interrogated? Is it enough to know that a certain gut species produces short-chain fatty acids,
or is the distinction between propionate and butyrate important? Second, what will function-
based diagnostics look like? One possibility, which takes advantage of the wealth of
expertise in analyzing metagenomic samples from the microbiome, would be to develop
ways of predicting functions from the taxa and genes present in a community. An alternative
would be to develop simple tests, akin to a serum creatinine test for renal function, which
could quickly assess an important metabolic index of community function from an easily
obtained sample (50, 51). Whether diagnostics lead or follow therapeutics, an emphasis on
measuring functions rather than taxa will help build what is becoming an increasingly
critical bridge between ecology and therapeutics.

Efforts to make microbial ecology easier to model and more predictable will pay dividends,
boosting our ability to understand and manipulate the human microbiota. Not surprisingly,
industrial and academic drug discovery groups rarely have an ecologist on staff. That may
need to change; rigorous ecological analysis will be an essential component of designing
microbiota-targeted therapies, measuring their efficacy, and assessing their unintended
effects on the community.
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Microbial communities as networks. (A) Shown are three types of perturbation to a network

of microbial species such as that found in the

microbiota at various body sites. The

microbiota can be perturbed by excision of a single species (node) by a vaccine or a species-

specific antibiotic, by elimination of multiple

nodes or a subnetwork by an antibiotic, or by

replacement of a whole network using microbiota transplantation. (B) Two ways of
modeling a microbial community as a network. (Left) Nodes as species, and edges as
interactions among species. Species networks can be constructed directly from metagenomic
sequence data, but they lack functional information. (Right) Nodes as functions, and edges
as interactions among functions. Function networks can generate hypotheses about the
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Fig. 2.

New opportunities in treatment and diagnostics. (A) Antibiotics save countless lives, but
when they kill mutualistic (that is, helpful) microbiota that normally check the growth of
pathogens, a secondary infection can ensue. Repopulating antibiotic-treated patients with
probiotics is a promising strategy to prevent secondary infections. (B) Given that the human
microbiota has many normal taxonomic compositions, it might be easier to develop markers
of a normal or healthy community in terms of functional attributes like resistance and
resilience. A single time-point measurement of taxon and gene abundance (left) is limited in
its ability to provide functional information. Diagnostics based on direct measurements of
metabolites (right, top) and temporal measurements of robustness to antibiotic or probiotic
challenge (right, bottom) would enable community function to be assessed directly.
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Fig. 3.
Microbiota-targeted therapy can shift a community to a healthier stable state. A microbial

community’s response to a microbiota-targeted therapy can be illustrated with a stability
landscape diagram (Z). The ball containing the network represents the microbial community,
and the shift in its horizontal position within the landscape represents movement between
alternative stable states. The depth of a basin indicates the probability that the community
will stay in that specific state in response to perturbation and, therefore, reflects the degree
of perturbation needed to shift the community to an alternative stable state, for example,
from state 1 to state 2. In this illustration, a therapeutic perturbation that removes some
nodes (yellow and green) from the community network is sufficient to shift the community
to an alternative, and in this case healthier, stable state (state 1).
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