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1. Introduction

A precise estimate of the diversity of natural products (NPs)
remains challenging to establish, and at present, at least 450,000
specialised metabolites have been fully characterised and docu-
mented.[1 It is worth mentioning at this stage that the full structur-
al characterisation of any new NPs involves their isolation/puri-
fication and de novo structure determination by the interpretation
of spectroscopic data (NMR, MS and when necessary, X-ray).
NPs structures are reported in peer-reviewed articles which gives
all the spectroscopic evidence for their identification. Such data
are mainly compiled in the Dictionary Natural Product (DNP)
(> 300,000 entries). The content of the DNP database and other
chemical databases and the biological origin of all described NPs
have been recently described by F. Ntie-Kang and D. Svozil.[]

Although the biological functions of these NPs are not fully
understood, many of these specialised metabolites play a key role
in different types of interactions in chemical ecology.[23] They are
also a historical source of medicines for humans, whether ingested
as whole medicinal plants or preparations and or as purified sub-
stances in medication. Many of these NPs have been identified as
a result of pharmacognosy studies aiming to describe, mainly in
plants, the active principles responsible for a given biological ac-
tivity.[41 Numerous NPs have also been identified in microorgan-
isms during the antibiotics golden era . To this end, investigations
were classically carried out using so-called bioactivity-guided
isolation approaches (Fig. 1A). This research led to the discovery
of a large number of NPs, several of which are at the origin of
some of the most widely used drugs (e.g. morphine (Q81225), tax-
ol (Q423762)). All structures can be found with their Wikidata Q
identifiers. The effectiveness of bioactivity-guided drug discovery
approaches was recently recognised when Prof. Tu Youyou was
awarded the 2015 Nobel Prize in Medicine for her discovery of
artemisinin (Q426921), an effective antimalarial compound from
Artemisia annua (Q1308044).6!
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Artemisinin is an interesting example of an NP that is of me-
dicinal interest but also plays a role in chemical ecology. This
sesquiterpene lactone has been assumed to act both as a defence
against insects (bitter principle) and as a phytotoxic allelochemi-
cal.lel This interesting study illustrates the complexity associated
with the elucidation of the metabolome s functions in ecological
systems. Indeed, even a single compound for which the structure is
fully determined can be linked to multiple and confounded effects
depending on the numbers and identity of the connected actors.
The complexity of this research endeavour (chemical ecology) in-
creases, of course, when considering complete metabolomes for
which structural, functional and relational indeterminations exist;
the same reasoning applies to biotic interactions in ecological sys-
tems. Highlighting connections between these two deeply intricate
networks (the chemical network on one side and the ecological net-
work on the other) is a fascinating task but also a major challenge
that can only be facilitated by a finer description at both levels.

Bioactivity-guided isolation approaches were initially car-
ried out with no or limited prior information on the chemical
constituents present in the extracts. From the 1980 90s onwards,
analytical approaches have been introduced to rapidly highlight
the presence of previously reported NPs, avoid the rediscovery
of known active principles, and concentrate efforts on potential-
ly new bioactive molecules. Such chemical profiling carried out
upstream of activity-targeted isolation approaches is known as
‘dereplication’l”] and has mainly involved spectroscopic/spectro-
metric methods coupled to high-performance liquid chromatog-
raphy (HPLC), a versatile technique for extract analysis.[®l These
hyphenated techniques allow to obtain structural information
through the interpretation of mass (LC-MS), UV (LC-PDA) and
even sometimes NMR spectra (LC-NMR) obtained on-line (Fig.
1 A). In chemical ecology, similar approaches with bioactivity
tests, e.g. on herbivores, have revealed NPs of fundamental eco-
logical importance and have also driven the development of novel
analytical chemistry methods.[®.101 With the development of these
methods, more comprehensive approaches emerged in the early
2000s with the advent of so-called omics . In this context, me-
tabolomics, which aims at the most complete description (qualita-
tive and quantitative) of the endogenous metabolites of a biolog-
ical sample (metabolome), was defined by Fiehn.[1l Since then,
this approach has become increasingly adopted in life sciences.
Metabolomics allows the detailed metabolite profiling of a given
natural extract and for this application, liquid chromatography
hyphenated to mass spectrometry (LC-MS) is the primary tech-
nique used to generate the metabolite profiling of an extract, with
currently unmatched sensitivity and dynamic range.[*2l Since its
development, metabolomics has thus become an essential tool in
biomedical research for the analysis of biological fluids or for
the search for biomarkers associated with pathologies.[*3! This
approach has also been widely adopted in NPs research and also
more recently in several fields of ecology.[*4 171

As a result, the analytical approaches classically used for the
dereplication of NPs in plant and microorganism extracts have
evolved into high-throughput, high-resolution LC-MS metabolite
profiling approaches that allow the annotation of NPs for derepli-
cation but also to obtain a global view of their composition. These
approaches allow researchers to have a better view of the wide
range of metabolites produced by a given organism and offer a
new reading of mechanisms in functional ecology.[*8 Using me-
tabolomic approaches, molecules of interest can be highlighted in
a given extract prior to any preparative-scale separation process
and then subjected to targeted isolation for de novo identification
(Fig. 1B) and bioassay evaluation.

The applications of metabolomics are broad. Combined with
the use of advanced multivariate data analysis (MVDA), they
range from applied drug discovery objectives to more fundamental
aspects such as chemical ecology studies, description of the me-
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Fig. 1. Overview of the process for NPs identi cation/annotation and links between A, the bioguided isolation approach, and B, the approach for
metabolome analysis and search for biomarkers. In A, after obtaining extracts of various polarities, their bioactivity is evaluated. The isolation is
done by combining different preparative chromatography techniques. Fractions are screened for bioactivity until obtaining pure bioactive NPs.
Dereplication is performed upfront by a combination of hyphenated methods. The isolated NPs are fully characterised by de novo structure eluci-
dation, notably with 1D and 2D NMR and additional techniques. In B, metabolite pro les are acquired on many extracts (e.g. organisms obtained

under diverse experimental conditions, biological replicates, or biodiverse sets) with untargeted UHPLC-HRMS/MS. HRMS (MS?) and MS/MS (MS?)
data are used either to build MN for chemical exploration of the data set or for MVDA analysis for searching features that can be linked to chemical
markers responsible for changes in the metabolome. Metabolites are annotated based on comparison with MS/MS experimental spectral libraries
and completed by matching with in silico MS/MS libraries. If unambiguous structure identi cation or new NP determination is needed based on the
annotation, targeted isolation based on metabolites pro les is conducted and led, as in A, to the de novo structure identi cation of 5. Both A and B
feed structural DBs of identi ed NPs. Similarly, efforts to populate the experimental libraries of unambiguously identi ed NPs following the FAIR prin-

ciples (Findable, Accessible, Interoperable, Reusable) must be made to improve annotation tools and ef ciency.

tabolome of a studied organism or chemotaxonomy studies.[19.20]
Analytical platforms now routinely generate large volumes of
spectral data in an untargeted manner for most detected mole-
cules. Compared to more established omics sciences, such as
genomics or proteomics, metabolomics deals with much more
complex objects (non-polymeric molecules with no amplification
step possible), which explains the additional challenges faced by
researchers in this field. This is especially true for the annotation
of metabolites and establishing clear links to other omics sciences,
such as genetics, transcriptomics, and proteomics. Some of these
challenges will be discussed below.

In this paper we aim to address the challenges in NP metab-
olomics from both a drug discovery and an ecology perspective.
In particular, we will summarise the most recent developments
of tools for metabolome annotation and specifically specialised
metabolites identification. Different applications of metabolom-
ics from our own research have been selected to illustrate some
of the diverse topics that can be addressed with such holistic
approaches.

2. Challenges in the Mining of Metabolite Profiling
Data

The metabolite profiling of natural extracts is mainly done
by LC-MS methods.[?l Modern spectrometers are capable
of high-throughput acquisition of mass spectra with high ac-
curacy, high resolution, high sensitivity, and a wide dynamic
range. Together with these developments, HPLC evolved to ul-
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tra-high-performance liquid chromatography (UHPLC). UHPLC
uses columns containing micrometric particles allowing high
resolution analytical separations in a high throughput manner.
The coupling of UHPLC with high-resolution mass spectrome-
try (UHPLC-HRMS) has quickly established itself as the gold
standard for acquiring metabolomics data.[221 Additionally, mass
spectrometers are working with increasingly higher acquisition
frequencies, which allows for single MS (MS?) analysis to be per-
formed concomitantly with MS/MS (MS?) spectral acquisitions in
an untargeted manner.[231 The fragments observed in fragmenta-
tion spectra provide key structural information that can be used
to improve molecular formula determination and structural anno-
tation.[21]

Starting from limited amounts of crude extracts (typically in
the range of 1 10 pg on column), such analysis generates sever-
al thousands of features (LC-MS?! peaks characterised by their
mass-over-charge ratio at a given retention time - m/z @ Rt) per
sample. When grouping the LC-MS features produced by a given
molecule (including isotopologues, adducts, in-source fragments,
and multimers),24 the number of compounds can decrease by an
order of magnitude.[23]

To assist the reader, a glossary of the most commonly used
terms and concepts in MS metabolomics is presented in Table 1.

The first step of metabolomic data analysis is to process the

raw LC-MS data and convert it into an m-by-n feature table,
where m is the number of features and n the number of samples.
This step is often done with open-source software like XCMS,[27]

15.11.22 09:43
























