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Abstract

The function of microbial interactions is to enable microorganisms to survive by establishing a
homeostasis between microbial neighbors and local environments. A microorganism can respond
to environmental stimuli using metabolic exchange—the transfer of molecular factors, including
small molecules and proteins. Microbial interactions not only influence the survival of the
microbes but also have roles in morphological and developmental processes of the organisms
themselves and their neighbors. This, in turn, shapes the entire habitat of these organisms. Here we
highlight our current understanding of metabolic exchange as well as the emergence of new
technologies that are allowing us to eavesdrop on microbial conversations comprising dozens to
hundreds of secreted metabolites that control the behavior, survival and differentiation of members
of the community. The goal of the rapidly advancing field studying multifactorial metabolic
exchange is to devise a microbial ‘Rosetta stone’ in order to understand the language by which
microbial interactions are negotiated and, ultimately, to control the outcome of these
conversations.

Microbial interactions (Fig. 1) exist in nearly every niche on this planet, ranging from the
oral cavity, intestine and skin of humans, to the cocoons of wasps and down to grains of
sand. When at equilibrium, many microorganisms coexist in stable mixed communities.
When these communities are perturbed, our ecosystems can be considerably affected,
resulting in catastrophic events that have an impact on our society, such as loss of food
supplies, destruction of concrete buildings, deadly animal diseases and pandemics.
Additionally, modern health care, agriculture and other commercial processes have been
shaped by biologically active metabolites produced by fungi and bacterial-8. For instance,
the antibiotics penicillin and vancomycin facilitate the control of microbial infections, the
immunosuppressant rapamycin allows routine organ transplantation and paclitaxel (Taxol) is
a critical treatment for many cancers. Similarly, microbially produced molecules protect our
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food supplies from microbial and insect invasions; enhance growth of plants, poultry and
cattle; and are also used in many consumer products, including soap, toothpaste and paints.
Thus, when considering microbially produced metabolites, we often think in terms of how
these metabolites influence our quality of life but frequently overlook their impact on
complex microbial interactions and as initiators of multicellular behavior in microbial
communities—the purposes for which these metabolites are primarily produced. For
microbes themselves, microbial interactions provide access to nutrients and protection from
external communities and allow adaptation to changing ecological niches.

Microbes dedicate enormous resources to microbial interactions. The percentages of
microbial genomes that are dedicated to the production of secondary metabolites, a subset of
metabolic exchange factors, have been defined by several studies as approximately 5-15%.
Amazingly, however, the total number of open reading frames (ORFs) dedicated to
microbial interactions has not been determined despite the importance of microbial
interactions to the survival and fitness of the individual microbe and the larger microbial
community as a whole?-13, To estimate the proportion of the bacterial proteome involved in
microbial interactions, the genomes of Staphylococcus aureus subsp. aureus
USA300_FPR3757, Pseudomonas aeruginosa str. PAO1 and Bacillus subtilis subsp. subtilis
str. 168 were obtained from the Pathosystems Resource Integration Center (PATRIC)
databasel* and were manually curated using the National Center for Biotechnology
Information (NCBI) basic local alignment search tool (BLAST) in an attempt to assign a
function to every predicted ORF.

According to our analysis, 17-42% of the predicted ORFs are dedicated to microbial
interactions (Fig. 2 and Supplementary Data Set 1). The ability to assign functions to several
ORFs was limited by misannotations within the NCBI database, which includes annotations
that do not have a basis in the biology of a given organism. For instance, several ORFs of P.
aeruginosa strains have been assigned to be involved in sporulation. As P. aeruginosa does
not sporulate, these annotations are unfounded and were therefore corrected in our analysis.
Additionally, after manual BLAST analysis, many ORFs did not seem to encode the
conserved domains required for the previously assigned functions. This analysis, albeit
rudimentary, indicates that a much larger portion of the proteomic capacity of these
microbes is involved in establishing their interactome than is appreciated at present. By and
large, the interdependencies and diversity of interactions in the interactome are severely
underappreciated and poorly understood.

In this Perspective, we discuss one of the major aspects of microbial interactions, microbial
metabolic exchange, highlighting the chemical and functional diversity of the metabolites
involved, the important roles they have in cellular differentiation within microbial colonies
and in the maintenance of ecosystems, the emerging tools that allow us to study microbial
interactions in a spatially organized and systematic approach, and how we anticipate this
knowledge will shape research and biotechnological applications.

Metabolic exchange factors

Quorum-sensing factors are the most widely recognized and most thoroughly studied
metabolic exchange factors produced by microbial populations!5-18, The secretion and
detection of quorum-sensing factors is used to gauge cell density and to sense the presence
of neighboring species by eavesdropping on the quorum-sensing factors they produce,
resulting in the initiation of appropriate group behaviors. The structural diversity of quorum-
sensing factors is broad (Fig. 3). Furthermore, depending on the molecules involved,
quorum-sensing responses of microbial communities can vary substantially and may be
affected by neighboring microbes and by abiotic factors such as pH, temperature and
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nutrient availability. Quorum sensing controls developmental processes such as cell
differentiation and, in turn, influences many microbial systems of interest, including
symbiotic interactions, virulence, competence, conjugation, antibiotic production, motility,
sporulation and biofilm formation. Although quorum-sensing inhibition has been speculated
to be a good therapeutic approach for targeting many pathogens, there are no molecules in
this category with FDA approval at present.

Quorum-sensing responses are often studied as responses to independent molecules rather
than in the context of a multifactorial metabolic exchange. For instance, quorum sensing in
the human pathogen S aureus involves the autoinducer system locus agr (accessory gene
regulator), which encodes the quorum sensor autoinducing peptide. This quorum-sensing
system is thought to regulate at least 23 secreted factors, including 3-toxin, a-hemolysin,
and other toxins and proteases that affect interactions with neighboring microbes as well as
with hosts1®. Thus, in this case and, we suspect, in many others, quorum sensing is not
responsible for only one specific phenotype but rather is the first instruction in a negotiation
involving multiple metabolic exchange factors.

Quorum-sensing factors are just one well-studied portion of an even larger collection of
molecules that develops and maintains distinct cell populations within communities.
Microbes produce a large repertoire of structurally varied metabolic exchange factors that is
critical for establishing microbial communities composed of one or several species (Fig. 4).
The largest force shaping microbial communities is nutrition. Mutualistic metabolic
dependence (or syntrophism) has led to the evolution of sophisticated mechanisms for
nutrient sensing and signaling, allowing mixed communities to thrive by efficiently using
even marginal nutritional strategies?%:21. Akin to quorum-sensing factors, many syntrophic
molecules are directives to neighboring organisms. Recent reports highlighting the
importance of syntrophic interactions have shown that diffusible metabolic exchange factors
from one species can enable cultivation of another species. Specifically, it was shown that
isolated marine bacteria would only grow in the presence of a shared “helper’ molecule
produced by other organisms. The helper molecule was identified as a siderophore required
for iron uptake?2:23, Such helper molecules have also been observed in interactions between
microbes on iron-rich media, and other molecules, such as the cell wall component N-
acetylglucosamines (GIcNAcs), have been shown to regulate the production of these helper
molecules?425, Therefore, the proposal that multimolecular signal response systems exist
and many secreted molecules have a specific story to tell, especially when viewed in
combination, is an attractive one. What has been largely ignored in research is that multiple
signals, loosely defined here as secreted molecules that influence community behavior, alter
the multicellular and/or social behavior of microorganisms.

The boundary between metabolites involved in quorum sensing and those involved in other
signaling roles often remains unclear. For example, in B. subtilis, two quorum-sensing
peptides, competence pheromone (ComX) and surfactin, are responsible for paracrine
signaling, in which some cells within the population produce a signal targeted to a specific
subpopulation26. ComX triggers the production of surfactin, which in turn causes a
subpopulation of B. subtilis cells within the colony to produce the extracellular matrix that
holds the biofilm together. In addition to its role in intraspecies signaling, surfactin is an
antibiotic and an interspecies signal that controls the production of aerial hyphae in
Sreptomyces species?’. It is the most effective biological surfactant identified thus far, and
this surfactant property is a trait that B. subtilis cells harness to move over solid surfaces,
including those of plants28. Clearly, surfactin is a critical molecule for B. subtilis, but even
in this case one suspects that we are only beginning to piece together the many key roles it
has in the natural history of this species.
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Overall, it is striking how little we know about the roles of metabolic exchange factors,
including antibiotics, in natural communities. Although traditionally antibiotics were
thought of as agents of microbial warfare, these molecules have also been proposed to have
roles as quorum-sensing signals or to have other functions that help establish and stabilize
microbial communities2%30, In the vicinity of the producer, an antibiotic concentration may
be high; however, it remains unclear whether antibiotic concentrations in the natural
microbial environment are sufficient to kill competing organisms3. For example, although
high concentrations of the antibiotics tobramycin, ciprofloxacin and tetracycline lead to
decreased growth or replication and, eventually, cell death in P. aeruginosa, subinhibitory
concentrations of these antibiotics increase transcription of the genes involved in biofilm
formation, in effect serving as a signal. Other documented microbial processes affected by
sublethal concentrations of antibiotics include matility, hypha formation and sporulation,
and it is likely that social interactions and multicellular behavior are also affected?6-28,

Metabolic exchange in multicellular behavior

Understanding how multicellular behavior of microbial colonies is influenced by metabolic
exchange factors is crucial for the development of a microbial Rosetta stone. This
multicellular behavior is visible in the metabolic output of microbial colonies at both the
colony level (Fig. 5a) and the cellular level (Fig. 5b), as seen in B. subtilis?6. Although the
distribution and localization of metabolic exchange factors are important, temporally
regulated production of different classes of factor is essential for mediating cellular
differentiation within a microbial colony. An array of secreted quorum-sensing factors and
metabolites controls differentiation, but it remains unclear exactly how the combination of
signals is processed and integrated to allow the elegant spatial organization of B. subtilis
colonies to develop32. We speculate that, as we are beginning to see in B. subtilis, the
primary function of metabolic exchange may be to spatially and temporally govern cell
differentiation within the colony and to modulate this differentiation as necessitated by
neighboring species and environmental conditions.

We anticipate that an understanding of the role of metabolic exchange in bacterial colony
differentiation and the formation of mixed communities will lead to an improved ability to
cure or prevent disease. This knowledge could potentially lead to an increased understanding
of biofilm formation or to ways of decreasing the number of latent cells in infections such as
tuberculosis33. Furthermore, we anticipate that through understanding and manipulating the
multicellular behavior of microorganisms, we could improve the commercial production of
microbial compounds either by increasing the number of cells actively producing an
antibiotic or by inducing the expression of orphan genes that are involved in antibiotic
biosynthesis but whose expression is not observed in pure culture34. Simply increasing the
number of antibiotic- or biofuel-producing cells from 1 in 1,000 to 4 in 1,000 may increase
the yield enough to make a product commercially viable. Thus, systematic approaches that
allow the identification of conditions that induce metabolite production represent an
important opportunity for biotechnology applications. To fully exploit this opportunity, we
will have to understand the nature of the forces driving multicellularity, and in particular
how multiple metabolic exchange factors converge on a cell and how this drives cellular
differentiation. Ultimately, an appreciation of the roles of metabolic exchange in
multicellular microbial communities in the context of biotechnological applications could be
exploited for modern multibillion-dollar, biology-based economies (bioeconomies).

Ecological effects of metabolic exchange

In addition to being a potential driver of future bioeconomies, metabolic exchange drives
ecology. One elegant early example of the critical part played by microbial metabolic
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exchange in marine ecology was described in the late 1980s (Fig. 6a)%°. It was demonstrated
that the small molecule istatin, produced by an Alteromonas sp. bacterial symbiont of brine
shrimp (Palaemon macrodactylus), controls the growth of the pathogenic fungus
Lagenidium callinectes, a recognized infective agent of many crustaceans. When embryos of
the brine shrimp were treated with antibiotics to remove the Alteromonas strain, the fungal
pathogen killed the embryos within 6 h. It is now clear that there is a rich diversity of
microbial symbionts that use metabolic exchange to maintain the balance within the marine
biome36:37,

This rich diversity of metabolic exchange and symbiosis in the marine environment is
mirrored in terrestrial ecosystems. A recently uncovered example is the microbial
community associated with the life cycle of the leaf-cutting ant (Fig. 6b). Leaf-cutting ants,
such as Acromyrmex octospinosus, maintain a mutualistic relationship with the fungus
Leucoagaricus gongylophorus in which the ants provide the fungus with nutrition by
supplying it with harvested leaf material, and in turn the fungus serves as a major food
source for the ants38:39, Microbial symbionts of leaf-cutting ants, mainly Pseudonocardia
spp. and Streptomyces spp., protect the fungal garden against the microbial pathogen of the
genus Escovopsis by producing antifungal compounds such as actinomycins, valinomycin,
antimycins, candi-cidin macrolides and the cyclodepsipeptide dentigerumycin, thereby
protecting the ants' food supply and colony from destruction9—43,

In addition to maintaining the external environment, microbial metabolic exchange plays an
important part in human microecology. In the human body, it is estimated that mammalian
cells are outnumbered by microbial cells ten to one. These microbes protect us from
infection, degrade unused substrates, train the immune system and produce vitamins such as
biotin or vitamin K#4-46, The diversity of microbes and their metabolic exchange factors in
human communities is staggering. For example, the human mouth provides a habitat for
~500 different species of naturally occurring and transient bacteria. Initial colonization is
undertaken by several Streptococcus species that bind to salivary receptors and then act as a
platform for additional bacteria to aggregate together. In an artificial dental plaque, initial
colonization was dominated by Sreptococcus, Prevotella, Actinomyces and Veillonella
species?’. Cells of the genera Prevotella and Actinomyces showed the most interspecies
associations, and it is therefore proposed that the role of these genera is to establish and
maintain biofilm complexity4’. One example of the role of metabolic exchange factors in the
human oral microbiome comes from the quorum-sensing molecules of the autoinducer 2
(Al-2) family, which are essential for mutualistic and abundant biofilm growth of two
bacteria: Actinomyces naeslundii str. T14V and Sreptococcus oralis str. 34 (ref.48). In this
case, direct contact between A. naeslundii and S. oralis through coaggregation and
coadhesion leads to the upregulation of Al-2 by S. oralis. The locally high concentration of
Al-2 subsequently allows the formation of a mutualistic mixed biofilm. However, this
example is just a sentence in the conversation between the 500 species that compose a
mature dental film*°. To understand these communities, we must identify the molecules that
dictate behavior and then understand their meaning and the hierarchy with which they are
listened to and decoded.

It is clear that metabolic exchange plays a critical part in environmental and human
microecology, but it is evident from sequencing of environmental DNA that these
communities are even more complex than is illustrated by these examples®C. Microbial
metabolic exchange has a vital role in maintaining larger multicellular systems, and
disruptions of the community may lead to the proliferation of pathogens. However, the
system-wide effect of perturbing these interactions has not been established for any system.
To truly examine the complexities of microbial metabolic exchange in ecological terms, new
tools must be developed and applied.
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Challenges in studying microbial metabolic exchange

The discovery of penicillin, the result of an interaction between a fungus and S aureus, by
Alexander Fleming ignited interest in studying single microbial metabolic exchange factors
for medical applications. However, few studies have investigated the effects of the multitude
of factors in multicellular communities. Daunting challenges remain, including the thorough
identification of all microbes and metabolites involved in microbial metabolic exchange.
Complex microbial communities, such as those found in the human intestine, dental plaque,
the rhizosphere and biofouling communities, are estimated to contain several hundred to a
few thousand different organisms. In the human intestine alone, as many as 1,000 different
species of naturally occurring and transient microbes may participate in metabolic
exchange®?. On the basis of the available microbial genome sequences, it is reasonable to
estimate that each of the microbes involved in these complex communities has the genetic
capacity to produce approximately ten molecules capable of influencing the behavior of
neighboring cell populations®2. Therefore, it is likely that metabolic exchange in these
communities involves thousands of molecules, posing a substantial challenge for
understanding how they affect behavior. Furthermore, single molecules can participate in
several aspects of the community, as exemplified by the roles of surfactin in motility and in
intraspecies signaling and as an interspecies antibioticZ®. It is possible that other metabolic
exchange factors also have multiple roles in microbial interactions, but our ability to identify
and verify these roles, or to identify alternative responsible factors, is hampered by the lack
of tools available to study these complex interactions in context.

Emerging methods for studying metabolic exchange

The challenges of unraveling microbial interactions, combined with the ecological and
medicinal importance of microbial metabolic exchange, have motivated the recent
adaptation of a variety of powerful scientific techniques to the study of microbe-microbe and
microbe-host interactions. Successful investigations of microbial metabolic exchange
require traditional methods in microbiology, such as molecular biology, genetics, systems
biology or biochemistry, to be combined with emerging and newly developed methods
(Table 1), such as multiplexed fluorescence microscopy, NMR imaging, imaging mass
spectrometry (IMS), microfluidics or approaches designed to investigate global genomic,
proteomic, peptidomic or metabolic profiles. Ultimately, to truly understand the complexity
of metabolic exchange in microbial communities, it is necessary to develop tools to identify
the microbial players, understand their overall physical and metabolic states, characterize the
metabolic outputs associated with those states and the surrounding environment and
completely integrate results from diverse experiments.

The first step in studying microbial metabolic exchange is the identification of the members
of a microbial community. This might include traditional methods such as biochemical
assays, microscopy and 16S and 18S ribosomal RNA sequencing that are robust but low
throughput, still high in cost and not feasible in all cases (not all organisms are amenable to
facile DNA extractions). There is a need for the development of tools to efficiently and
effectively identify all microbes in a community. To facilitate the quick identification of
microbes, fluorescence in situ hybridization (FISH) methods are continuously being
developed®3. In FISH, specifically designed fluorescent nucleotide sequences are used as
probes to label and identify targeted strains. This was recently accomplished for an artificial
dental plaque in which 15 different phylotypes were simultaneously visualized and
differentiated.

Another path toward understanding microbial interactions is to identify and characterize the
metabolic exchange factors involved in a specific interaction. Typically, a single species is
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grown in liquid culture, and the resulting cell broth is chemically extracted by organic
solvents, solid-phase resins or methods that allow identification of small polar metabolites.
These crude extracts undergo bioactivity-guided fractionation against a panel of microbial or
cell lines. Using analytical techniques such as HPLC, MS, NMR or X-ray crystallography,
individual compounds are purified and structurally characterized. Complementing traditional
approaches, recent advances in genome sequencing and protein structure prediction have
greatly facilitated identification of biosynthetic genes and prediction of the biochemical
activities of their encoded products. A number of tools are available for in silico
identification of gene clusters involved in the production of potential metabolic exchange
factors®4-56. The most recent addition to these tools is antiSMASH (antibiotics and
secondary metabolite analysis shell), a web-based and stand-alone software pipeline for the
identification, annotation and analysis of secondary metabolite gene clusters®’. However,
important challenges remain in this area. Specifically, although there are many public
databases for the analysis of proteomic, RNA sequencing, lipidomic and metabolomic data,
our ability to analyze the vast amounts of data generated by ‘omic’ tools and to integrate
findings from diverse approaches is limited by a lack of centralization or maintenance and
by unfriendly user interfaces.

The integration of biochemical and analytical techniques, as in IMS, also provides a new
dimension to investigating the physical and metabolic states of interacting microbes®8.
MALDI-IMS, for example, has been adapted by our laboratory to agar-based microbial
cultures, enabling the investigation of the chemical identity and spatial distribution of
metabolic exchange factors that ionize by MS. The MALDI-IMS approaches in our
laboratory (outlined in Fig. 7) require the sample to be covered with matrix and then
dehydrated for analysis. We used MALDI-IMS to investigate B. subtilis cannibalism®, as
well as the bacterium's single-neighbor interactions with Sreptomyces coelicolor and S.
aureus®0:61 and its interactions within marine microbial assemblages®2. Using MALDI-IMS,
we were able to identify several metabolites produced by these organisms, including the
cannibalistic factors sporulation delaying protein (Sdp) and sporulation killing factor (Skf)
of B. subtilis. IMS allowed direct observation of these cannibalistic metabolites, which eased
their isolation and subsequent structural analysis by MS and targeted NMR. Although
MALDI-IMS has provided us with a new way to investigate microbial interactions at the
chemical level, it is limited by the required application of matrix and the necessary
dehydration before sample analysis. The process of matrix application and dehydration Kills
the microbes and therefore restricts analysis to only a single colony at one point in time. In
addition, in using our current MALDI-IMS methods, not all types of agar medium are
compatible; therefore, each medium must be evaluated before an experiment is initiated.
Furthermore, not all molecules ionize or are stable under the conditions in use at present50.
To address these limitations of MALDI-IMS of microbial cultures, we are currently
developing other MS-based techniques to complement MALDI-IMS to enable metabolic
analysis of live microbial colonies.

Concurrent with the development of live MS analysis of microorganisms, NMR imaging is
being developed as a tool to investigate live biofilms83:64, These tools have been used to
interrogate the structure and the dynamic metabolic processes of Shewanella oneidensis str.
MR-1 and Streptococcus mutans str. UA159 by integrating NMR with confocal laser
scanning microscopy®3:64. NMR provides direct, time-resolved, noninvasive monitoring of
metabolite concentration, metabolic pathways and flux rates, while a confocal laser scanning
microscope within the NMR magnet can monitor fluorescent tags to follow gene expression
or an individual strain. The combination of these techniques provides an exciting
opportunity to produce a full three-dimensional image of a live biofilm that includes NMR
data showing the spatial distribution of small metabolites.
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Recently, microfluidics has been presented as a tool that can be used to study metabolic
exchangeb®. For a cell to differentiate into a specific cell type within a microbial colony,
several signals may need to converge at specific concentrations. Microfluidics may provide
us with a method to achieve those concentrations in vitro. This ability will enable
researchers to investigate the impact of gradients of multiple metabolic exchange factors on
the behaviors of single cells or biofilm communities.

The methods mentioned above are a small subset of the advanced tools that have been
developed to facilitate the study of microbial metabolic exchange. Although there have been
many advances in the tools and methods available for investigating microbial interactions,
research still suffers from the limitations of these tools, even when used in combination. We
can visualize single cells with microscopy. We can visualize metabolites involved in
metabolic exchange with IMS. However, the current tools available are not capable—or
have not yet been demonstrated to be capable—of the resolution required to differentiate
single cells and simultaneously detect the metabolites produced and their distribution in
communities on a surface of choice. Ideally, we need to identify each microbe and visualize
each individual cell and the metabolites it produces on materials such as mucosal
epithelium, plant stems, flower petals or soil and to connect this information to genomic
signatures. This will require substantial technological advances.

Although many current studies of microbial metabolic interactions are simplified to focus on
just a single molecule or one interaction at a time, we envision a future in which multiplexed
interactions can be studied in their natural context and the outcome of interspecies
interactions can be controlled to benefit human health and agriculture. Thus, the next
frontier is the development of tools that connect genotypes, chemotypes and phenotypes in
complex environments and communities. To accomplish this, we need to continue to push
the boundaries of what is possible, often with creative adaptations of existing
instrumentation and the fusion of heretofore separate approaches and fields of microbiology.
Our laboratories use IMS, in addition to other MS and cell biology approaches, as a tool to
connect chemotypes to phenotypes, providing insight into the largely invisible molecular
sphere and an opportunity to observe the multiplexed nature of spatial systems
microbiology®6. However, to continue to push this field forward, it is critical to develop new
methods that correlate the observed chemistry with changes in cell architecture, behavior
and development to elucidate the function of newly discovered molecules. Connecting the
chemistry to the genes responsible for metabolite biosynthesis and cellular responses and
determining the developmental state of individual cells within those regions of the colonies
that are producing specific metabolites will be critical for our understanding of microbial
interactions in nature.

We already know that metabolic exchange factors serve as cues or signals in microbial
communities; they are required for morphological and developmental processes, the survival
of individual microbes and the fitness of the microbial community as a whole®7:68,
Typically, the language of microbes is studied one signal at a time, with entire subfields
focusing on just a few molecules. In reality, there are many different classes of molecules
necessary for the social behavior of microbes. Describing just one molecule at a time,
typically out of context, is akin to us using one sentence instead of a full dialogue when we
speak#?. Fortunately, tools are emerging that enable us to listen in on microbial
conversations consisting of several molecules, allowing microbial metabolic exchange to be
documented in outstanding detail and in context. It is our opinion that these approaches
provide the only way to develop a Rosetta stone for microbial communication as they will
allow us to establish functional translations of the molecules that microbes secrete and the
signaling networks that these molecules affect. In our quest to generate a Rosetta stone, we
should not underestimate the complexity of microbial interactions in the context of
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multicellular and community behavior. If every organism in a community of 500 microbes
differentiates into 5 cell types, each producing 3 molecules that provide specific instructions
to neighboring cells, there would be 7,500 molecules present and actively providing
instruction in this community. Perhaps other disciplines, such as those concerning human
population dynamics and interactions, can provide some critical insight. Typically, attention
has been given to single factors and not to the multifactorial nature of metabolic exchange.
To develop a Rosetta stone, we must understand what types of molecule are produced and
how they act in concert, and we must continue to develop tools to study metabolic exchange.

There is little doubt that the next two decades will see the development of user-friendly tools
to study the metabolic exchange of microbes both at the cellular level and in real time.
Accomplishing this goal will require continued collaborative contributions from biologists,
chemists, chemical engineers, informaticians, mathematicians and other investigators to
design and build tools and methods for observing genetic and molecular changes spatially
and temporally. It is these tools that will allow us to develop the Rosetta stone for microbial
conversations, enabling us to understand, in molecular detail, how microbial communities
are established and maintained in nature and in human hosts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Microbial interactions

Microbial interactions may be parasitic, such that one organism benefits at the cost of
another; mutualistic, such that both organisms benefit; or commensal, such that one
organism benefits at no cost or benefit to the other. all of these interactions, regardless of the
outcome, occur through a diverse set of mechanisms by which genetic and molecular
information is transferred. The most widely studied mechanisms of microbial interaction,
some of which remain controversial, are shown. These include pili (1)8:70, nanotubes
(2)71-73, secretion systems (3)74-77, cell surface recognition (4)8.79, vesicles (5)80-82,
aerosols (6)83-85, small molecules (7)8-91 transported via efflux pumps or diffusion (8)%,
phages or viruses (9)?3-95 and biofilms (10)%. Each of these types of interaction plays a
vital part in microbial metabolic exchange and provides the basis for microbial survival.
Although some of these interactions are dependent on cell-to-cell contact, many do not
occur through physical contact. Contact-independent metabolic exchange is advantageous
because the signals are dispersed, enabling them to reach many neighboring cells and
communities as opposed to only one cell at a time. The dispersion of metabolic exchange
factors allows them to serve as nutrients or cues to neighboring microbes, thereby
controlling the behavior of the larger microbial community and, in effect, leading to
behavior as a multicellular entity.
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Figure 2. Percentages of the predicted ORFsused in microbial interactions

On the basis of BLAST analysis, the predicted ORFs of S. aureus subsp. aureus USA300
FPR3757, P. aeruginosa str. PAO1 and B. subtilis subsp. subtilis str. 168 were categorized
by function into four groups: hypothetical or unassigned ORFs (gray), ORFs involved in
primary metabolism (light blue), ORFs for which homologs exist but whose role in
metabolic exchange is unclear (purple), and ORFs involved in microbial interactions and
metabolic exchange (dark blue). The number above each group corresponds to the number
of ORFs in that category. The roles of these ORFs were putatively assigned on the basis of
BLAST analysis or inferred from clustering within the genome. For example, hypothetical
or primary genes that clustered within gene clusters involved in the production of secondary
metabolites were assigned to metabolic exchange, even though their roles in biosynthesis
remain unknown. It should be noted that nutrition-based sensing and signaling were not
included in this assessment.
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The diversity of quorum-sensing molecules described in the literature is shown. The
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chemical scaffolds of quorum-sensing factors range in structural complexity from simple

isoprenoids and cyclic nucleotides to quinolones to complex peptide scaffolds.
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Figure 4. Chemical diversity of metabolic exchange factors
The metabolites involved in metabolic exchange have diverse structural scaffolds, ranging
from small molecules and peptides to proteins (hydrolases, chitinases, protease and so on).
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Figure5. Cell differentiation of Bacillus subtilis at the colony and cellular levels

Monospecies bacterial communities are in fact multicellular communities with various
subpopulations. (a) using an overlay of fluorescence and transmitted light micrographs,
distinct populations of a B. subtilis biofilm can be observed where motile cells, sporulating
cells and matrix-producing cells are false-colored. Scale bars, 50 um. (b) using an overlay of
fluorescence and transmitted light microscopy, distinct populations of surfactin-producing
cells (expressing surfactin synthase subunit 1 (SrfAA)-YFP; artificially colored green) and
matrix-producing cells (expressing YgxM-CFP; YgxM is a protein involved in anchoring
cells together in B. subtilis biofilms; artificially colored red) can be observed. Although just
1 in 1,000-3,000 cells in a colony produces surfactin, this allows production of up to 1 g 172
in liquid culture (4b)%7%8, Scale bar, 3 um. Figure adapted from ref.26 with permission.
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Figure 6. Ecological roles of microbial metabolic exchange
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Microbial metabolic exchange has important roles in ecology and the survival of higher
organisms. (a) Symbiotic bacteria of the brine shrimp produce the antifungal compound
istatin, thereby protecting shrimp embryos from pathogenic fungi. (b)Actinomyces spp.
symbionts of leaf-cutting ants produce metabolites that protect the fungus farmed by the ants

from a pathogenic fungus.
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Figure 7. MALDI-IM Slinks chemistry to bacterial phenotypes

MALDI-IMS can be used to visualize the spatial distribution of metabolic exchange factors
and to aid in their identification. To prepare the sample for MALDI-IMS, microbial colonies
are cultured on an agar plate, excised, transferred to a MALDI target surface, covered with
matrix, dried and subjected to rastering MALDI-MS. A MALDI-MS image is generated by
directing a laser at different x,y positions of a sample in a predefined manner, creating a two-
dimensional molecular profile of the molecules that are present in the top layer of the
sample. Any ion observed in these spectra can be spatially visualized with a false-color that
reflects the intensity of the MS signal®0.
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I nvestigational methods for microbial interactionsand communities

Method Advantages Disadvantages

IMS Gathers mass information in both a chemical and a spatial Each sample can be measured only at a single time point
manner
Correlates specific phenotypes with metabolites Not all media are compatible with current tools

NMR imaging Gathers mass information in both a spatial and a temporal Requires specialized equipment

‘Omics’ approaches

Metagenomics

Microfluidics

manner
Direct, non-invasive monitoring of metabolite concentrations

Provides genetic, proteomic and metabolomic information
for single species

Correlates genotypes to chemotypes
Generates a catalogue of microorganisms in a microbiome

Allows comparison of microbiomes in healthy versus
diseased individuals

Can precisely control the microenvironment

Allows the confinement and quantification of cells

Deconvolution is complex

Requires biochemical verification

Reliable, user-friendly databases are unavailable
Limited to identifying the microbes involved

Data analysis is complex

Requires expert knowledge for use

Device materials may be toxic to cells

The study of microbial interactions has led to the convergence of many traditional techniques, as well as the development of new methods.
Highlighted are several approaches now being used to investigate microbial metabolic exchange and microbial communities.
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