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Quantifying the metabolic activities of human-associated
microbial communities across multiple ecological scales

Corinne Ferrier Maurice1 and Peter James Turnbaugh1,*

1FAS Center for Systems Biology, Harvard University, 52 Oxford Street, Cambridge, MA 02138,
USA

Abstract
Humans are home to complex microbial communities, whose aggregate genomes and their
encoded metabolic activities are referred to as the human microbiome. Recently, researchers have
begun to appreciate that different human body habitats and the activities of their resident
microorganisms can be better understood in ecological terms, as a range of spatial scales
encompassing single cells, guilds of microorganisms responsive to a similar substrate, microbial
communities, body habitats, and host populations. However, the bulk of the work to date has
focused on studies of culturable microorganisms in isolation or on DNA sequencing-based surveys
of microbial diversity in small to moderately sized cohorts of individuals. Here, we discuss recent
work that highlights the potential for assessing the human microbiome at a range of spatial scales,
and for developing novel techniques that bridge multiple levels: for example, through the
combination of single cell methods and metagenomic sequencing. These studies promise to not
only provide a much-needed epidemiological and ecological context for mechanistic studies of
culturable and genetically tractable microorganisms, but may also lead to the discovery of
fundamental rules that govern the assembly and function of host-associated microbial
communities.
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Introduction
Studies of the human microbiome have re-shaped our view of the human body and what it
means to be part of a community (Gordon, 2012). Although the current world population is
vast (nearly 1010 people), each individual harbors approximately 1,000 times as many
microbial cells, representing thousands of species from all three domains of life (the human
microbiota). Each individual’s microbiota extends over a wide range of body habitats,
including, but not limited to, the skin, the urogenital tract, the nose, the mouth, and the
gastrointestinal tract (Costello, et al., 2009, Consortium, 2012). Importantly, the vast
majority of these microorganisms are not thought to be dormant or transient members; they
extend our human genome by producing essential vitamins and amino acids, metabolizing
dietary compounds (Turnbaugh, et al., 2010, Turnbaugh, et al., 2010), and modifying
xenobiotics (compounds foreign to a living organism, including host-targeted drugs and
antibiotics) (Haiser & Turnbaugh, 2012, Haiser & Turnbaugh, 2013). These host-microbial
interactions help develop the immune system (Ivanov, et al., 2009, Round & Mazmanian,
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2010, Atarashi, et al., 2011) and protect against invasion by pathogens (Pfeiffer &
Sonnenburg, 2011, Kamada, et al., 2012), while also contributing to inflammatory bowel
disease (Cadwell, et al., 2010, Devkota, et al., 2012) and obesity (Turnbaugh, et al., 2008,
Turnbaugh, et al., 2009, Vijay-Kumar, et al., 2010).

The past decade has seen an unprecedented set of studies aimed at identifying the microbial
members of the human body and determining their associations with disease, largely due to
the advent of high-throughput DNA sequencing methods (Gill, et al., 2006, Kurokawa, et
al., 2007, Costello, et al., 2009, Turnbaugh, et al., 2009, Qin, et al., 2010, Arumugam, et al.,
2011, Consortium, 2012, Qin, et al., 2012). These studies typically focus on a single body
habitat (e.g. feces, representing the distal gut), and compare patterns of microbial
community composition (who’s there), community structure (relative abundance of
microbial members), and/or gene content (what genes are there) over time or between
individuals. The number of subjects began quite modestly (n=2–3 unrelated individuals)
(Eckburg, et al., 2005, Gill, et al., 2006) and rapidly expanded to hundreds of individuals,
and in some cases cohorts from multiple populations around the globe (Nasidze, et al., 2009,
Yatsunenko, et al., 2012).

Conversely, the bulk of our mechanistic insight into host-associated microbial genomes and
their metabolic activities is derived from the genetic and biochemical dissection of a small
number of culturable model organisms; e.g. Escherichia coli (Taniguchi, et al., 2010, De
Paepe, et al., 2011), Bacteroides thetaiotaomicron (Benjdia, et al., 2011, Marcobal, et al.,
2011, Martens, et al., 2011, Cameron, et al., 2012), and Bacteroides fragilis (Round &
Mazmanian, 2010, Round, et al., 2011, Shen, et al., 2012). Despite the fact that these
microorganisms only represent a small fraction of the microbial diversity in a given
individual, they continue to provide an invaluable context for understanding the metabolic
activities of the less well-characterized and potentially uncultivable members of the
microbiota.

Here, we discuss the emerging evidence that the dynamics and functions of the human
microbiome might be better understood by bridging the gap between studies of single
microorganisms and surveys of complex microbial communities (Fig. 1). This will require
the development and application of tools for assessing microbial diversity and metabolic
activity at multiple spatial scales, ranging from single cells to human populations. Although
many of these approaches are still in their infancy, we highlight a number of recent studies
that demonstrate the potential of using single-cell methods, mock communities of culturable
isolates, enrichment procedures, and metagenomics, to tackle these daunting challenges. We
will focus on notable examples of these approaches in application to human- or other host-
associated microbial communities, building up from single cells to epidemiological studies.

Together, these studies promise to address a number of outstanding questions. For example,
are all host-associated microbial cells active, or are only a few microbial groups responsible
for the bulk of the metabolic activity in a given body habitat? Who are these active,
dormant, or damaged cells? Are there preferential ‘hot spots’ of microbial activity along the
gastrointestinal tract or in other body habitats? Is it possible to link each metabolic activity
to a single member of the human microbiota, or does each function require the concerted
efforts of many members of a given community (i.e. a microbial guild)? To what degree
have the members of each microbial community adapted to a specific niche; can we identify
the specialists and generalists? And perhaps most importantly, will an increased
understanding of the fundamental principles that govern host-associated microbial
communities lead to new opportunities for therapeutic interventions or diagnostics?
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1. Zooming in to the single cell level
Single-cell approaches can be considered as one end of the many spatial scales relevant to
the human microbiome, providing information about the physical location, physiological
status, and/or metabolic activity of a single cell within a microbial community. Similar to
how these emerging techniques have been harnessed to reveal the basic biology of culturable
microorganisms (Taniguchi, et al., 2010), researchers studying the human microbiome have
begun to apply these methods to obtain a high-resolution view of host-associated microbial
communities (Fig. 2). Together, these efforts promise to highlight intra- and inter-cell
variations in metabolic activity, cell damage, growth rate, gene content, and transcription.

Flow cytometric measurement of microbial activity and cell damage
Flow cytometry (FCM) is a powerful tool that allows the rapid analysis of millions of
individual microbial cells. Microbial cells in suspension are exposed to an intense source of
light, generally an argon laser, and light scatter and fluorescence emission signals for each
cell can be obtained (Shapiro, 1995). Bacterial abundance and characteristics such as cell
size, shape, intracellular content, or granularity can be determined directly, and cells of
interest can then be sorted based on such criteria. When combined with specific fluorescent
stains, additional relevant information such as relative nucleic acid content, the state of the
bacterial membrane, respiration, and enzymatic activity can be assessed. While FCM does
not provide any structural or spatial information on microbial communities, it allows for the
rapid quantification of cells with distinct physiology and activity levels, which can then be
sorted and characterized in more detail.

Flow cytometry has been used extensively in environmental microbial communities, but has
only recently been applied to the human microbiome (Del Giorgio & Gasol, 2008, Maurice,
et al., 2013). For example, loss of membrane polarity, indicative of cell damage, can be
assessed with the use of oxonol dyes [e.g. DiBAC4(3)] (Jepras, et al., 1995, Shapiro, 2000),
while severe membrane damage can be assessed with propidium iodide (Pi). Both dyes have
been used to determine the physiology of microbial cells from the human gut (Apajalahti, et
al., 2003, Ben-Amor, et al., 2005, Maurice, et al., 2013). In our recent study (Maurice, et al.,
2013), we showed that damaged cells can make up to approximately one third of the gut
microbiota: severely damaged cells (Pi+) were on average just below 17% of the gut
microbiota, whereas moderately damaged cells (DiBAC+) represented 27% (Fig. 3a). These
results indicate that in healthy individuals, the distal gut microbiota is predominantly
composed of cells that have intact membrane polarity, suggesting that these microorganisms
are well adapted to this body habitat. In addition, the physiology of these microbial cells is
rapidly responsive to environmental and chemical perturbations. Short-term exposure to a
panel of xenobiotics, including 6 host-targeted drugs and 8 antibiotics, resulted in detectable
increases in cell damage. None of the host-targeted drugs increased cell damage, whereas
antibiotic exposure increased the proportions of severely damaged cells (Pi+) and
moderately damaged cells (DiBAC+) to on average 23% and 44% of the total cells,
respectively (Fig. 3b). These results highlight the dynamic structure of this community, and
illustrate the often-unintended consequences of antibiotics on the gut microbiota (Maurice,
et al., 2013).

Studies of environmental microbial communities have suggested that replication,
transcriptional activity, and/or metabolic activity can be measured using fluorescent stains
that enter all bacterial cells and bind double- and single-stranded nucleic acids (e.g. Syto13,
PicoGreen, TOTO, SybrGreen). Interestingly, environmental microbial communities can be
grouped into two clusters of cells: high (HNA) and low (LNA) nucleic acid content cells.
Numerous studies support the claim that HNA cells generally exhibit an increased rate of
cell division and higher metabolic activity than LNA cells (Gasol, et al., 1999, Lebaron, et
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al., 2002, Zubkov, et al., 2004, Bouvier, et al., 2007, Wang, et al., 2009). Our recent work
suggests that these two cell populations also exist in the human gut microbiota (Maurice, et
al., 2013). When stained with SybrGreen I, microbial cells from fresh fecal samples
clustered into two populations with distinct green fluorescence values, and somewhat
different light scatter values. The differences in fluorescence of these two populations could
not be explained by increased cell or genome size, suggesting that they reflect differences in
metabolic activity. On average, 55% of the microbial cells in fecal samples collected from
unrelated healthy individuals are HNA cells (Fig. 3a), suggesting that most of the cells
within the human gut are highly active, comparable to highly productive aquatic ecosystems
such as coastal tidal marshes (Bouvier, et al., 2007).

A number of methods exist to test the metabolic activity and rate of cell division of these
distinct populations. For example, the specific activity of each group might be measured
using radiolabeled compounds, or single cell genomics might be harnessed to compare their
metabolic potential (discussed in detail below). Recent studies of cultured isolates may also
provide a clue as to the nature of the HNA and LNA subsets (Taniguchi, et al., 2010).
Quantitative analysis of the E.coli transcriptome at single molecule sensitivity demonstrated
that the average coding gene is expressed at <10 copies per cell. If this observation holds
true for the dominant members of the gut microbiota, it may stand to reason that most of the
differences in nucleic acid content are driven by the differential expression of non-coding
RNAs, e.g. the rRNA operon. Follow-up studies applying these high-resolution methods to
additional strains isolated from the human gut are necessary.

Active microbial cells can also be quantified with the tetrazolium salt 5-cyano-2,3-
ditolyltetrazolium chloride CTC (Rodriguez, et al., 1992, Sherr, et al., 1999, Sieracki, et al.,
1999). This salt competes with oxygen as an electron donor and is reduced by the active
electron transport system of respiring cells to an insoluble red compound, formazan
(Kaprelyants & Kell, 1993, Smith & McFeters, 1997). Initially thought to be restricted to
aerobic bacteria, this dye was successfully applied to a variety of facultative and obligate
anaerobes (Walsh, et al., 1995, Smith & McFeters, 1997, Bhupathiraju, et al., 1999).
Preliminary tests suggest that members of the gut microbiota can reduce CTC, representing
an average of 12% of the total cells in fecal samples from 3 unrelated individuals (Maurice
and Turnbaugh, unpublished data). These values are comparable to aquatic systems (Del
Giorgio & Gasol, 2008). Additional studies utilizing CTC might allow the identification of
metabolically active microorganisms, or enable researchers to screen metagenomic libraries
or culture collections for novel genes involved in respiration.

Intracellular enzymatic activity can be assessed with fluorescein diacetate (FDA) or
carboxyfluoresceine diacetate (cFDA) (Dive, et al., 1988, Petit, et al., 1993, Del Giorgio &
Gasol, 2008). These lipophilic non-fluorescent compounds diffuse through the bacterial
membrane and are then converted to a membrane impermanant fluorescent form by
esterases (Petit, et al., 1993). Thus, fluorescent cells detected by flow cytometry are active
cells with intact membranes. These dyes have been used with a variety of bacterial cultures
(Ritz, et al., 2001, Ben Amor, et al., 2002, Nguefack, et al., 2004, Tracy, et al., 2010, Arku,
et al., 2011), but their application to determine bacterial activity in microbial communities
remains controversial, as many bacteria cannot uptake FDA, the fluorescence signals tend to
be weak, and damaged cells can still retain some level of esterase activity (Diaper, et al.,
1992, Jepras, et al., 1995).

Measuring the intracellular amount of RNA can also serve as a proxy for metabolic activity.
For example, pyronin Y was used in combination with flow cytometry and cell sorting to
explore the active microbial cells in fecal samples from four healthy unrelated individuals
(Peris-Bondia, et al., 2011). The authors identified Clostridiales (Firmicutes) as the most

Maurice and Turnbaugh Page 4

FEMS Microbiol Rev. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



active cells, whereas the Bacteroidetes were less represented in the pyronin Y cell
population. The RNA dyes SybrGreen II and Sybr Gold remain to be validated for
application to the human microbiome. Sybr Gold has a high affinity for RNA and double-
and single-stranded DNA (Tuma, et al., 1999, McKee & Thomson, 2004), whereas
SybrGreen II exhibits a stronger quantum yield when bound to RNA than to double stranded
DNA, although it is not selective for RNA staining (Haugland, 2005). Both are very stable
and sensitive fluorochromes, extensively used for detecting RNA in denaturating gels, single
stranded conformation polymorphism, and reverse transcription analyses.

Flow cytometry promises to be a valuable tool in quantifying and identifying the
metabolically active cells, and in determining the relevant factors structuring our host-
associated microbial communities. However, additional technical challenges remain to be
resolved before widely applying this technique to the study of the human microbiome.
Sampling procedures from different body habitats should be tested and standardized to
minimize their effect on microbial physiology to ensure comparable results. In addition, the
unbiased uptake of the different dyes by diverse microorganisms, irrespective of their phyla,
or body habitat, remains to be validated.

Fluorescent in situ hybridization
Fluorescent in situ hybridization (FISH) is a technique based on the use of fluorescently
labeled oligonucleotide probes targeting the bacterial 16S rRNA, although the use of
polynucleotide probes and peptide nucleic acid molecules have also been reported (Cottrell
& Kirchman, 2000, Amann, et al., 2001). FISH is a widely used tool for the direct,
cultivation-independent enumeration, localization, and identification of individual microbial
cells within complex communities, and has proven to be invaluable for the identification of
symbiotic microorganisms [e.g. plant or animal-associated microorganisms, (Horn, et al.,
2000, Tokuda, et al., 2000, Amann, et al., 2001)]. However, FISH-based techniques rely on
successful probe entrance into the microbial cell, and accessibility and number of copies of
the target. Several protocols have been tested to optimize probe penetration, resorting to
additional enzymatic (generally lysozyme, lysostaphine, or achromopeptidase) or chemical
(diluted acids or detergents) pretreatments for certain Gram-positive or even archaeal cells
(Moter & Gobel, 2000). In addition, FISH signals are sensitive to cellular growth rates and
nutritional status, a critical point for communities with low microbial activity or from
nutrient-depleted systems, with low ribosomal probe target concentrations. This has led to
the development of fluorescent signal amplification procedures, such as the CAtalyzed
Reported Deposition amplification (CARD-FISH) using tyramide signal amplification
(Amann, et al., 2001, Pernthaler, et al., 2004).

Despite these limitations, FISH has been extensively applied to quantify the bacteria present
in the human gut microbiota (Langendijk, et al., 1995, Franks, et al., 1998, Harmsen, et al.,
2000, Schwiertz, et al., 2000, Zoetendal, et al., 2002, Rigottier-Gois, et al., 2003), and the
number of FISH probes applicable to the gut microbiota continues to expand (Harmsen, et
al., 2002, Heilig, et al., 2002). In addition, several improvements have been made for the
accurate FISH detection of specific bacterial groups, such as the combined use of FISH and
flow cytometry (flow-FISH), which allows the high-throughput quantification of microbial
community structure (Zoetendal, et al., 2002, Rigottier-Gois, et al., 2003, Vaahtovuo, et al.,
2005, Dinoto, et al., 2006)

More recently, researchers have developed methods for multi-labeling experimental set-ups
with sensitive image analysis, named Combinatorial Labeling and Spectral Imaging
(CLASI-FISH), allowing the simultaneous detection of up to 28 different microbial targets
(Valm, et al., 2011). When applied to microbial biofilms growing on human dental plaque,
the spatial arrangement of 15 different bacterial taxa was revealed. Of note, Actinomyces
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and Prevotella had the most interspecies interactions, suggestive of a central role in biofilm
development and maintenance (Valm, et al., 2011). These novel methods promise to be of
particular interest to explore community structure, dynamics, and interactions in a wide
range of host-associated microbial communities.

FISH with rRNA-targeted oligonucleotides not only allows the identification of individual
cells within a complex assemblage, but also could potentially provide information about
cellular activity, due to the relationship between fluorescence intensity and the concentration
of the target of interest (Schaechter, et al., 1958, Amann, et al., 1995). This type of analysis
has proven useful for cultured isolates and activated sludge from wastewater plants
(DeLong, et al., 1989, Wallner, et al., 1993, Wallner, et al., 1995); however, it has, to the
best of our knowledge, not yet been tested on the human microbiome.

Microautoradiography FISH
Microautoradiography FISH (MAR-FISH) was one of the earliest techniques developed to
link cellular identity and activity. The method relies on the uptake of radiolabeled
compounds, such as thymidine, leucine, glucose, acetate, N-acetylglucosamine, or 14CO2
(Ouverney & Fuhrman, 1999, Nielsen, et al., 2002, Hesselsoe, et al., 2005, Nielsen &
Nielsen, 2005). Microbial cells are incubated with one, or several, of these radioactive
compounds before being exposed to a photographic emulsion. Cells that uptake the
compound(s) of interest can be identified using transmission light microscopy by the
deposition of silver grains around them. Grain density can also provide further information
on the level of substrate uptake by the individual cells (Cottrell & Kirchman, 2000, Sintes &
Herndl, 2006). Despite the successful application of this technique to a wide range of
environmental microbial communities, MAR-FISH has yet to be applied to the human
microbiome. Multiple experimental limitations of this approach exist, including low
throughput, general challenges with FISH, the difficulty of downstream molecular analysis,
and the radioactive nature of the substrate, precluding its use in vivo. Alternative non-
radioactive procedures may be more promising for the study of the human microbiome.

Single cell genomics
A number of approaches have been developed for the genomic analysis of single cells,
including whole genome sequencing methods (Kalisky, et al., 2011). These approaches have
been successfully applied to difficult to culture members of the human and mouse
microbiota. For example, an uncultivated human oral bacterium from the TM7 phylum was
isolated using a microfluidic device designed to isolate single cells with a rod-like
morphology characteristic of this taxonomic group (Marcy, et al., 2007). Whole genome
amplification and sequencing of 2 distinct cells, isolated from different microfluidic devices,
resulted in the identification of >1,000 genes, revealing pathways for carbohydrate
metabolism, arginine metabolism, and virulence factors. These results provided an important
technical proof-of-principle, while also revealing genetic information that might be used to
aid the in vitro growth of TM7 strains.

More recently, researchers have used single cell genomics to gain insight into segmented
filamentous bacteria (SFB), a taxonomic group within the Firmicutes phylum that grows in
filaments that tightly adhere to the intestinal epithelial layer. These fascinating
microorganisms are of great interest due to their role in the induction of pro-inflammatory
helper T cells (Th17) and the protection against bacterial pathogens. Five SFB filaments
were isolated from a fecal sample collected from a single mono-associated mouse using a
microfluidic device, subjected to whole genome amplification, and sequenced (Pamp, et al.,
2012). The results revealed putative genes involved in the interaction between the SFB
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filament and the host, as well as those potentially responsible for the lifecycle of the SFB
filament.

The ability to sequence individual microbial cells from a given body habitat promises to
address many of the key limitations of metagenomic sequencing, namely the challenges of
“binning” the observed genes into their strain or species of origin. Many of the initial
challenges, such as reagent contamination with residual nucleic acids, are now well
documented, and can be circumvented (Blainey, 2013). However, more systematic analyses
need to be done to quantify the extent of amplification bias, replication errors, and the
formation of chimeras. Multiple new amplification methods, such as degenerate
oligonucleotide primed PCR, displacement degenerate oligonucleotide primed PCR, and
multiple annealing and looping based amplification cycles, have been developed with the
goal of reducing these errors (Blainey, 2013). Ongoing efforts in this area promise to
continue to improve the reliability and throughput of single cell genomics.

Single cell mass spectrometry
In addition to inferring metabolic activity through whole genome sequencing, single cell
mass spectrometry can be used to directly quantify metabolic activities. Recent applications
of single cell mass spectrometry have utilized stable and radioactive isotope labeling, cell
identification by FISH, Raman microspectrometry, and/or secondary ion mass spectrometry
(SIMS) (Wagner, 2009, Musat, et al., 2012). The choice between the different spectrometry
techniques relies mainly on the necessary downstream analyses, the spatial resolution
needed, and the available equipment, as both Raman microspectrometry and SIMS require
expensive analytical tools.

Raman microspectrometry is a nondestructive vibrational method, which amongst other
applications, has been used to characterize the intra-species variation in pathogenic bacteria,
the chemical composition of microbial biofilms, and the metabolic heterogeneities within
bacterial cultures (Jarvis & Goodacre, 2004, Huang, et al., 2007, Patel, et al., 2008, Ivleva,
et al., 2009). Briefly, the uptake of stable isotope markers by microbial cells causes a shift in
the observed resonance spectra when compared to the spectra of the same unlabeled marker
[for a more detailed description, see (Wagner, 2009)]. Raman spectral shifts correlate with
the cellular marker concentration, providing a quantitative measurement of activity, and
Raman microspectrometry can be combined with the downstream DNA-based processing of
the microbial cells of interest (Huang, et al., 2004, Huang, et al., 2007, Wagner, 2009).

Although this approach has not been widely applied yet to the human microbiome, it has
been used to develop novel methods for pathogen identification. For example, this method
has enabled the identification of the pathogens involved in bacterial meningitis from
cerebrospinal fluid, significantly reducing the time required for microbial identification
relative to conventional methods (Harz, et al., 2009). Others have used surface-enhanced
Raman spectroscopy (SERS) to increase the spectral intensity and fingerprint bacterial
pathogens responsible for urinary tract infections (Jarvis & Goodacre, 2004) and pneumonia
(Hennigan, et al., 2010). In the latter case, closely-related strains of M.pneumonia could be
accurately differentiated (Hennigan, et al., 2010). Furthermore, Raman spectrometry was
recently combined with optical trapping to selectively sort yeast and bacterial cells
metabolizing 13C, without significant loss of cell viability, providing a proof-of-principle
that this technique can be also be used to enrich for cells performing a metabolic function of
interest (Huang, et al., 2009). The preservation of sample integrity and cell viability for
further analysis constitutes the major advantage of Raman microspectrometry over other
spectrometry-based approaches, and as the number of available isotopes increases, this
method promises to significantly increase our understanding of the metabolic activities of
uncultured microorganisms (Wagner, 2009).
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Secondary Ion Mass Spectrometry (SIMS) relies on the production of secondary particles
after exposure of microbial cells to an intense primary ion beam. The charged secondary
ions produced are focused into a secondary beam analyzed by mass spectrometry, allowing
the very fine identification of the elemental, isotopic, or molecular composition of the
microbial cells (Benninghoven, et al., 1987). There are two main SIMS approaches available
today, depending on the instrument design: time-of-flight SIMS (TOF-SIMS), and
NanoSIMS (Kuypers & Jorgensen, 2007, Musat, et al., 2012). Both provide very fine
resolution imaging of elements or isotopes within an eukaryotic or microbial cell, but the
exposure to the intense ion beam can lead to sample degradation and electron-stimulated ion
emission (Guerquin-Kern, et al., 2005, Lechene, et al., 2006, Vickerman & Gilmore, 2009).
When combined with stable or radioactive isotope labeling, SIMS provides activity,
diversity, and spatial information about microbial cells, key elements for a better
understanding of the mutualistic or antagonist interactions between members of the same
community or with the host (Huang, et al., 2007, Huang, et al., 2009, Wagner, 2009).

The first combination of NanoSIMS and stable isotope labeling to host-microbial
interactions identified the symbiotic relationship between nitrogen-fixing bacteria and their
host, the shipworm Lyrodus pedicellatus (Lechene, et al., 2007). In a recent application to
the human microbiota, NanoSIMS and a modified version of FISH with halogen-containing
tyramides were applied to bacterial cultures and a consortium of two microbial strains,
before being used to study a human gingival biofilm (Behrens, et al., 2008). By identifying
Cytophaga-Flavobacterium species as metabolizing 13C-labeled amino acids, the authors
provided an initial demonstration of the potential for using NanoSIMS to better understand
the human microbiome (Behrens, et al., 2008).

More recently, single cell mass spectrometry and highly sensitive imaging techniques have
been applied to animal models. TOF-SIMS was combined in an untargeted way to a
nanodesorption electrospray ionization spectrometry method, named MALDI-TOF-IMS.
Researchers compared samples collected from adult germ-free mice, animals
monoassociated with Bacteroides thetaiotaomicron, and mice colonized with both
B.thetaiotaomicron and Bifidobacterium longum (Rath, et al., 2012). Multiple samples were
analyzed for each of these three treatment groups from host connective tissue, the large
intestinal epithelium, and the lumen of the large and small intestine. The results provide
evidence for clear location-specific chemical markers; for example, choline was localized to
the luminal contents of the small and large intestine, whereas carnitine was specific to host
tissue. Colonization- and location-specific patterns were observed for glycans and secondary
bile acids, the latter of which was confirmed by comparing bile acid transformations of the
two isolates in pure culture (Rath, et al., 2012). Together, the results from this study clearly
illustrate the potential of SIMS to explore the metabolic activity of the human microbiome
with unprecedented spatial information, although no further molecular characterization or
cell isolation is possible.

2. Designing and identifying microbial guilds
While single cell analyses can enable the dissection of community structure and metabolic
activity from intact microbial communities, there are also a variety of approaches that allow
for the construction and identification of groups of microorganisms that interact with each
other or are involved in a shared metabolic process (referred to as a guild, a group of species
that exploit a similar resource). Here, we discuss a number of approaches that have been
recently used to explore microbial interactions at the strain level, at the level of 2–15
microorganisms, through enrichment strategies aimed at identifying groups of
microorganisms responsive to a given substrate, and through computational analysis of co-
occurrence networks.
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Assembling microbial communities from a given body habitat
One of the grand challenges in microbial ecology is the potential for doing “community
genetics”, i.e. selectively adding or removing individual strains, genes, or metabolic
pathways. Recent studies have demonstrated the utility of establishing culture collections
from a given body habitat (i.e. feces), which can then be used to construct a range of
different mock communities, representing distinct combinations of strains (Faith, et al.,
2010). These approaches are largely limited to the ability to isolate and grow
microorganisms in pure culture, a relatively minor problem in the human gut, wherein the
majority of the abundant bacterial species can be isolated using a single rich medium
(Goodman, et al., 2011). In other body habitats, it may be necessary to use culture-
independent methods, which can then inform attempts to isolate microorganisms of interest
in pure culture.

Insertion sequencing methods (INSeq) have been used to monitor the abundance of
transposon mutants constructed in a genetically tractable member of the human gut
microbiota, Bacteroides thetaiotaomicron (Goodman, et al., 2009). Comparison of the
abundance of each mutant prior to and after colonization of germ-free mice revealed 370
genes with significantly altered representation, ~50% of which could not be explained by a
growth advantage in vitro, including a set of genes involved in vitamin B12 acquisition.
Furthermore, co-colonization of these mice with representative members of the 3 dominant
bacterial phyla (Firmicutes, Bacteroidetes, and Actinobacteria) revealed that community
composition influences the selection pressures imposed on B.theta, providing an initial view
of how the interactions between community members can alter the in vivo fitness of this
common gut bacterium.

These mock communities have also been used to dissect the response of the human gut
microbiota to a common perturbation, the consumption of bacterial strains in a commercially
available fermented milk product (McNulty, et al., 2011). Germ-free mice were colonized
with a 15-member gut microbiota meant to represent the dominant taxonomic and functional
groups present in the human gastrointestinal tract. Consumption of the fermented milk
product did not markedly perturb the abundance of each member of this simplified gut
microbiota, but did result in the increased expression of genes for carbohydrate metabolism,
notably the catabolism of xylooligosaccharides. These changes, initially observed in
gnotobiotic mice, were supported by similar interventions in human participants and by
metabolomics (McNulty, et al., 2011).

One of the major goals of these studies is to build quantitative models that might be used to
predict the composition of a given microbial community given a defined perturbation.
Substantial progress has recently been made in linking the composition of the diet to the
structure of a 10-member gut microbiota in gnotobiotic mice (Faith, et al., 2011). Refined
diets were designed that systematically varied the composition of 4 major ingredients: casein
(protein), corn oil (fat), corn starch (polysaccharide), and sucrose (simple sugar). The results
enabled the development of a statistical model that explained 60% of the variation in species
abundance, highlighting the importance of dietary protein (casein) in shaping the gut
microbiota. This approach may be generally applicable to a wide range of perturbations, as
demonstrated for the consumption of more complex diets spanning a range of baby foods
(Faith, et al., 2011).

A major challenge moving forward is the ability to reproducibly construct mock
communities of greater complexity, harboring hundreds of strains. A recent study
highlighted the ability to construct “personalized culture collections”, representing hundreds
of strains from a single donor (Goodman, et al., 2011). Comparisons of germ-free mice
colonized with the resulting culture collection to “humanized mice” colonized with an intact
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human fecal microbiota, demonstrated consistent responses to a high-fat/high-sugar diet.
These methods have the benefit over experiments in humanized or conventionally raised
mice, as they allow for the reproducible colonization of germ-free animals from frozen
culture stocks, enabling the mechanistic dissection of host-microbial interactions. However,
is important to note that recent studies have demonstrated the humanization fails to induce
the same degree of immune maturation that occurs following colonization with a murine gut
microbiota (Chung, et al., 2012), emphasizing the point that not all host-microbial
interactions are conserved between mice and men.

Together, these studies highlight the immense power of re-constructing a given microbial
community in the lab, allowing for a range of community genetics experiments. On the other
hand, attempts at removing or adding strains, genes, or metabolic activities to an existing
microbial community have been more challenging, although numerous studies underscore
the many potential avenues to pursue. Notable examples include (i) the “fecal
transplantation” of an intact donor gut microbiota to Clostridium difficile patients (Khoruts,
et al., 2010), (ii) the lateral gene transfer of genetic loci for polysaccharide metabolism from
algal bacteria to the gut microbiome (Hehemann, et al., 2010, Hehemann, et al., 2012), and
(iii) the inhibition of bacterial β-glucuronidases responsible for the gastrointestinal side
effects of chemotherapy (Wallace, et al., 2010).

Using enrichment culturing to identify microorganisms active on a given substrate
Enrichment culturing, whereby specific microorganisms are isolated by their ability to grow
on a selective medium, has been extensively used to characterize the metabolism of a
number of compounds. For example, many members of the human gut microbiota produce
lactic acid, but this fermentation product is rarely detected in human feces or gut contents,
while it accumulates in individuals with ulcerative colitis or with gut resections (Hove, et al.,
1994, Kaneko, et al., 1997). Enrichment culturing on media with lactate as a sole carbon
source identified nine strains of bacteria capable of subsisting on lactate (Duncan, et al.,
2004), suggesting that members of the gut microbiota can readily consume this common
substrate.

In addition to experiments using standard microbiological methods, it is possible to
construct in vitro models that simulate the nutritional milieu, biochemical parameters, and
fluid dynamics of the human gastrointestinal tract. Notably, the Simulator of the Human
Intestinal Microbial Ecosystem (SHIME) has been used to link members of the gut
microbiota to the metabolism of a given substrate of interest (Molly, et al., 1993,
Possemiers, et al., 2008). While this system does not provide the direct identification of cells
active on a given substrate, it can be used to identify compounds of interest with contrasting
effects on the structure and dynamics of the gut microbiota. For example, the addition of
organophosphate pesticides, which can be ingested through our diet, to fecal communities in
SHIME increased the abundance of Enterococcus and Bacteroides, while at the same time
decreasing Lactobacillus and Bifidobacterium (Joly, et al., 2012). Similar models of other
body habitats may enable the rapid and controlled analysis of the human microbiome,
complementing studies in animal models and humans.

Stable-isotope probing
Stable-isotope probing (SIP) is a powerful tool to identify microbial cells involved in
specific metabolic pathways (Radajewski, et al., 2003, Dumont & Murrell, 2005). Complex
microbial communities are incubated with substrates labeled with 13C or 15N, which are
then incorporated into phospholipid-derived fatty acids (PFLA-SIP), nucleic acids (DNA-
SIP), and ribonucleic acids (RNA-SIP) (Fig. 2) (Lechene, et al., 2007, Neufeld, et al., 2007a,
Neufeld, et al., 2007b). These labeled products are ‘heavier’ than their non-labeled
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counterparts, allowing for their isolation via cesium chloride gradient centrifugation. This
enables the culture-independent enrichment of members metabolizing one or more
compound(s) of interest, which can then be characterized using metagenomics (Reichardt, et
al., 2011).

RNA-SIP has been successfully applied to in vitro models of the human gut to study the
metabolism of simple sugars (monosaccharides like glucose) and complex plant
polysaccharides (i.e. starch). The more rapid incorporation of isotopic RNA over isotopic
DNA [nearly 10-fold (Whitby, et al., 2005)] results in shorter incubation times, a major
advantage given the possible modifications of activity and diversity of microbial cells when
using in vitro model systems. Incubations of human fecal communities with isotope-labeled
glucose revealed that Streptococcus bovis and Clostridium perfringens are both active
glucose-fermenters (Egert, et al., 2007). Similar studies using isotope-labeled starch
highlighted the ability of Ruminococcus bromii to metabolize complex carbohydrates,
whereas other microorganisms (Prevotella sp., Bifidobacterium adolescentis and
Eubacterium rectale) were shown to benefit from the byproducts of polysaccharide
utilization by these primary fermenters. Researchers have also identified bacteria capable of
metabolizing galacto-oligosaccharides, including members of the Bifidobacteria (B.longum,
B.bifidum, B.catenulatum) and Lactobacillus (L.gasseri, L.salivarus) genera (Maathuis, et
al., 2012). These examples illustrate how SIP can be used to identify the microbial players
involved in a key metabolic activity in the human gut, and how their downstream
interactions with other community members can be de-convoluted.

One major limitation to RNA-SIP for the study of the human gut microbiome is the
availability of labeled substrates. For example, polysaccharides are a major energy source
for the gut microbiota, but are difficult and/or expensive to label (Reichardt, et al., 2011). To
overcome this problem, an alternative RNA-SIP procedure was developed and validated in
vitro, using 13C-labeled precursors of de novo RNA synthesis (Reichardt, et al., 2011).
These precursors limit the phylogenetic biases induced by the labeled substrate, and have
provided ecologically relevant information about the activity of carbohydrate-metabolizing
microbial cells of the human gut microbiome. Although stable isotope probing approaches
require extensive tests to determine the extend of cross-feeding, validation of the appropriate
isotope concentration, and the synthesis of labeled substrates, its use in the context of the
human microbiome studies will be critical for linking microbial identity and function. The
development of new biologically relevant labeled substrates or alternatives such as the
substrates’ precursors will be crucial in applying in vivo SIP to animal models or even
human subjects.

Inferring microbial niches from co-occurrence networks
An alternative approach to identifying microbial strains or species with a similar niche is to
determine the pattern of co-occurrence within and between individuals. For example, we
recently applied an unbiased approach for identifying non-linear associations to identify
relationships between species-level bacterial phylotypes found in humanized mice fed a low-
fat, plant-polysaccharide-rich diet or a high-fat/high-sugar “Western” diet (Reshef, et al.,
2011). As expected, many of these relationships could be explained by phylotypes that
responded similarity to the dietary intervention; however, the remaining associations may
represent inter-species competition or additional selective factors that shape microbial
ecology.

A notable application of this approach analyzed a co-occurrence network based on the
relative abundances of 155 bacterial species across the fecal microbiomes of 124 unrelated
European adults (Lozupone, et al., 2012). These analyses identified a group of co-occurring
Clostridium cluster XIVa members (Anaerostipes caccae, C.symbiosum, and C.boltae).
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Members of this group were more abundant in samples from patients with inflammatory
bowel disease, rapidly colonized the infant and germ-free mouse gut, and were enriched for
genes related to virulence and oxidative stress resistance (Lozupone, et al., 2012).

Similar analyses have assessed co-occurrence relationships across multiple body habitats
(Faust, et al., 2012), and have led to increasingly sophisticated models of microbial
community structure and function (Faust & Raes, 2012). A major challenge moving forward
will be to develop predictive models that can be experimentally validated and computational
methods to disentangle shared responses to host, microbial, or environmental factors from
shared metabolic activities.

3. Linking multiple body habitats
Most studies to date have focused on a single body habitat, leaving many open questions as
to the degree of communication and transfer between microbial communities associated with
the same host, i.e. along the length and width of the gastrointestinal tract, within the oral
cavity, or across the skin surface. Furthermore, it is unclear to what degree microorganisms
in a given body habitat may have wide ranging effects on host physiology, immune status,
and/or behavior, which may shape microbial ecology throughout the body.

A number of studies of the mammalian gut have highlighted microbial biogeography at
multiple spatial scales. Indeed, the first large-scale 16S rRNA gene sequencing-based survey
of the human colon (Eckburg, et al., 2005), revealed quantitative differences between the
stool and mucosal surfaces, although these were largely representative of inter-individual
variations (Ley, et al., 2005). These spatial differences have been appreciated for some time,
most notably in the cases of Helicobacter pylori and Lactobacillus reuteri, which are found
at much higher relative abundance in the stomach and proximal intestine, respectively (Bik,
et al., 2006, Frese, et al., 2011). More recently, laser-capture microdissection was used to
compare the microbiota in the lumen (gut contents) and associated with colonic folds in
conventionally raised mice, revealing significantly more members of the Firmicutes phylum
(families: Lachnospiraceae and Ruminococcaceae) in the interfold regions (Nava, et al.,
2011).

Our own studies of humanized mice have revealed differences between the proximal and
distal intestinal tract, with significantly increased levels of Bacteroidetes in the cecum and
colon (Turnbaugh, et al., 2009). However, attempts to stratify the gut microbiota by luminal
contents and mucosal adherent populations did not reveal clear differences. Furthermore, the
consumption of a high-fat/high-sugar diet consistently altered the gut microbiota throughout
the length of the gastrointestinal tract; a result that was also observed in conventionally
raised mice following gastric bypass surgery (Liou, et al., 2013). Together, these results
suggest that variations in dietary consumption and/or other environmental exposures may
mask microbial biogeography.

Zooming out even further, it may be useful to consider the entire human body and all of its
associated microbial communities. No studies have comprehensively surveyed a single
individual; however, recent efforts have assessed 27 distinct body habitats (Costello, et al.,
2009). The results revealed that differences in microbial community composition are more
strongly influenced by gross anatomy (gut, skin, oral cavity), than by inter-individual
variations, despite high levels of the latter for a given body habitat even in identical twins
(Turnbaugh, et al., 2009, Turnbaugh, et al., 2010). Results from the Human Microbiome
Project, a survey of 242 healthy individuals, confirmed the habitat-specificity of microbial
colonization and also identified metabolic pathways associated with each body habitat
(Consortium, 2012).
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Are these differences between body habitats intrinsic to the characteristics of the underlying
host tissue, or can they be shaped by each individual’s history of exposure to
microorganisms? Results from studies of the skin microbiota suggest that at least some body
habitats may be susceptible to invasion: sites on the forehead and forearm were disinfected
and inoculated with microorganisms from the tongue (Costello, et al., 2009). The recipient
forearms, even after 8 hours, remained more similar to the tongue microbiota; however, the
forehead reverted to its original composition within this time frame. These “body habitat
transfers” could have critical implications in newborns, as evidenced by a recent comparison
of neonates born by Caesarean section and vaginal delivery. Ten neonates were sampled
immediately after delivery (oral, skin, and nose) and <24 hours later fecal samples were
collected, and then compared to the mother’s skin, oral, and vaginal samples collected 1
hour before delivery. Unlike the adults, there was no differentiation by body habitat within
each neonate. Furthermore, neonates born by vaginal delivery resembled their mother’s
vaginal microbiota, whereas those born by C-section more closely resembled the skin
microbiota (Dominguez-Bello, et al., 2010). Together, these results highlight the potential
for microorganisms to be transferred, at least temporarily, from one body habitat to another,
even between individuals.

Although the overall picture of microbial colonization is becoming clearer, there are a
number of outstanding questions remaining to be addressed. Importantly, most of the studies
to date have focused on microbial community composition and gene content. Very little is
known about the relevant variations in microbial growth rate or metabolic activity between
different body habitats. Does the transfer of microorganisms from one location to another
shape the metabolic activities of the resident microbiota? Are microorganisms equally active
throughout a given organ or are certain locations, such as the proximal colon, hot spots of
activity? What is the distribution of dietary and host-derived substrates along the length of
the gastrointestinal tract? Can the chemical properties of a given xenobiotic compound be
used to predict its bioavailability, both to the host and to the gut microbiota? Can
information about the microbiota in one body habitat be used to predict another?

Finally, it is interesting to consider whether or not the microbial activities in one body
habitat might have far-reaching effects on other locations. An illustrative example comes
from the co-infection of mice with the small intestinal nematode (Heligmosomoides
polygyrus) and the Gram-negative bacterial pathogen Citrobacter rodentium. Infection with
H.polygyrus triggers a systematic immune response that decreases host protection and
increases intestinal injury in the colon, exacerbating C.rodentium-induced colitis (Weng, et
al., 2007). Analogous studies need to be performed on the non-pathogenic members of the
gut microbiota to determine to what degree parasites and immunomodulatory bacteria
(Ivanov, et al., 2009, Round & Mazmanian, 2010, Atarashi, et al., 2011) can broadly shape
the human microbiota across multiple body sites.

4. Zooming out to epidemiological studies of the human microbiome
Although each spatial scale provides its own challenges and insights, a major goal in the
foreseeable future is to integrate findings at multiple levels into a “systems biology”
framework. There have been numerous studies providing substantial evidence for a link
between the human microbiome and the onset of certain diseases, but despite the vast
amount of data generated in the past 10 years, it remains a challenge to combine
epidemiological studies and metagenomics. One of the issues is that the number of samples
per study remains relatively small by epidemiological standards. The first surveys of the
human microbiome were on a handful of individuals (Eckburg, et al., 2005, Gill, et al., 2006,
Kurokawa, et al., 2007), which quickly increased to hundreds of individuals (Turnbaugh, et
al., 2009, Qin, et al., 2010, Consortium, 2012, Qin, et al., 2012, Yatsunenko, et al., 2012).
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Even by the standards of genome-wide association studies, which may sample thousands of
individuals in well-characterized cohorts (Zeggini, et al., 2008), there remains substantial
room for growth. The need for broader sampling efforts becomes even clearer when one
considers the degree of inter-individual variation within a single body habitat, the human gut
microbiota, where only ~50% of the species-level bacterial phylotypes can be shared
between identical twins (Turnbaugh, et al., 2009, Turnbaugh, et al., 2010), and substantial
genomic variation exists even between members of the same microbial “species” (Hansen, et
al., 2011). Despite these challenges, recent efforts linking the human microbiome to obesity,
atopic disorders, chronic inflammation, and cancer have begun to show how insights at
multiple scales can inform one another, leading to the beginnings of a more comprehensive
understanding of human health and disease.

Work over the past 10 years has emphasized that the gut microbiome can alter both sides of
the energy balance equation, by liberating additional calories from the diet (Turnbaugh, et
al., 2006), increasing intestinal absorption (Semova, et al., 2012), and promoting storage in
adipose tissue (Backhed, et al., 2004). In mouse models, obesity is associated with an altered
gut microbiota, and accompanied by increased dietary energy harvest, total body fat, and
short-chain fatty acids (SCFA), the major products of microbial fermentation (Ley, et al.,
2005, Turnbaugh, et al., 2006, Turnbaugh, et al., 2008, Turnbaugh, et al., 2009). In studies
of moderately sized human cohorts, significant associations between obesity, microbial
community structure, gene content, and metabolic network topology have been observed
(Ley, et al., 2006, Turnbaugh, et al., 2009, Arumugam, et al., 2011, Greenblum, et al., 2012).

The disruption of the gut microbiome through exposure to antibiotics may cause increased
weight gain and/or adiposity, potentially contributing to obesity and metabolic syndrome.
The administration of sub-therapeutic doses of broad-spectrum antibiotics to conventionally
raised mice significantly increased body fat, accompanied by increased dietary energy
harvest and SCFAs, along with an altered microbial community structure and changes to
host lipid metabolism and gut hormone signaling (Cho, et al., 2012). Additionally, a large-
scale epidemiological study of 11,532 children suggested that exposure to antibiotics early
in life (<6 months of age) is significantly associated with increased body mass (Trasande, et
al., 2012).

Other large-scale studies have begun to explore whether a “Western” lifestyle defined by
frequent antibiotic use, a high-fat/high-sugar diet, extensive personal hygiene, and limited
exposure to livestock may predispose children to develop atopic disorders (i.e. eczema,
wheezing, and allergies), potentially by disrupting the human microbiome (Linneberg, et al.,
2003, Fukuda, et al., 2004, Penders, et al., 2007). In one of the largest studies to date,
researchers used quantitative PCR to measure the abundance of 5 members of the gut
microbiota (Bifidobacterium sp., Escherichia coli, Clostridium difficile, Bacteroides fragilis,
and Lactobacillus sp.) in fecal samples from 957 1-month old children (Penders, et al.,
2007). C.difficile was significantly associated with atopic eczema, recurrent wheeze, allergic
sensitization, and dermatitis. In addition, because of the investigation of family history and
the young age of the enrolled children, this study suggests that an altered composition of the
gut microbiota may precede the manifestation of atopic symptoms.

Similar connections are emerging between the human microbiome and a wide range of
diseases, including inflammatory bowel disease (Cadwell, et al., 2010, Devkota, et al.,
2012), cancer (Kostic, et al., 2012), and atherosclerosis (Wang, et al., 2011). Together, these
studies emphasize the importance of viewing the human microbiome from a broader
perspective than that of the individual niche, body habitat, or cohort. They also provide a
cautionary note that the comprehensive study of the human microbiome will require the
development of a novel framework, including distinct phenotypic information and controls,
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as opposed to the direct application of standard methods for the study of pathogens or
human genetics. In order to successfully accomplish these efforts, individuals from a variety
of disciplines, including microbial ecology, genomics, human genetics, epidemiology, and
anthropology (Benezra, et al., 2012) will need to work together. In particular, researchers
will need to determine the adequate methods and amount of metadata to collect (Yilmaz, et
al., 2011), the level of phenotypic analysis of the host cohort, the best spatial and temporal
scale at which to sample a given body habitat, and the appropriate statistical tools for
calculating power. Importantly, these epidemiological studies stand to benefit greatly from
mechanistic insights obtained from much smaller scale studies in humans and animal
models.

Concluding remarks: Integrating multiple scales for a more comprehensive
view of the human microbiome

With the recent completion of the Human Microbiome Project (Consortium, 2012), it now
seems like an opportune time to consider the pros and cons of the available techniques for
analyzing microbial activity (Table 1), and how one might intentionally design efforts
linking multiple ecological scales for some of these emerging examples. No single method
described here can provide all the information needed to comprehensively quantify the
diverse metabolic activities found within the human microbiome, but their combined
application promises to lead to more robust, and perhaps unexpected, results. Furthermore, it
will remain critical to develop approaches to test the in vivo relevance of hypotheses based
on in vitro, ex vivo, or animal models.

Recent efforts have demonstrated some emerging techniques that might allow researchers to
analyze the human microbiome at multiple scales in a single study. For example, we have
recently combined single-cell approaches and metatranscriptomics to characterize the highly
active and damaged subset of the gut microbiome (Maurice, et al., 2013). The fecal
microbiota of unrelated healthy individuals was stained with SybrGreen, DiBAC, and Pi.
Cells from each subset were sorted into replicate wells using fluorescence activated cell
sorting (FACS), and the composition of each subset was determined using 16S rRNA gene
sequencing (Fig. 3c). The community composition and structure of each physiological
category was then compared to that of the total microbial community. Bacteria from the
order Clostridiales (phylum: Firmicutes) dominated both the highly active and damaged
subsets, whereas the less active subset was enriched for Bacteroidetes and Bifidobacteria
(phylum: Actinobacteria). These results were consistent with RNA-Seq analysis of
community-wide gene expression. The concordance between the highly active and damaged
subsets seems to suggest that the Firmicutes may have a higher turnover than other members
of the gut microbiota, potentially driven by an increased susceptibility to the many
environmental stresses present in the gastrointestinal tract.

The combination of single cell methods, metatranscriptomics, and metagenomics allowed us
to determine the different levels of response of the gut microbiota to a short-term exposure
to a panel of 14 different xenobiotics, including antibiotics and host-targeted drugs.
Antibiotics significantly modified the physiology, gene expression, and community structure
of the microbiota, with strong effects on the Clostridiales, consistent with the hypothesis that
increased activity may lead to an enhanced susceptibility to these common clinical
perturbations. We also detected a number of changes to microbial gene expression in
response to host-targeted drugs, representing candidate genes for xenobiotic metabolism
(Maurice, et al., 2013). Such studies provide an initial view of the benefits of combining
multiple scales of analysis of the human microbiome.
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Just as research over the past decade has revealed a wealth of information regarding the
structure of the human gut microbiome at a variety of ecological scales, the coming decade
promises to expand the field both inwards and outwards, as researchers seek to identify
novel metabolic pathways, host-microbial interactions, single cell dynamics, and variations
between body habitats, whereas metagenomic surveys of the human microbiome will
continue to expand to encompass diverse human populations around the globe. If successful,
these efforts will provide novel insights that link together findings across multiple scales,
providing predictive models of microbial colonization and metabolism, and new guidelines
for the coming generation of microbiome-targeted therapeutics, diagnostics, and nutritional
guidelines.
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Figure 1. Viewing the human microbiome across multiple spatial scales
Information gathered at each successive scale may inform the others: ranging from single
cell methods to analyses of microbial guilds active on a common substrate, microbial
communities (e.g. tongue, ileum, or axilla), body habitats (e.g. the entire gastrointestinal
tract), individuals, small to moderately sized cohorts, and finally large-scale epidemiological
studies. A variety of techniques exist to assess microbial diversity and function at each scale
(Table 1), but more work needs to be done to develop methods for integrating findings
across different levels.
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Figure 2. Quantifying metabolic activity with single cell methods
Single cell tools enable the measurement of (i) enzymatic activity, (ii) nucleic acid content,
(iii) cell damage, and (iv) substrate usage. FDA and cFDA are enzymatically activated by
esterases to their fluorescent form; CTC becomes fluorescent upon reduction by the electron
transport system. Nucleic acid content (DNA, RNA, or 16S ribosomal RNA) can be
determined with multiple fluorescent dyes or FISH. Cell damage can be monitored by
nucleic acid dyes that are excluded by microbial cells with an intact membrane because of
their size, structure, and/or insolubility in the hydrophobic membrane phase. Oxonol dyes
are anionic dyes binding to lipid-containing intracellular material, generally excluded from
healthy cells by their membrane polarity. Substrates of interest can be either radioactively or
stable isotope labeled, prior to their uptake and conversion to nucleic acids and lipids.
Abbreviations include the following: double-stranded deoxyribonucleic acid (dsDNA);
ethidium bromide (EtBr); fluorescein diacetate (FDA); carboxyfluoresceine diacetate
(cFDA); 5-cyano-2,3-ditolyltetrazolium chloride (CTC); fluorescence in situ hybridization
(FISH); Propidium iodide (Pi); microautoradiography (MAR); single-stranded ribonucleic
acid (ssRNA); and stable isotope probing (SIP).
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Figure 3. Assessing activity and cell damage in the human gut microbiota
(A) Baseline proportions of cells with detectable damage, as indicated by loss of membrane
polarity (DiBAC) and/or membrane integrity [propidium iodide (Pi)]. Pi+ cells are included
here as a subset of the DiBAC+ population. The split between highly active (HNA) and less
active (LNA) cells is also shown based on SybrGreen staining of total nucleic acids. (B)
Increased cell damage after exposure to antibiotics. (C) The abundance of bacterial phyla in
each physiological subset. Data for each panel represents the average values across 3
unrelated healthy individuals (Maurice, et al., 2013).
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Table 1

Advantages and limitations of various techniques for quantifying the metabolic activities of complex
microbial communities.

Method Advantages Limitations

Flow cytometry and Fluorescence-Activated
Cell Sorting (FCM/FACS)

• High-throughput

• Quantification of cells within
complex communities with
different physiology

• Sorting of cells of interest based
on physiology, gene content, or
diversity

• Some cell populations may be
difficult to stain or analyze

• Flow cytometry methods are
optimized for larger cells

Fluorescence in situ hybridization (FISH)

• Provides spatial information

• Enables analysis of community
structure and possibly activity

• Low-throughput

• Limited to known sequences

Microautoradiography FISH (MAR-FISH)

• High resolution

• Allows analysis of spatial
interactions and metabolic
activity

• Low-throughput

• Availability of radiolabeled
compound of interest

• Limited to known sequences

Single cell genomics
• Cells of interest can be sorted

from a mixed community
• Only provides information

about metabolic potential

Single cell mass spectrometry

• High resolution

• Allows analysis of spatial
interactions and activity

• Non invasive, allows the
downstream gene and image
analysis

• Low-throughput

• Cannot be used in vivo when
combined with FISH or MAR-
FISH

Stable isotope probing (SIP)

• Direct observation of metabolic
pathways of interest

• Could potentially be used in vivo

• Low-throughput

• Cross-feeding possible

• Difficult to make/obtain
labeled substrates

• No spatial information

Metatranscriptomics

• High-throughput

• Measures gene expression

• Can improve gene/operon
predictions

• Can multiplex for low-depth
screening

• rRNA depletion is challenging

• Need adequate reference
genomes

• Bioinformatics is in early
stages of development
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