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ABSTRACT Metabolites from the microbiome influence human, animal, and environ-
mental health, but the diversity and functional roles of these compounds have only
begun to be elucidated. Comprehensively characterizing these molecules are significant
challenges, as it requires expertise in analytical methods, such as mass spectrometry
and nuclear magnetic resonance spectroscopy, skills that not many traditional microbi-
ologists or microbial ecologists possess. This creates a gap between microbiome scien-
tists that want to understand the role of microbial metabolites in microbiome systems
and the skills required to generate and interpret complex metabolomics data sets. To
bridge this gap, microbiome scientists should engage analytical chemists to best under-
stand the underlying chemical principles of the data. Conversely, analytical scientists
are encouraged to engage with microbiome scientists to better understand the biologi-
cal questions being asked with metabolomics and to best communicate its intricacies.
Better communication across the chemistry/biology disciplines will further reveal the
“dark matter” within microbiomes that maintain healthy humans and environments.
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The chemical language of microbes is immensely diverse. By this very nature, we
poorly understand the molecules that make up the text of their metabolic narratives.

Many tools are available to decipher the microbe-microbe and microbe-host chemical
interactions, with some of the most powerful being mass spectrometry (MS) and nuclear
magnetic resonance (NMR) spectroscopy. These highly advanced and technical instru-
ments are the Rosetta Stones of microbial chemical ecology because they enable transla-
tion of these molecular languages. Many impactful discoveries have been made with
these tools demonstrating how microbial chemistry promotes health, disease, immunity,
and metabolism of xenobiotics in both human and environmental systems (1–5).
Evolving technologies in metabolomics enable more comprehensive assessments of the
chemicals within a biological system. The aim of microbiome metabolomics is the large-
scale quantitative and qualitative characterization of the small molecules (metabolites)
present in a microbiome sample, which represent the functional outputs of the micro-
biome, its host, and/or its environment. However, challenges exist in interpreting the
complex and highly technical data that metabolomics analyses provide. These challenges
are becoming more pronounced as the capacity to generate in-depth MS and NMR data
on microbial metabolomes grows. While it is becoming routine to capture this chemical
information with high degrees of mass accuracy and depth, interpretation of its biological
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meaning, particularly relating to microbiomes, requires extensive insight and validation of
the chemical species identified. Chemical ambiguity can be problematic in microbiome
science, as even slight deviations in the structure of a compound can modify the function
of a microbial metabolite. For example, chemical changes as subtle as unique epimers of
bile acids induced by the microbiome can have dramatic effects on host immunity (2).
Study of these microbiome-dependent or microbiome-altering metabolites and their bio-
logical activities continues to be an active area of research. There are challenges in this
field however, because the identities of many microbial metabolites have not yet been
elucidated (6–8) and the biological context begins with metabolite identification. Thus,
there is a need for in-depth dialogue on metabolomics data between analytical chemists and
the microbiome scientists who aim to interpret it from complex microbial communities.

THE CONCEPT OFMETABOLITE IDENTIFICATION ANDQUANTIFICATION EXISTS ONA
SPECTRUMOF CERTAINTY

An important concept in analytical chemistry and metabolomics is the spectrum of
certainty that exists when annotating and/or quantifying metabolites in a complex bio-
logical sample depending on the methods and analytical approaches used. Biologists
are cautioned to not assume that a molecule identified from even the best metabolo-
mics informatics pipelines is a known compound without some further validation.
Confidence in chemical identification is dependent on the analytical platform, quality
of the data, and access to chemical standards. Different analytical platforms (NMR or
MS) employ various mechanisms for distinguishing one chemical from another (selec-
tivity) and have differing ability to detect lower abundance chemicals (sensitivity).
Depending on the metabolomics approach, metabolite identification can range from
highly certain to merely a marginal association, and the biological interpretation will

FIG 1 The spectrum of uncertainty in identification and quantification of microbial metabolites. (a) Chemical
annotations and identifications exist on a spectrum of certainty based on evidence provided and availability of
authentic standards. Analysis of experimental samples generates many unidentified spectral features (accurate
mass m/z mass spectrometry [MS1]) from which chemical formula can be determined with analysis of fine
isotopic distributions. The number of possible chemicals any specific feature can represent decreases as more
annotation strategies are applied. Identifying criteria can be obtained by ion fragmentation analyses (tandem mass
spectrometry [MS/MS]), retention time analysis and others. Metabolite databases (PubChem, Metlin, HMDB,
Massbank, and KEGG) can be used to annotate accurate mass spectral data collected from experimental samples
to previously described library spectra (MS1 or MS/MS). Metabolites are not considered identified unless authentic
standards are analyzed alongside experimental samples and at least two orthogonal identifying characteristics are
matched from authentic chemical standard analysis (e.g., m/z, reverse transcription [RT], MS/MS) compared with
experimental samples (10). Identification of metabolites (even with authentic standards) using untargeted
metabolomic approaches may not be able to resolve stereoisomers, enantiomers, or exact spatial orientation of
complex structures. Elucidation of these may require other targeted analytical approaches to determine exact
structures, such as NMR. (b) Similarly, quantifying the concentration of a measured metabolite can be done on a
spectrum of accuracy. Absolute quantification can be performed using standard curves prepared from authentic
standards to generate units of concentration which can be compared across laboratories. If standards are not
available, then raw peak abundances provide relative quantification (which will be variable across platforms) or the
ability to perform qualitative analyses based on presence or absence.
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depend on this degree of analytical (un)certainty (Fig. 1). While the microbial dark mat-
ter is believed to be highly diverse, it is important to validate that an unknown feature
in a metabolomics data set is a true compound derived from biological or environmen-
tal origins and not simply chemical or electronic noise due to the measurement itself
(9). Traditionally, unambiguous chemical identifications require matching spectral data
of an authentic standard with experimentally derived spectra and associated retention
times, drift times, or chemical shifts (10). The use of in-house libraries derived from
analyses of authentic reference standards (acquired under identical analytical condi-
tions as study samples) is the preferred approach for high confidence identifications.
However, authentic standards are usually not available for recently discovered chemi-
cals or metabolic pathways, which limits the ability to validate the identity of these
molecules and their associated functions. In some cases, such as in the absence of
authentic standards, there is an additional need for the synthesis or isolation and char-
acterization of metabolites to confirm their identity. Unambiguous identification of a
single structure may require years of work and many different analytical techniques to
rule out all other possibilities. These validation approaches are vital for reproducible
microbiome research and dissemination of metabolite data from microbiomes across
laboratories.

Extensive validation of a chemical’s structure with labor-intensive analytical rigor
may not always be required depending upon the goal(s) of a microbiome scientist. For
example, one can obtain valuable information about a biological system without the
need to identify the stereochemistry of a particular chemical group. Instead, annota-
tion at the molecular family level can still be valuable, as one can assess overall chemi-
cal shifts from host or environmental perturbations. Microbiome scientists can further
calculate diversity measures (both alpha- and beta-diversity) using metabolomics data,
whether the metabolites measured are annotated or not, and these metrics can reveal
important biological phenomena, such as resistance and resilience of a microbiome
system. In fact, the calculation and interpretation of diversity measures, such as the
Shannon index, for metabolomics data are a fitting setting to begin this important
cross-field discourse. Recent advances in MS data analyses have furthered the biologi-
cal information that can be mined from spectral data without knowledge of a metabo-
lite annotation, such as molecular networking (11) and the characterization of chemical
mass shifts between related molecules (12). Herein lies the need for dialogue between
microbiome scientists and analytical chemists to learn from one another about what
can be harnessed from metabolomics data and how to best interpret that information.

Similarly, quantification of metabolites in microbiome studies can be done from the
level of precise concentrations to relative changes in abundance (Fig. 1). This too must
be interpreted appropriately. It is important for the microbiome scientist to know that
accurately quantifying a compound comes at the cost of measuring only a few com-
pounds at a time. The thousands of metabolites measured in an untargeted metabolo-
mics experiment will be quantified only in relative abundance across samples. However,
this is a concept microbiome scientists are quite familiar with, creating a common place
for dialogue and sharing of strategies for the analysis of multivariate and compositional
data. Much of the data analyses approaches commonly used in omics studies were
developed by ecologists and fine-tuned by microbial ecologists (13, 14). Thus, it is impor-
tant for microbiome scientists to communicate to the more analytically inclined that
many of these approaches can be applied to metabolomics data sets with the potential
to enrich their interpretability, but also the data structural challenges that come with
them (15). Another important concept in metabolomics is its untargeted or targeted na-
ture. For example, a metabolite or a panel of metabolites identified as important in a dis-
covery study can then be rigorously quantified in a confirmatory or replicating study,
reducing the cost by narrowing down the number of targeted metabolite analyses.
Parallels exist in microbiome science as well, such as quantitative PCR (qPCR)-based tar-
geting of specific genes for rigorous quantification compared to more exploratory meta-
genomics methods for characterizing a microbiome’s genetic complement.
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BRIDGING THE GAP

Analytical chemists, many of whom work in institutional core centers or academic labs
generating metabolomics data, are highly encouraged to transparently discuss the chal-
lenges and intricacies of metabolomics data for microbiome samples at the initial stages
of a project’s discussion and maintain a continuous dialogue through its completion. This
includes not only explaining the spectrum of certainty described above and the per sam-
ple cost of targeted and untargeted analyses but also the feasibility of large sample num-
bers, optimization of metabolite extraction methods, statistical power, and appropriate
use of laboratory consumables, some of which that are routine in microbiome science
can induce troublesome polymer or salt contamination in analytical instruments. Many of
these fruitful dialogues between analytical and microbiome scientists are already occur-
ring, and they should be applauded for bridging this challenging chemical-microbiologi-
cal gap, but many interactions still exist where the data generated from analytical instru-
ments are not fully harnessed. Analytical chemists, many of whom are highly engaged
and interested in the biology being revealed through their instruments, need resources
from academic and federal institutions to provide the time and resources to work with
microbiome scientists to avoid the unfortunate “data dump” that can lead to either incor-
rect biological interpretation or wasted effort on data that is never fully analyzed. In turn,
many microbiome scientists are well versed in analytical methods, but most do not have
the academic or technical training to interpret raw metabolomics data. Thus, educating
oneself in the types of metabolomics platforms and instruments used is one step toward
improving the dialogue. But perhaps most importantly, microbiome scientists and an-
alytical chemists must work together to develop a project’s specific goals, which may
sometimes not require extensive structural characterization. Some analytical chem-
ists may be unaware of the statistical approaches that can reveal biological informa-
tion from multi-omics data sets without resorting to the labor-intensive procedures
required for accurate annotation and quantification of compounds. Diversity indices,
machine learning approaches, and multi-omics integration can provide biological
insights at the data set scale (16–18). If accurate quantification is required, and it of-
ten is, this must be explained to the analytical chemist so they can appropriately
design an assay and provide a fair cost estimate.

THE NEED FOR “CHEMINFORMATICIANS” IN MICROBIOME SCIENCE

We propose that research institutions, core centers, and academic labs support and
train “cheminformaticians” to bridge the gap between the highly specialized science of
metabolomics and the urgent need to understand the role of microbiomes in human
and environmental health. The desired dialogue described above is intensive and time-
consuming, prohibitively so for many core centers and academic labs. Thus, including
and training individuals with experience in interpreting the technical language of metab-
olomics data but with a microbiome/biological background is highly beneficial. This is
akin to the early years of genomics in microbiology, when labs with bench microbiology
experience began to need bioinformaticians to help interpret the genomic data that
they were generating. We advocate for funding agencies, academic institutions and prin-
cipal investigators (PIs) to advertise the need for and training of “cheminformaticians” in
microbiome science to develop a workforce of analytical language translators who can
bridge the gap between microbiome and analytical science. Together, this will lead to
new and exciting metabolic narratives about the function of microbiomes.
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