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Discovery of metabolites prevails
amid in-source fragmentation

M Check for updates

hedetectable‘dark metabolome’,or
unannotated signalsinuntargeted
metabolomics, hasbecome afocal
point of debate. The recent Cor-
respondence by Giera et al.' pub-
lished in Nature Metabolism argued that most
unannotated signals in liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS)
dataarein-source fragments (ISFs), and hence
measurement artefacts rather than new mol-
ecules. This claim was based on the observa-
tion that 70% of ions detected from 931,000
molecular standards using collision-induced
dissociation at 0 eV wereISFs, whichled to the
interpretation that the dark metabolome may
be smaller than previously thought — or even
nonexistent'>. However, neither the meth-
odological details nor the dataare availableto
verify this claim.Media headlines, such as “The
Dark Metabolome: A Figment of Our Frag-
mentation?”?, amplified the sensationalism.
However, past research emphasize that such
conclusions depend oninstrumentation, tun-
ing, sample type, matrix, extraction methods,
analyte concentration and dataanalysis: these
studies reported ISF contributions of 2-25%
of all detected ions**. To minimize ISFs, some
instruments have dedicated softion transfer
modes, although this can reduce sensitivity.
The notion that multiple ion forms — dif-
ferent ionizations of the same molecule
detectable by mass spectrometry, includ-
ing ISFs, adducts, isotopes and multimers —
arise from a single molecule is not new and
well established*®. However, presenting ISFs
as evidence that the metabolome is largely
known creates amisleading impression, espe-
cially for newcomers to this rapidly growing
field. Reprocessing of publicly available LC-MS
data of 30,000 chemical standards showed
fewer ISFs thanthe average of 3reported’. Asa
median, we observed 0-2 ISF fragments, with
sodiated ions yielding fewer ISFs than proto-
nated forms and positive ion mode producing
more ISFs than negative ion mode (Fig. 1a).
However, the observed differences could stem
from differences in instrumentation and/or
tuning (both in- and post-source). Addition-
ally, our ISF intensity median was just 1% that
ofthe precursorion, making their prevalence

inbiological samples unlikely. Intensity varies
with structural features: for example, struc-
tures with two or more hydroxylations had
intensities reaching 5% across all ISFs and 16%
when only the most abundant ISF per adduct
was considered (Fig.1b,c). Although untrained
orinattentive analysis might misinterpret ISFs
as novel molecules, modern data processing
workflows account for such errors. Newly
discovered molecules, whose structures are
reported for the first time, must still be vali-
dated using orthogonal techniques such as
nuclear magnetic resonance spectroscopy,
electronic circular dichroism, X-ray crystal-
lography and/or chemical synthesis.

Abundant evidence highlights the ongoing
discovery of new metabolites and biochemi-
cal pathways, evenin well-studied organisms
like Escherichia coli,humans and mice”’. Our
analysis of awell-studied US National Institute
of Standards and Technology (NIST) human
fecalreference standard dataset revealed that,
even after accounting for all ion forms, 82%
of molecules lacked annotations for any ion
formwhen grouped using retention time, MS/
MS information and peak shape analysis to
estimate the number of molecules they rep-
resent (Fig. 1d,e). This result underscores the
enduring presence of the dark metabolome,
eveninthoroughly characterized organisms.
The recent and steadily increasing adoption
of powerful bioinformatics and data science
techniques in metabolomics has propelled
the discovery of new metabolites, as shown
using rarefaction (Fig. 1f,g), reinforcing the
existence of a sizable dark metabolome that
awaits discovery.

Although they were in the past considered
anuisance, ion forms, such as ISFs, adducts
and multimers, now also present opportuni-
ties as computational capabilities improve.
For example, ISFs can be used to annotate
metabolites', give insights into substruc-
tures, and improve annotation reliability. ISFs
could even be used in the discovery process,
astheir fragmentation chemistry may parallel
certain enzymatic or spontaneous reactions
found in biology. Beyond ISFs, adducts and
multimeric species could suggest relevant
biochemistry: magnesium is needed for ATP

stabilization, iron supports haem function,
and potassium acts as a counterion for some
lipids. Other ionophores bind metals such
as copper, zinc or even lanthanides, offering
insightsinto metal transportand homeostasis
in biological systems.

The dark metabolome remains a frontier
for discovery, with countless unannotated
features potentially representing novel mol-
ecules or biochemical insights. The human
microbiome, with its tens to hundreds of mil-
lions of protein-coding genes far exceeding
the~20,000inthe humangenome, adds meta-
bolicdiversity to these processes. By leverag-
ing innovative approaches, including those
thatusealternative ion forms, researchers can
reveal entirely new dimensions of the metabo-
lome and expand our understanding of the
molecular factors shaping human health.
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Fig. 1| ISF distributions, effect on the dark metabolome, and yearly growth of
new annotations. a, The number of fragmentions observed for [M+H]*, [M-H]"
and [M+Na]* adducts, with medians given in boxes. b, Distribution and medians
of relative intensities for all in- or post-source fragments of ~30,000 standard
molecules with no or two or more hydroxyl groups, as these are very prone to ISF.
¢, Relative intensity distributions of the most intense and second most abundant
fragmentions. d, Features of adducts and in- or post-source fragments can be
grouped into ion groups potentially derived from the same molecule through
peak shape correlation cliques and MS/MS signals overlapping with co-eluting
features. If afeature inanion group is annotated, the molecule is considered
annotated. e, Histograms of the intensity distributions for 1,485 feature groups

Number of randomly selected raw data files

representing unique molecules. They were grouped on the basis of retention
time and peak shape analysis. 82% of molecules remain unannotated, with 48%
containing at least one feature with no or low-quality MS/MS spectra (data

used are from human fecal material MSV000093526). f, Rarefaction analysis

of unique MS/MS spectra as samples are added for fecal and blood plasma
LC-MS/MS data. Differing counts between sample types are due to differing
instrumentation. g, The growth of unique metabolite annotations coloured

by the year the annotation became available. Different adducts for the same
molecule were counted as one metabolite annotation. Blood plasma, ST002336;
fecal, MSVO00080673.
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