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Abstract

Microbial communities in the gut have been hypothesized to play key roles in the health of the
host organism. Exploring the relationship between these populations and disease states has been a
focus of the human microbiome project. However, the biological roles of the compounds produced
by the gut bacteria are largely unknown. We hypothesize that these compounds act as metabolic
exchange factors—mediating inter- and intra- species interactions in the microbiome. This view is
supported through this review of known bacterial metabolic exchange factors and evidence for
uncharacterized metabolic exchange factors in the gut. The impact of model systems and
technological developments in exploring this hypothesis are also discussed. Together, these
investigations are revolutionizing our understanding of the gut microbiome—presenting the
possibility of identifying new strategies for treating disease in the host.

Exploring the chemistry and biology of microbes within the gut microbiome

Microbes represent the principle reservoir of biomass, genetic, and chemical diversity in the
world [1,2]. Microbial communities can exist within host organisms as commensalists,
mutualists, and parasites impacting agriculture, the environment, and human health. These
complex relationships between host and symbiont are played out in part through metabolic
exchange—the transfer of information with diffusible molecules. This exchange may be
especially relevant in the gut microbiome, where bacterial cells outnumber the host by a
factor of ten or more. A primary goal of the human microbiome project is cataloguing the
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organisms that constitute specific microbiomes (e.g. the human gut), and characterizing the
role they play in diverse human health concerns such as allergy, inflammation, and obesity
[3**]. While these approaches are extremely powerful, they raise further questions such as
the identity and biological mechanisms of the molecules that control these interactions. This
opinion explores recent progress towards elucidating the factors that mediate these
interactions within gut microbiomes (See Figure 1).

We collectively frame the study of the chemistry and biology of these inter- and intra-
species interactions as metabolic exchange—the study of the particular molecules that
mediate the key biological interactions in a system. Metabolic exchange describes the key
molecules in the system which effect multi-cellular behavior in both the microbes and host.
We highlight representative examples of known gut bacterial metabolic exchange factors
and their biological roles (See Figure 2). Further we illuminate recent research suggesting a
biological role for metabolic exchange factors within the microbiome, gut microbiome
model systems, and technological advancements towards characterizing metabolic exchange
(See Figure 3). These diverse explorations illustrate that the chemical exchange driven by
the bacterial chemical repertoire mediates key aspects of biology within the gut microbiome.

The known bacterial chemical repertoire within the gut microbiome

Bacteria are remarkable synthetic chemists, able to manufacture diverse classes of
compounds (e.g. glycans, lipids, nonribosomal peptides, primary metabolites, polyketides,
ribosomal peptides, siderophores) stereoselectively in an aqueous environment. This
chemical repertoire is a primary tool for bacteria to interact with the environment and the
activities of these compounds have been exploited by modern medicine. Clinically relevant
examples of bacteria-derived drugs include: the antibiotic erythromycin, the
chemotherapeutic ET-743, the cholesterol lowering agent lovastatin, and the
immunosuppressant rapamycin—although much less is known about their roles in the
natural environment as metabolic exchange factors [4*]. The bacterial chemical repertoire
has largely been explored in culturable, free-living organisms from the environment with
unculturable microbiome members left under-investigated. Here we review representative
gut microbiome derived metabolic exchange factors (See Figure 2).

Siderophores, small molecules involved in microbial iron acquisition, are bacterial
metabolic exchange factors present in the gut microbiome. In E. coli differential siderophore
production was noted between uropathogenic and commensal gut microbiome strains
isolated from patients. Enterobactin (1 in Figure 2) was produced by all strains.
Yersiniabactin (2) and salmochelin (3) were predominate among uropathogenic strains
whereas aerobactin (4) was predominate among commensal gut strains [5]. The health
implications of differential siderophore production between microbiomes are not fully
understood.

Microcins are a family of ribosomally-encoded, post-translationally modified antimicrobial
peptides, produced by gut associated enterobacteria [6]. The microcin MccE492 (5), derived
from a fecal strain of Klebsiella pneumonia, is composed of an 84-amino acid peptide
covalently bound to a variant of the siderophore enterobactin—suggesting a Trojan horse
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mechanism to target bacteria with enterobactin uptake systems [7,8]. Evidence for similar
siderophore-peptides has recently been reported in E. coli [9]. The biological role of these
metabolic exchange factors in tailoring bacterial populations in the microbiome are not fully
characterized.

Numerous ribosomally derived peptides have been identified from the gut microbiome
where they act as metabolic exchange factors. Lactobacillus plantarum WCFSL1, a
cosmopolitan lactic acid bacteria capable of surviving in the gut, has been shown to secrete a
cyclic auto-inducing peptide (6)—involved in functions such as gene expression and biofilm
adhesion [10]. Nisin Q (7) is an anti-microbial lantibiotic from Lactococcus lactis, a microbe
present within the cattle gut which may play a role in tailoring the populations of other
bacteria present [11]. Clostridium sporogenes, a common gut bacterium, and C. botulinum,
an opportunistic pathogen of the digestive environment of infants, produce a modified
peptide clostridiolysin S (8), which has been postulated to play a role in host colonization
[12]. Thuricin CD (9) is a two component antimicrobial with an unusual sulfur to a-carbon
linkage and was identified from a gut derived strain of Bacillus thuringiensis with activity
against C. difficile [13]. The described activities of these metabolic exchange factors are
likely only part of the role they play in the gut microbiome.

In addition to the aforementioned activities, the functional roles of some metabolic exchange
factors including polysaccharides, lipids, primary metabolites, and inorganic molecules have
been well characterized in the gut. The glycan polysaccharide A (10) from Bacteroides
fragilis, a human gut symbiont, helps protect against inflammation and infection by
opportunistic bacteria in an inflammatory bowel disease model [14*]. The cell membrane
component lipopolysaccharides (LPS, 11) can be considered as gut metabolic exchange
factors. Mice were treated with antibiotics to alter their gut microbiome populations. LPS
production and host absorption increased with antibiotic-induced microbiome population
changes. This produced low-level inflammation which is similar to that observed clinically
with diabetes and obesity. Gut microbiota can be altered with a high-fat diet often correlated
with these disease states [15]. Altered membrane permeability allows LPS to exit the gut and
may be influenced by the gut microbiome [16].

Common metabolites, such as short-chain fatty acids (12), are produced by many gut
microbiota and act as metabolic exchange factors in host-microbe interactions. Host G-
protein coupled receptors recognize these compounds which may play a role resolving
inflammation in model organisms for intestinal disease [17*]. The fates of other small
metabolic exchange factors in host-microbe interactions have been well characterized.
During S. typhimurium invasion inorganic thiosulfates are oxidized to tetrathionate by
reactive oxygen species produced as part of the host response. S. typhimurium then
metabolizes the resulting tetrathionate (13), promoting its own growth and colonization of
the host—illustrating how a pathogenic bacteria can alter the host response [18]. The great
diversity of the microbiome chemical repertoire in terms of structure and activity has only
begun to be explored—indeed, there is substantial evidence for uncharacterized metabolic
exchange factors.
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“Omics” and other biological investigations suggest a role for

uncharacterized metabolic exchange factors

Large “—omic” studies and more targeted investigations indicate the presence of
uncharacterized metabolic exchange factors, including secondary metabolites, in the gut. In
two separate metagenomic studies numerous (e.g. 65 predicted protein functions[19*] and
217 genes[20]) secondary metabolite biosynthetic genes were annotated. In a metagenomics
and metatranscriptomics investigation of the gut microbiomes, secondary metabolite
biosynthetic genes were identified at the DNA and cDNA level in 14 cases—indicating the
genes are likely active in the microbiome [21], Expression of at least one secondary
metabolite biosynthetic protein has been supported in human gut metaproteomics studies
[22]. Bioinformatics investigation of published genomes and metagenomes also allows
identification of putative metabolic exchange factors. For example, unusual SAM proteins
involved in thuricin CD biosynthesis were linked to 15 novel gene clusters—many from gut
isolates or opportunistic pathogens of the gut [23].

Gene clusters encoding putative metabolic exchange factors have also been linked to
individual members of gut microbiome. C. butyricum, another common gut resident,
produces partially characterized phenolic lipids which may possess antitumor activity [24].
Polyketide biosynthetic genes[25] and lantibiotic biosynthetic genes [26], have also been
noted in bifidiobacterium—a predominant species in the gut microbiome. The gut
microbiome protozoan Blastocystis sp. was also found to contain a putative Type | PKS
cluster [27]. These studies illustrate the enormous, underexplored biosynthetic potential for
uncharacterized metabolic exchange factors in the gut—each of which may possess novel
structural and biological properties.

In many cases, biological activities of uncharacterized metabolic exchange factors were
identified prior to biosynthetic potential and/or chemical structure. A gut microbiome
derived small molecule inhibits shigatoxin production by pathogenic E. coli—an example of
interspecies chemical exchange regulating virulence [28]. Quorum sensing molecules, such
as acyl homoserine lactones (14) [29] are well-known for mediating inter- and intra-species
bacterial interactions and are necessary for colonization of the cattle rumen by
enterohemorrhagic E. coli [30]. Autoinducer 3, is a bacterial chemical exchange factor
responsible for activating virulence genes in the microbiome which is still uncharacterized
[31]. Clearly such biology should serve as a strong motivation for both characterizing the
chemical structure of these factors and identifying further active compounds.

Model systems for exploring the chemistry of gut microbiomes

Developing model systems for studying the human microbiome is critical due to the
limitations inherent in studies with human subjects. Non-mammalian systems including D.
melanogaster [32], D. rerio [33], and C. elegans [34] may offer advantages in terms of
genetics, generational time, and experimental overhead if findings correlate well to
investigated pathology. Other insect model systems may offer benefits such low-complexity
gut microbiomes [35]. Artificial gut culture systems also hold promise [36]. Mammalian
systems such as mice are the standard model of the human microbiome. Specific biological
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roles for the gut microbiota are often delineated through comparisons between germ-free,
gnotobiotic, and specific-pathogen-free animals (See Figure 3A) [37**]. Engineered
auxotrophic bacteria can be used with germ-free models to study factors in colonization and
decolonization [38]. The function of toll-like receptors which activate the innate immune
response by recognizing metabolic exchange factors, differ dramatically in germ-free versus
specific-pathogen-free mice [39*]. Differences in brain development between gnotobiotic
and specific-pathogen-free animals have been reported [40]. Co-colonization of mice with B.
thetaiotaomicron and M. smithii caused an increase in microbial density achieved when
compared with colonization by each species alone [41]. In these investigations the metabolic
exchange factors that mediate the observed biology are uncharacterized.

When a metabolomics workflow was applied to compare blood between specific pathogen
free mice and germ free animals at least 10% of detected blood metabolites were found to
vary by at least 50% [42*]. Indole-3-propionic acid (15) and indoxyl sulfate (16) were
identified in the blood of specific-pathogen-free mice but not in the germ-free animals [42].
The indole may be produced by the bacteria from tryptophan, transformed to indole-3-
propionic acid, and transported to the blood. Liver detoxification enzymes may then
transform it to indoxyl sulfate [42]. It is not yet clear how these metabolic exchange factors
may mediate host microbiome interactions.

Technological developments towards understanding the bacterial

inventory in the gut microbiome

Even with a tractable model system, exploring the gut is an incredible technological
challenge due to diverse species present, heterogeneous composition, and dynamic
population across both cross-section and length. In any given investigation, it will likely be
necessary to apply multiple, complementary techniques to begin to characterize the system.
For example, a census of a particular microbiome in terms of species and genetic
composition can be accomplished through metagenomic sequencing of DNA. This total pool
of information can be complimented by Fluorescent In Situ Hybridization (FISH) which
allows bacteria to be spatially localized. Putative metabolic exchange factors and/or
associated biosynthetic genes can be identified through genome mining [43]. Metabolic
exchange factor-related genes identified from metagenomics investigations can be rapidly
expressed and screened for activity in vitro to verify predicted activity [44].

Chemically characterizing individual metabolic exchange factors can be accomplished with
“omics” techniques [45]. Metaproteomics approaches have the capability to identify
polypeptide factors and expression of biosynthetic proteins [22,46]. Metabolomics
approaches can be implemented using MS[42,47] or NMR[48*,49] platforms to identify
numerous metabolic exchange factors simultaneously. MS based metabolomics have been
used to explore changes in human gut microbiome metabolites after small bowel/
microbiome transplantation [47]. NMR of mixtures[50] is an emerging technique and has
been employed with a “systems-biology” outlook to monitor mice microbiomes [51].
Targeted NMR techniques allow structural characterization of unknown molecules at the
nanomole scale using technologies such as cryo-microprobes [52]. While the authors believe
“omic” tools and information they provide are invaluable, we also want to provide one word
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of caution. The large datasets generated are interpreted with complex statistical models,
often concealed by software packages. Data must be analyzed with appropriate
consideration of errors (e.g. false discovery rates) and the implication of such errors and
relevancy of the data when dealing with extremely large data sets, followed by orthogonal,
downstream validation of key findings [53]. Nonetheless, recent investigations into the
chemistry of the gut microbiome have chemically identified numerous putative metabolic
exchange factors. Assigning a biological role for these compounds, however, is an on-going
challenge.

Powerful emerging technologies allow metabolic exchange factors to be characterized,
however, an unmet challenge in terms of assigning biological activity to these compounds is
localizing them within the microbiome. We propose that imaging mass spectrometry (IMS)
is one tool that has the potential to solve this challenge (See Figure 3B) [54]. MALDI-IMS
utilizes a planar sample (e.g. tissue sections) after matrix application, mass spectra are taken
at a series of raster points across the sample. A false color can then be assigned to each m/z
value of interest, resulting in a massively multi-channel analysis of unlabeled samples. This
technique offers the benefits of spatial localization within a 2D sample, as with confocal
microscopy or FISH, superimposed with the specific chemical information supplied by
many “-omics” techniques. Combined with germ-free and gnotobiotic animals, a powerful
platform for exploring the chemistry of metabolic exchange factors in the microbiome can
be envisioned (see Figure 3B). An additional benefit is the ability to study the metabolic
output of unculturable organisms. MALDI-IMS has already proven to be a powerful
technique for monitoring inter-[54] and intra-[55*] microbial metabolic exchange and
various tissues [56]. Another variant of IMS, nanoSIMS, has been used to monitor deposited
FISH probes in microbiome samples below the optical diffraction limit [57].

Conclusion

We hypothesize that bacteria produce metabolic exchange factors which mediate intra- and
inter- species biological interactions in the gut microbiome and that these molecules are
involved in the establishment of the gut microbial community (See Figure 1). This
hypothesis is supported by a sampling of the known bacterial chemical repertoire, evidence
of biosynthetic capabilities, and described biological activities in the microbiome (See
Figure 2). Further studies utilizing model systems such as germ-free and gnotobiotic models
(See Figure 3A) strongly suggest a role for the bacterial chemical repertoire in mediating
observed biology. Developments in analytical technologies, such as imaging mass
spectrometry (See Figure 3B), will help us identify novel metabolic exchange factors and
the biology behind these factors within the microbiome. These findings will have substantial
impact on the understanding and treatment of diverse human health concerns.
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Figure 1. The bacterial chemical repertoire as metabolic exchange factors within the gut
microbiome

A. The human digestive tract is populated by diverse bacteria, forming the microbiome,
from esophagus to anus. B. A fluorescence confocal microscopy image of the small
intestine. C. A schematic illustrating hypothetical metabolic exchange between host,
Escherichia coli and Klebsiella pneumonia. Metabolic exchange can be intraspecies (e.g.
quorum-sensing), interspecies, or host-symbiont communication.
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Figure 2. Known gut microbiome metabolic exchange factors

Compounds are grouped by known biological role including iron acquisition, host-microbe
metabolic exchange, intermicrobial metabolic exchange, and intramicrobial metabolic
exchange. Compound name, producing bacteria, bacterial group, and biosynthetic origin are
noted. -S- is a thioether linkage. Abu, Dha, and Dhb are the non-canonical amino acids

aminobutyric acid, dehydroalanine, and dehydrobutyrine.
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A. The role of the microbiome can be investigated
with defined model systems

B. Imaging mass spectrometry can provide

localization and chemical information
Visible 97 m/z

Gnotobiotic 3 Germ-free

Figure 3. Exploring metabolic exchange factors in the gut microbiome
A. A hypothetical experiment is comparing germ-free versus gnotobiotic mouse (E. coli and

K. pneumonia) gut to determine the role of these strains in host-microbe interactions. B.
Imaging mass spectrometry of the mouse gut, comparing germ-free and gnotobiotic animals,
allows putative bacterial metabolic exchange factors to be localized and identified
chemically without labeling. Each false color image represents a given m/z value (CMR and
PCD).
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