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Marine exometabolites (EMs) are small molecules released by marine (micro)organisms into the seawater.
Collectively, all of the released EMs contribute to the chemical seascape of a marine ecosystem. Accessing
and describing these waterborne molecules are a key focus of various disciplinary fields that aim to study
marine biogeochemical cycles, translate the chemical language of the oceans (chemical ecology), or
discover new structural entities with biological properties (natural product discovery). Beginning with the
semantics of marine exometabolites, this review elucidates the different sampling methods and MS-
based metabolomic analyses that are used to describe the chemical composition of seawater of benthic
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Breathing Apparatus) and the advances in marine/underwater
engineering. By offering possibilities in exploring new hori-
zons, these technological breakthroughs benefited both marine
taxonomists, ecologists and natural product chemists." Our
knowledge of the chemical composition of marine organisms
has considerably improved, with more than 40 000 molecules
being reported to date and annually reviewed by A. Carroll's
team.” As such, keystone benthic species in marine ecosystems,
such as corals, algae, and sponges, are known to produce a large
structural diversity of specialized metabolites. Through their
metabolic activities, they also release a part of their metabolites
into the surrounding seawater. These exometabolites (EMs) are
then mixed with other molecules released by diverse (micro)
organisms, contributing to the cycle of nutrients and energy in
the benthos. Some EMs can also act as distant chemical cues
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that affect the life and behaviour of other nearby organisms,
thereby structuring the biodiversity.*»* Describing the chemical
composition of seawater is of prime importance in order to
understand the driving factors in the functioning of various
marine ecosystems, ranging from the shallow tropical coral
reefs to the deep sea. Nevertheless, accurately identifying
organic molecules in the vast seawater remains more chal-
lenging than characterizing the chemical composition of the
collected marine organisms. This is notably because marine
EMs are highly diluted (= picomolar range) in seawater and
mixed with a plethora of other molecules from diverse biosyn-
thetic origins, collectively contributing to marine dissolved
organic matter (DOM).*® Recent advances in sampling and
analytical methods, including the ultra-high resolution (UHR)
and high-resolution (HR) mass spectrometry (MS) instruments
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for untargeted metabolomics and the increased use of in silico
spectral annotation tools, have collectively enabled marine
ecologists and chemists to deepen their understanding of
seawater molecular diversity in different ecosystems. This
review addresses the key technical and analytical progresses in
the characterization of EMs released by benthic organisms. A
special focus is given to the evolution of seawater sampling
methods and in situ devices from early 1982 up to 2024.
Furthermore, previously reviewed” MS instrumentation and
spectral annotation tools will be updated with a focus on the
comparative methodologies used to describe EM molecular
diversity. The final section illustrates how MS-based metab-
olomic investigations of benthic marine EMs from 2017 to 2024
have enhanced our understanding of the functioning of marine
ecosystems.

2. Semantics of marine
exometabolites (EMs)

The exometabolome is defined as the set of all metabolites
released by an organism, which are therefore termed exome-
tabolites (EMs). The characterization of marine EMs is
a central focus across various disciplines, including marine
biogeochemistry, chemical ecology, and natural product
chemistry. Consequently, the terminologies used to describe
these compounds often differ, depending on the scientific
field and research questions. This variation in terminology
across studies and disciplines can obscure information about
the techniques and methodologies that have been developed
to investigate marine EMs. This section provides a brief
compilation of these different terminologies, as illustrated in
Fig. 1.
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seascape Waterborne molecules . a
DOM S
Metabolic e Vs z
products Extracellular S0 7
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Fig. 1 Levels of terminologies pertaining to marine exometabolites
(EMs). These molecules are represented by small colour-coded dots.
(A) All of the dissolved and diluted molecules in seawater that define
the chemical seascape of a given ecosystem and contribute to marine
DOM. (B) Vocabulary related to molecules released by the identified
organisms, most of them lack a known function. (C) Few of the
released molecules that are identified as chemical mediators with
known functions, conveying information that regulates species inter-
actions. The arrows indicate the directionality of the perceived signals
(see Section 6). DOM: dissolved organic matter, CCA: crustose
coralline algae.
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The term marine chemical seascape'®** (Fig. 1A) echoes the
notion of a chemical landscape in terrestrial environments,
and refers to the concept of odour landscapes, a recognized
phenomenon in chemical ecology.”” Chemical seascapes
consist of all molecules released by living organisms, encom-
passing inorganic molecules and any other synthetic
compounds (e.g., anthropogenic, xenobiotic pollutants)
present in the environment. The chemical seascape includes
dissolved and diluted molecules floating freely or bound to
small marine particles (e.g., cells, cellular debris), and inte-
grates with marine DOM.

Marine dissolved organic matter (DOM) is considered one
of the most complex mixtures on earth, containing hundreds
of thousands of distinct molecules belonging to different
structural classes (Fig. 1A). The average litre of seawater
contains =1 mg of DOM, making its concentration approxi-
mately 35 000 times lower than that of inorganic salts.>*** All
EMs released by marine primary producers, such as phyto-
plankton, and through the metabolic activities of marine
bacteria contribute to the high molecular diversity of DOM in
both pelagic and benthic ecosystems.”™ The metabolic
activities of corals, algae and sponges—abundant sessile
species of benthic ecosystems—can lead to the release of EMs,
thereby also contributing to the marine DOM pool
(Fig. 1B).**'®* Hence, DOM encompasses all marine waterborne
dissolved organic molecules, including exhalent,'® released
molecules, exometabolites (EMs),"” extracellular metabolites,*®
and exudates. Marine biogeochemists categorize DOM into
short-lived (labile) DOM, which is rapidly transformed by
microbial mineralization, and recalcitrant/refractory DOM,
which accumulates and corresponds to the fraction that is
most commonly detected and analysed in seawater.'*>°>

Another layer of terminology is added when a functionality is
attributed to well-identified marine EMs (Fig. 1C). Within the
complexity of the chemical seascape, some marine EMs may
convey distant information essential to the functioning of
ecosystems.* Molecules with such functionalities, as studied in
chemical ecology, include infochemicals, semiochemicals,
chemical signals or chemical cues. These chemical mediators
can be further defined as allelochemicals when they intervene
mainly in interspecific relationships, (e.g., defence, coopera-
tion), or pheromones when they are involved in intraspecific
relationships (e.g., reproduction, danger signaling).>**

In the literature, the term marine DOM tends to be used to
describe the global molecular composition of seawater, notably
with unidentified biogenic contributors. It is also commonly
used in marine biogeochemistry and ecology studies that focus
on understanding organic matter cycle and trophic networks
(i.e., the exchanges of energy and nutrients) in the oceans.'***
Conversely, the terms marine EMs,'*"” infochemicals,” or
waterborne allelochemicals® tend to be used to describe small
molecules (<1500 Da) diluted in seawater and whose biosyn-
thetic origins are often known, or those identified in studies
dedicated to marine (chemical) ecology and natural product
chemistry.

Thus, words pertaining to marine DOM and EMs have
different meanings, depending on who uses them in the marine

This journal is © The Royal Society of Chemistry 2025
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science community. Hence, the choice of term used to design
marine EMs is often based on the field of research and objec-
tives of the study. However, it is also based on the degree of
chemical knowledge that is involved: known biosynthetic
origins, and/or known functionalities in the ecosystem. All
these terminologies illustrate that seawater is a highly dynamic
environment, where thousands of molecules, that are labile,
recalcitrant, biogenic, or xenobiotic intermingle. Some of them
are nutrients, other may convey information, and some other
may interfere with or alter species interactions.

3. EM sampling methods

Standardized in situ sampling methods are essential prior to any
metabolomic analyses designed to reproducibly study the
chemical composition of seawater. The majority of the reported
methods aim to concentrate marine EMs or DOM by preparing
enriched extracts from defined volumes of collected seawater.
The techniques employed are principally based on solid phase
adsorption/extraction (SPE) principles, which are further
detailed below.

3.1. Strategic uses of solid phase extraction (SPE)

The most commonly employed adsorbents, as reported in the
literature, are silica-based reversed phase (e.g. C18)'"**? or

polymeric  styrene-divinylbenzene  (DVB).'*****  These
a) PASSIVE captures
A Z OZ g » B Cc
SPATT/POCIS @ﬁi g &
</SMIRC ——

ACTIVE captures

Fig. 2 Key examples of in situ devices/methods for capturing marine
EMs by solid phase adsorption and extraction (SPE). The small colour-
coded dots represent the released EMs. (A—C) Encompass methods
using passive processes to capture EMs. (A) SPATT (Solid Phase
Adsorption Toxin Tracking)/POCIS (Polar Organic Chemical Integra-
tive Sampler) uses membranes or polymeric resin to capture EMs from
the water column. (B) SMIRC (Small Molecule In Situ Resin Capture)
uses polymeric resin in a nylon mesh deposited at the surface of
marine sediments; here, a seagrass meadow. (C) SPME (Solid Phase
Micro Extraction) membranes and blades are inserted in the osculum
and ostioles of a sponge to adsorb its inhalant/exhalent. (D-G) Illus-
tration of active processes used to capture EMs. (D) Direct sampling of
a defined volume of seawater around a sessile organism. (E) First in situ
SPE instrument using a chamber to enclose organisms developed by
Coll et al. in 1982.25 (F) Remotely Operated Vehicle (ROV) collecting
seawater on SPE cartridges above Geodia barretti. (G) |-SMEL (In Situ
Marine moleculE Logger) instrument operated by a SCUBA diver using
SPE disks placed above a chamber.
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adsorbents are used through different supports to concentrate
EMs from seawater: cartridges (e.g., Bond Elut PPL [Priority
PolLutant], Cation exchange [CX]),***>** membranes, fibers and
blades, such as those used for solid phase microextraction
(SPME),** disks'****®* and resins (e.g., Diaion® HP20 >
Amberlite™ XAD® *77). The different approaches typically
used for EM collection and concentration can be differentiated
as either passive or active capture methods (Fig. 2).

3.2. Devices and techniques using passive capture

During a passive capture, EM adsorption occurs with the flow
regardless of the volume of seawater that is processed.’*3*%*
Devices that have been developed for passive capture typically
involve either membranes (POCIS, SPME) or polymeric resins
(SPATT, SMIRC). In the field of aquatic ecotoxicology, Polar
Organic Chemical Integrative Samplers (POCIS) are used to
capture and facilitate the detection of organic molecules from
anthropogenic origins, such as pharmaceuticals, herbicides,
and insecticides. Another technique involves the Solid Phase
Adsorption Toxin Tracking (SPATT) device, which is deployed
to capture toxins that are released during harmful algal
blooms. SPATT core components are usually polymeric
adsorbent resins that are enclosed in a permeable membrane
or mesh, collectively closed and maintained in seawater by
arigid frame. Both POCIS and SPATT devices, along with their
applications, have been described in detail in recent reviews
(Fig. 2A).>**° The Small Molecule in situ Resin Capture (SMIRC)
device, designed similarly to the SPATT, can be deposited on
the surface of marine sediments for 2-8 days. It has been
tested in different ecosystems, including seagrass meadows
(Fig. 2B). The resin used in the SMIRC can be complemented
with agar to favour in situ bacterial growth and their EMs
adsorption.** In a different study, to achieve rapid on-site
sampling, a series of membranes and blades with different
adsorption phases were placed on the ostioles and in the
oscula of the sponge Sarcotragus foetidus to differentiate the
incoming dissolved molecules (inhalant) from its exhalent
(Fig. 2C).** Adsorbed EMs on the membranes or blades can be
directly analysed after thermal desorption (for GC analysis) or
extracted in analytical solvents (for LC analysis).**

3.3. Devices and techniques using active capture

In active capture, a defined volume of seawater is intentionally
pushed towards the stationary phase with a controlled flow rate.
Active EM capture methods can be performed either in
situ' %1% to account for the environmental influence on the
production of EMs, or in aquaria to target EMs specifically
released by collected organisms.''7**37*> Both approaches,
whether in situ or in aquarium, are complementary. The latter
approach is generally conducted to concentrate species-specific
EMs under controlled conditions and further investigate their
ecological functions (e.g., defence, induction of larval
settlement).'”3>-3742

The most direct and widely deployed strategy is to collect
a fixed volume of seawater at the vicinity of a targeted organism
(Fig. 2D), and subsequently perform SPE in the laboratory to

Nat. Prod. Rep., 2025, 42,1020-1036 | 1023
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recover the collected EMs.”®***** This sampling strategy is
reproducible and can be standardized, especially when small
volumes of seawater are collected (~1 L).”* For collecting EMs
in a targeted ecosystem regardless of the producing organisms,
the Niskin bottle allows for the collection of larger volumes of
seawater at once (e.g., 8-10 L).">* Direct seawater collection is
commonly used to study the metabolization of DOM by benthic
holobiont species or the comparison of EMs composition across
ecosystems.*™*®

Focusing on the identification of waterborne allelochem-
icals, chemical ecologists have developed strategies to favour
their pre-concentration. For example, Walker et al. used an in
situ hermetic chamber that enclosed the sponge Aplysina fistu-
laris in a fixed volume of seawater.”" Following solid phase
extraction in the laboratory, they identified and quantified
aerothionin (1) and homoaerothionin (2) as EMs. Such method
was also deployed to capture bromopyrrole alkaloids released
by the sponge Agelas conifera.*® Although this species is known
to produce oroidin (3), the authors did not confirm the struc-
tural identity of the released brominated EMs.*

Br, OH
L O~N . o Br Br
|
o N 5 / NH N
/ )W \,{/‘L\/\H/l\‘/ 0 g // n\/\/[ S—nH,
Br [¢] N-g ]
1 2 HO  Br o 3
’ 2

Oroidin

n=1 n=

Flexibilide

Despite their simplicity, such seawater sampling methods
have two major drawbacks: (1) the transport of collected
seawater back to the laboratory is constrained by the total
volumes that can be processed in multiple replicates, (2) bio-
transformations of diluted EMs may occur (e.g.,, metabo-
lization by microorganisms), prior to performing SPE.

Hence, additional sampling strategies that enabled the
rapid, on-site adsorption of EMs were developed to eliminate
the need for transporting sampled seawater. In aquaria, for
example, polymeric resins (XAD-16,*® XAD-7 *>%") were filled in
a cylindrical holder or in a nylon mesh, and directly connected
to the aquarium pump.?*** Using these techniques, continuous
EM adsorption and accumulation were successfully achieved,
while minimizing potential bio-transformations.***” In situ SPE
devices were originally developed forty years ago by marine
chemical ecologists aiming to capture waterborne allelochem-
icals upon their release.”® These devices are derived from
benthic chambers, which are used to study the metabolic
processes of organisms in shallow waters (e.g., respiration,
photosynthesis). They are made of two compartments: (1)
a chamber to enclose benthic species in a delimited space, and
(2) a pump to direct a fixed volume of seawater from the
chamber towards the SPE adsorbents. In 1982, Coll et al
developed the “first totally submersible sampling apparatus”
(Fig. 2E) to capture EMs emitted by two alcyonaceans (soft
corals), Sinularia flexibilis and Sarcophyton crassocaule.*® After
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a 30 min seawater filtration at 5 L h™', the team identified
flexibilide (4) and dihydroflexibilide (5), sarcophine (6) and
sarcophytoxide (7), which were released from each species
respectively. The instrument required an external battery-
powered submersible bilge pump with a connection at the
surface, and operated at a depth of 5-6 m. A decade later,
a modified version of this instrument was designed by Schulte
et al. with a submersible battery and an inverted plexiglass
funnel. It could be deployed by SCUBA divers, and was tested on
the same alcyonacean species at depths down to 13 m.*” The
first submersible SPE instrument and the modified one worked
both with SEP-PAKs C18 cartridges.”**” Nevertheless, this
apparatus by Schulte et al. required ~4 hours of operation to
accumulate detectable quantities of 4 and 5.”” In 2002, Kubanek
et al. tested a manual version of the latter instrument, using
a syringe to drive water above the sponges Erylus formosus and
Ectyoplasia ferox through a column filled with Diaion® HP-20.>
The authors were looking for triterpene glycosides, but did not
detect them as EMs after a 30 min sampling (4.5 L of
seawater).>

NH, NH,
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H o/)
HN o
Sy T
5 O NH
°
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i
NH, NH;
N 0 /J "
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In 2011, to collect the brominated diketopiperazines barettin
(8) and 8,9-dihydrobarettin (9) released by the sponge Geodia
barretti found at a depth of 120 m, Sjorgren et al. installed C18
SPE cartridges connected to a pump on a Remotely Operated
Vehicle (ROV) (Fig. 2F).* In 2014, the Artificial Marine Sponge,
an autonomous underwater instrument, was designed to filter
water similarly to sponges to capture marine microorganisms
and concentrate their EMs.*® The device comprised a particulate
filter, a hollow-fiber bioreactor, and polymeric resin in
cartridges. It was operated for 7-14 days on flat benthic surfaces
(depth 10-15 m), and afforded <10 ug of jasplakinolide (10) with
two other depsipeptide derivatives.

In 2018, the patented Somartex® device (Self Operating
MARine Trapping EXtractor) was designed, following the results
obtained in aquaria with the encrusting sponge Crambe
crambe.®® The shape of the Somartex® closely resembles the
device optimized by Schulte et al.,*” but requires a solar panel
for continuous operation.*® The Somartex® has not been tested
underwater yet. All of these described instruments have been
previously used to target specific EMs from identified species.
However, despite their technical ingenuity, they have had
a limited scope of applications.

An in situ SPE sampling approach that can be easily and
reproducibly performed in different ecosystems is preferred for
metabolomic analyses to describe and compare the diversity of
marine EMs. The newly developed in situ hand-held SPE
instrument called I-SMEL (In Situ Marine moleculE Logger)
worked in different configurations (e.g., underwater caves,
overhang cliffs), while facilitating the concentration of species-

This journal is © The Royal Society of Chemistry 2025
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specific EMs on SPE disks (Fig. 2G).” In a 10 min seawater
sampling (~10 L) at various depths (15-20 m), I-SMEL
successfully enriched EMs from three Mediterranean sponges.
Bromo-spiroisoxazoline alkaloids aerothionin (1), aerophobin 1
(11), aplysine 1 (12), and purealidin L (13) were all found to be
reproducibly released by Aplysina cavernicola. Longamide B
methylester (14) was the only brominated alkaloid detected
from Agelas oroides, whereas characteristic
demethylfurospongin-4 (15), furospongin-1 (16), and 12-epi-
deoxoscalarin (17) were detected in enriched EM extracts from
Spongia officinalis. As such, I-SMEL facilitates temporally and
spatially informed seawater sampling, offering a rapid and
standardized method to enrich EMs in replicate samples
required for downstream comparative metabolomics.
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3.4. SPE desalting and accessing polar EMs

The presence of large amounts of inorganic sea salts (typically
35-38 g L"), along with suspended particles like cell debris,
poses significant challenges during marine EM adsorption.
Such particles may rapidly obstruct the SPE surface, precluding
further EM enrichment. For that reason, disks and resins are
preferred because they can provide a larger contact area with
polymeric adsorbents. They allow the filtering of a larger
volume of seawater, favouring the progressive accumulation of
highly diluted EMs. Residual sea salts can also alter the MS
detection of EMs through ion suppression. Hence, a desalting
step with deionized water is most often required prior to eluting
EMs from the SPE supports. Nevertheless, this desalting step
can also lead to a loss of small polar metabolites. To minimize
such losses, standardized SPE protocols proposed by Dittmar
and co-workers recommended acidifying the seawater with
0.1% v/v formic acid (pH 2) to protonate small organic mole-
cules, making them less likely to be lost during the desalting
step.*® Despite this optimization, the same authors determined
that a variable but substantial portion of marine DOM is lost
during SPE, with a recovery estimated between 40-60% w/w.***>
Moreover, such acidification step can protonate nitrogen-
containing compounds, thus reducing their retention.**
Consequently, accessing and enriching polar marine EMs
remain a continuous endeavour, and various methods have
been proposed to address this challenge. Sacks et al. demon-
strated that cation exchange (CX)-SPE effectively enriches small,
positively charged, and zwitterionic metabolites from seawater,
capturing a complementary fraction of dissolved metabolites
compared to the standardized protocol on PPL-SPE.** Other
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methods proposed the derivatization of polar molecules
bearing distinct structural functions (e.g., amine, alcohol) with
reagents like benzoyl chloride or dansyl derivatives to improve
their retention either on SPE or on reversed phase chromato-
graphic columns.*»*~*°

4. MS-based metabolomic analyses

Over the past ten years, the expansion of untargeted metab-
olomic analyses applied to the study of marine EMs has closely
aligned with advances in ultra-high- and high-resolution MS
instruments. This development has been further supported by
the widespread availability of annotation methods, facilitating
the ability to describe the structural diversity of metabolites
involved in biogeochemical cycles, nutrient exchanges, and
interactions between organisms and their environment. The MS
analysers largely used for the untargeted metabolomic analyses
of marine DOM and EMs include Fourier Transform-Ion
Cyclotron Resonance Mass Spectrometers (FT-ICR-MS), Orbi-
trap and quadrupole Time of Flight (qToF).

4.1. Ultra-high resolution (UHR) Fourier-transform ion
cyclotron resonance mass spectrometry

FT-ICR MS is one of the most powerful tools used to analyse
complex mixtures, such as marine DOM or EMs, with minimal
sample preparation.>® The unparalleled sensitivity of FT-ICR
MS, along with its high mass resolution for discriminating
close m/z, and high mass accuracy (below 0.1 ppm), allows for
the processing of samples through direct infusion via electro-
spray ionization (ESI). This capability also enables the proposal
of molecular formula for each detected mass peak in a sample,
while acquiring semi-quantitative information.'>*#°*>* As such,
FT-ICR-MS yields thousands of molecular formulas per DOM
sample, including molecular signals that would otherwise
remain uncharacterized using conventional analytical tech-
niques."»'>** These instruments contributed toward better
describing the composition and complexity of DOM.>* Never-
theless, some limitations persist through signal suppression
and with the difficulty to resolve a high proportion of isomeric
compounds, characterizing the complexity of marine DOM and
EM mixtures. Chromatographic separation is generally
preferred to improve the dynamic range of detected metabo-
lites, while also resolving the adducts and in-source fragments
generated in the ESI probe. The coupling of separation tech-
niques with FT-ICR MS is not as straightforward as with other
MS analysers, and generally requires a series of adjustments, as
explained in the review by Gosset-Erard and co-workers.”
Recently, Lechtenfield et al. proposed a LC-FT-ICR MS method
for the analysis of marine DOM without the prior need for solid
phase extraction of metabolites from seawater.*® Their method
focused on accessing compounds that might not be extractable
or recovered through SPE (e.g., polar molecules). In general, FT-
ICR MS instruments suffer from their relatively low availability
combined with high operational costs that collectively restrict
their access to limited laboratories, as opposed to the high-
resolution (HR) MS instruments.
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4.2. Orbitrap and quadrupole-time of flight (qToF)

Orbitrap and quadrupole-Time of Flight (qToF) are HR-MS
analysers typically combined with LC instruments. In the last
decade, they have been widely used for the untargeted metab-
olomic analyses of marine EMs. Both Orbitrap and qToF ana-
lysers are characterized by lower mass accuracy (<5 ppm) than
FT-ICR MS. However, the level of structural information on
separated metabolites is improved with the data-dependent
acquisition (DDA) of tandem MS spectra (MS?). Workflows for
DDA acquisitions and processing using HR-MS and MS? for the
analysis of complex marine DOM have been thoroughly
described previously by Petras and co-workers.”” New meth-
odologies continue to be regularly proposed by the same
team.>*” Recently, Stincone et al. detailed the key acquisition
parameters for Q Exactive Orbitrap metabolomic analysis of
complex environmental samples (e.g., marine DOM).*® A 2D
chromatographic method was also developed to access to
a wider polarity range of marine dissolved organic molecules
with cleaner MS? spectra, favouring their identification.”” DDA
selectively fragments high-intensity precursor ions, and are
thus biased towards the detection of more ionizable molecules.
In contrast, data-independent acquisition (DIA) methods are
based on wider isolation windows to capture more compre-
hensive MS? data. Both DDA and DIA methods have been used
in untargeted MS-based metabolomics, and each has their own
distinct advantages.*® Guo and Huan demonstrated that while
DIA provides comprehensive MS> data sampling, DDA produces
higher-quality MS> spectra.®® The latter may be preferred when
a higher rate of putative molecular identification is desired, as
also confirmed by Patrone et al.®® These authors combined
metabolomic outcomes from direct infusion and LC separation
using the DIA MS method to gain a deeper understanding of the
molecular compositions of different DOM.* They found out
that LC was more efficient for the detection of heteroatomic
molecules, such as halogenated ones. However, direct infusion
offered a wider number of detected molecules, favouring more
polar chemical entities. To that end, the authors concluded that
future research should explore the use of other chromato-
graphic methods, such as HILIC (Hydrophilic Interaction
Liquid Chromatography), to expand the chemical space of
analysed DOM.

4.3. Ion mobility and GC-MS

Exometabolomic studies using ion mobility mass spectrometers
remain scarce, despite their capacity to unravel isomers of key
metabolites in complex matrices.® Gas chromatography
coupled to mass spectrometry (GC-MS) for the untargeted
analyses of marine EMs has been rarely employed up to
now.**%%* For example, non-polar and volatile EMs from the
sponge Sarcotragus foetidus were analysed by GC-MS, following
their thermo-desorption from  polydimethyl
membranes that were initially placed on the sponge surface.**
Sogin et al. proposed the SeaMet GC-MS metabolomic method,
which includes a derivatization step, to overcome salts related
limitations (e.g., MS ion suppression, see Section 3.4) and
access more polar EMs.** The volatilome of the sponge Ircinia

siloxane
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felix in aquarium and in situ was measured by GC-MS through
the dynamic headspace extraction of volatile EMs from sampled
seawater.®?

4.4. Absolute quantification and targeted analyses

Targeted analyses are required for the absolute quantification
and confident identification of key marine EMs using calibra-
tion curves or standard addition methods with structurally
identical molecules. Such analyses employed HR-MS or triple
Quadrupole (QQQ) instruments. The latter apparatuses are low-
resolution mass spectrometers, which are principally used for
targeted LC-MS analyses with selective reaction monitoring to
improve detection limits. The majority of these analyses
focused on the quantification of structurally known polar EMs
(e.g., amino acids, vitamins, sugars, and nucleosides), which are
most often involved in nutrients and energy cycling, and for
which commercial standards are available.'®*%*** Other
methods were proposed to expand the analysis of polar EMs.
Targeted HILIC-HR-MS methods were used to either assess the
recovery of polar marine EMs from cation exchange CX-SPE,* or
to quantify polar marine biotoxins (e.g., saxitoxins, tetrodo-
toxin) after SPE enrichment.® A series of methods employed the
chemical derivatization of small polar molecules, diluted in
highly saline media, and bearing distinct structural functions
(e.g., amine, alcohol, carboxyl functions). Such derivatizations
favor their chromatographic retention and subsequent
detection.*»*”"** Comparatively, only a few studies reported the
quantification of specialized EMs through targeted HR-MS
analyses. For that purpose, the purification of specialized
metabolites from the organism's crude extracts was necessary to
produce the analytical standards.”**”

5. Describing the chemodiversity of
marine EMs

5.1. Van Krevelen & Kendrick mass defect plots

FT-ICR MS data can be processed and further analysed using
the open access software (e.g., formularity®® or ICBM-Ocean®).
Results from FT-ICR MS analyses of marine DOM are often
presented in Van Krevelen®***® and Kendrick Mass Defect
(KMD)* plots generated with raw formulas (Fig. 3A). Venn
diagrams are used to assess the EMs richness and visualize the
distribution of all identified signals across samples (Fig. 3B).">*°
These three types of graphical representations are among those
most frequently used to illustrate the chemodiversity of
complex organic mixtures, notably in studies related to marine
biogeochemistry. Van Krevelen plots give an approximation of
the molecular distribution in structural classes, according to
the H/C-to-O/C ratios of their molecular formulas.® However,
overlaps between compound families can occur in such
diagrams, as more elements than H, C, and O have to be
considered for chemical classification.”® The latter is also
determined by structures, rather than molecular formulas
alone. Rivas Ubach et al. therefore proposed a multidimen-
sional stoichiometric compound classification (MSCC), inte-

grating more stoichiometric ratios with nitrogen and
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Fig. 3 Graphical representation of the EM chemical diversity. (A) Using
molecular formulas, both Van Krevelen (adapted from Nebbioso and
Piccolo)® and Kendrick Mass Defect (KMD) plots can be used to
interrogate the structural diversity and transformation within a set of
samples. (B) Venn diagram illustrating the distribution of molecular
signals (n = number of signals/sample) across samples. (C) Chemo-
diversity of EMs analysed using molecular networking with HR-MS?
datasets. Structural dereplication is performed through automatic
databases (DB) interrogation, and additional putative structure identi-
fication can be achieved using in silico tools, such as those within the
SIRIUS environment. CANOPUS & NPclassifier facilitate the organiza-
tion of molecules in chemical classes.®*#2 The distribution of these
chemical classes across samples is illustrated as a heatmap.

phosphorus, for the categorization of molecular formulas to
compound classes.®” In KMD plots, molecules are distributed
according to their nominal Kendrick masses, and a homologous
series of chemically related compounds are distributed hori-
zontally. These plots can assist in the discovery of trans-
formation products within complex environmental samples, as
recently reviewed.”

5.2. Chemodiversity through tandem MS analyses

Untargeted tandem MS analyses are facilitated by the wide-
spread implementation of open access software (e.g., XCMS,”
MS-DIAL,”> MZmine”?). They enable the processing of raw LC-
MS? data for the detection and deconvolution of thousands of
molecular signals per sample, generating data matrices that can
be used with various chemo-informatics and dereplication
tools. Seeking an improved chemical description of marine
EMs, chemists and ecologists have benefited from the expan-
sion of tools within the Global Natural Products Social Molec-
ular Networking systems (GNPS, GNPS2), combined with the
simplified deployment of multivariate data analyses, such as
those proposed in MetaboAnalyst.®”*7

A common practice in untargeted metabolomics for struc-
tural dereplication is to compare the MS> spectrum of an
unknown molecule with those available in spectral data-
bases,'®'”% or with a spectrum of isolated standards.*” Never-
theless, the rate of marine EM identification through database
matching remains low (=10%), notably because marine (exo)
metabolites are poorly represented in freely available spectral
databases.'™*” [In silico annotation tools, such as those
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embedded in SIRIUS,”® have been widely adopted by the
community. Such tools increase the annotation rates of
a marine dataset (up to ~16%)** by proposing (i) molecular
formulas from HR-MS, and (ii) putative structures through the
fragmentation tree interpretation of MS> spectra with CSL:-
FingerID.”” Complementary to SIRIUS, other i silico tools, such
as MetFrag’ and CFM-ID,” also guide the putative identifica-
tion of unknowns, for which different molecular formulas and
different structures are equally envisioned. Within the SIRIUS
ecosystem, CANOPUS (Class Assignment aNd Ontology Predic-
tion Using mass Spectrometry) predicts the structural class
from the MS> spectrum, even in the absence of structural
reference data or MS” training data.*® Since seawater samples
primarily contain unknown molecules, this software provides
a more comprehensive description of their chemical composi-
tion (Fig. 3C).

Detected and putatively identified metabolites can be hier-
archically organized according to their structural entities using
ClassyFire,** and/or to their highest probable natural product
classes (e.g., alkaloids, terpenoids) using NPclassifier.*>
ConCISE (Consensus Classifications of in silico Elucidations)
was recently developed as a standalone software to leverage the
in silico CANOPUS annotations with matches obtained through
GNPS spectral libraries, thereby increasing the confidence in
spectral annotations.*® Within a generated GNPS molecular
network, one should keep in mind that ConCISE does not
integrate single nodes in its annotation process.

Implemented bioinformatic workflows should also combine
the use of rigorous statistical analyses for the selection of
significant markers, together with the interrogations of spectral
(e.g., MASST)** and molecular databases (e.g., the LOTUS
initiative),*® contributing to a more extensive metabolome
annotation. To that end, a recently published step-by-step guide
(“Hitchhiker's guide”) for MS®> metabolomic data interpretation
aimed to explain all the essential statistical analyses that can be
linked to molecular networks to further describe the chemo-
diversity of complex datasets.” When publishing metabolomic
results with MS? spectra annotations, the level of confidence in
structural identification should be disclosed, as explained by
Schymanski et al.®® Similarly, a set of metadata should accom-
pany the results, including key experimental (e.g., retention
times) and processing information, as recently reviewed by
Alseekh and colleagues.®”

5.3. Challenges in improving structural knowledge

Despite their constant improvement, in silico tools are prone to
errors, and their accuracy may also depend on the availability of
real spectral data in databases. However, marine metabolites
are poorly represented in these databases. As a result, the
proposed candidate structures from in silico analyses often
require further manual inspection (and ideally validation) using
authentic standards to confirm the automated results.®'"*”
Manual analysis can reveal important details, such as (1) the
presence of unexpected ions (e.g., Mg”*, Fe**/Fe*") through the
identification of unusual isotopic patterns, (2) co-elutions that
lead to overlapping isotopic patterns, and (3) in-source
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fragmentations. These key points could be missed by
researchers when using automatic annotation tools, and
without careful analysis of the datasets.'* Additionally, incor-
porating orthogonal data (such as retention times) and
employing retention indexes would help in distinguishing
isomers on conventionally used reversed phase columns and
exclude erroneous structure proposals.®®*** Halogenated, and
particularly brominated, metabolites are commonly found in
marine environments. Their putative identification using in
silico tools also requires additional attention, as the proposed
molecular formulas are erroneous when the monoisotopic
signal is not properly selected or fall below the detection
limits.**”

In the absence of standards and MS” spectral matches, even
after careful examination of in silico outcomes, the confidence
level for identifying unknown marine EMs remains low, typi-
cally at level 3 or 4 (e.g., molecular formula according to Schy-
manski et al®%), reflecting the high degree of structural
uncertainty."** Complete and accurate identification of EMs is
most often achieved when standards are commercially avail-
able, which is generally the case for known metabolites involved
in central metabolism (e.g., amino acids, nucleosides). Never-
theless, obtaining standards of marine specialized EMs requires
their purification and structure identification. This is a chal-
lenging task because these molecules are present in trace
amounts, and are often mixed with a plethora of other EMs in
the enriched seawater extracts. The latter account for only
a few mg of dried mass,' which is insufficient to purify an EM
in enough quantity for its identification by nuclear magnetic
resonance (NMR). Hence, the purification of marine benthic
EMs was successful only when they were isolated from identi-
fied marine organisms,*®*” when the producing organisms were
cultivated in laboratory settings (e.g., microalgae),” or when
SPE capturing devices were maintained in place for several days
to efficiently accumulate specialized EMs (see Section 6.3).%"°%%

6. Applications of benthic EMs
analyses

We further describe recent studies implementing marine MS-
based exometabolomics in benthic ecosystems in the contexts
of marine ecology, including chemical and microbial ecology,
but also natural product discovery.

6.1. Describing molecular dynamics in reef ecosystems

Different targeted MS-based metabolomic studies have shown
that small polar EMs are released in a species-specific manner
by keystone benthic species (e.g., corals, algae and sponges).
These EMs play a key role in fuelling the reef food web, thus
contributing to the regulation of ecosystem functioning.**¢%*
Unlike targeted analyses, untargeted metabolomics has been
modestly implemented to decipher the broad range of chemical
signals that sustain marine biodiversity or inform behavioural
observations. Most are deployed in a multi-omic strategy to
investigate the link between benthic EMs, microbial diversity,
and holobiont species assemblages.
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Untargeted metabolomic analyses were applied by Roach
et al. to investigate the metabolome composition at the coral-
turf algal interfaces with samples collected from the Carib-
bean island of Curacao.”® The authors measured a significant
difference in both microbial and metabolomic compositions,
with ceramide 18:1/16:0 (18) being more abundant at the
coral-algal interface than in the coral samples. Weber et al.
deployed both untargeted and targeted metabolomics on
exudates of coral reef species from US Virgin Islands to char-
acterize specific classes of EMs, such as amino acids, nucleo-
sides, vitamins, and indole-based compounds.®® Within the
latter chemical family, indole-3-acetic acid (19) was specifically
exuded from the octocoral holobiont Gorgonia ventolina, while
pantothenic acid (20) and riboflavin (21) were found to be
released by both stony corals and octocorals. Caffeine (22) was
specifically released by the invasive algae Ramicrusta textilis.
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Collectively, the exudate composition was shown to be
species-specific, and influenced microbial abundances and
community composition in reef waters. The same team devel-
oped a derivatization method leading to the detection and
quantification of 45 polar EMs from US Virgin Islands' coral
reefs.** The authors demonstrated how variations in targeted
polar metabolites were related. For some of them, there was
a significant correlation with benthic species composition. For
example, the concentration of tryptophan (23) varied signifi-
cantly across investigated reefs, and was considered as a core
EM in coral reefs.*»*® Becker and co-workers deployed a multi-
omic strategy to analyse the diversity of microorganisms and
dissolved EMs in Florida's coral reef.** By combining both tar-
geted and untargeted metabolomics, distinct molecular
compositions were measured across the investigated reef zones,
with two EMs, taurocholic acid (24) and 5’-methylthioadenosine
(25), showing significant variation between these zones. The
authors suggested that 25 may be a signature metabolite that
plays a role in microbial community dynamics within the reef
habitat.

o HO HO
) )
ﬂ/\/‘%—oH . s~ OH
Y It HO! !
N o N
N N
i
N =~ /> jq/ | />
25 N 0 26

Xanthosine

Taurocholic acid

5'-methylithioadenosine

In all these studies, the EMs composition varied across
different benthic organisms and geographic locations, influ-
encing microbial communities and potentially serving as indi-
cators of reef health (Fig. 4A).****** Untargeted tandem MS

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Examples of applications of benthic marine MS-based exo-
metabolomics. (A) Investigations of benthic holobiont assemblies
through multi-omic analyses, correlating exometabolite (EM)
composition and microbial diversity. (B) Identification of chemical cues
released by the blue crab and perceived by its prey, the mud crab. (C)
Measurement of cues produced by crustose coralline algae (CCA) that
influenced the settlement of coral larvae. (D) Comparative description
of underwater sea cave EMs that mysids could perceive to find their
way home. EMs are represented by colour-coded dots.

exometabolomic analyses were performed by Kelly et al. on
seawater collected from aquaria tanks containing different
species of coral reef primary producers from the French Poly-
nesia: three types of algae (macroalgae Dictyota genus, turf,
crustose coralline algae-CCA) and two genera of corals (Porites
and Pocillopora).”” Feature-based molecular networking
combined with deep metabolome annotation using SIRIUS
revealed EM chemical class distinctions between corals and
algae. Coral EMs were enriched in fatty acyl derivatives, such as
oleoyl-taurines and acyl-carnitines. Polyketide macrolactams
were detected as EMs released by CCA. Turf algae EMs encom-
passed nitrogen-containing heterocyclic compounds structur-
ally similar to alkaloids. Both turf algae and CCA EMs were
enriched in nitrogen. Furthermore, they had a lower nominal
carbon oxidation state compared to coral EMs, thus potentially
influencing reef biogeochemistry. The proportion of benthic
species-specific EMs in the analysed samples was determined to
be between 8-24% of the entire set of detected features. Using
the same datasets, Quinlan and co-workers complemented the
in silico-based annotations with ConCISE to expand their
chemical description, aiming to progressively identify the
influencing factors that drive coral reef metabolic shifts.*
Sponge holobionts, with their diverse microbial communi-
ties, and through their impressive filter-feeding activities,
significantly impact ecosystem-level nutrient cycling, as
reviewed by Pita et al. in 2018.”> It has been demonstrated,
through both untargeted and targeted metabolomic analyses,
that sponges are primarily responsible for DOM transformation
in the oceans. The investigated species from tropical ecosys-
tems were found to release unique DOM profiles,'® which were
possibly influenced by the abundance and diversity of their
microsymbionts.’*** Compared to the surrounding seawater,
Fiore et al. demonstrated that the released DOM were found to
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be enriched in nucleosides (e.g., xanthosine 26) and in both
tryptophan (23) and tyrosine (27), but were depleted in caffeine
(22) and 5'-methylthioadenosine (25)."* Additionally, such
released DOM could include sponge-specialized metabolites,
such as alkaloids and terpenoids.'®** Mauduit et al. revealed the
presence of specialized metabolites 1, as well as 11-17 in the
seawater above each investigated sponge species.™ Collectively,
these EMs represented ~12% of the detected features, which is
in agreement with results from Kelly et al."”

6.2. Deciphering distant chemical mediation in the benthos

Exhaustive reviews are available on marine chemical ecology in
benthic environments® and planktonic interactions.”***
Comparative untargeted metabolomic analyses are mainly
implemented to study the chemical ecology of marine algae
(macro- and micro-algae, phytoplankton), with a particular
focus on microbial ecology, and to further understand the
factors involved with algal bloom and nutrient cycling in the
pelagos.>®*% Although it is recognised that untargeted metab-
olomics is instrumental for identifying yet unknown waterborne
chemical cues, its implementation remains scarce in the study
of distant chemical mediation in the benthos. Herein, we
describe a few recent studies that led to the identification of
EMs as allelochemicals in benthic ecosystems.

6.2.1. Mutualistic symbiosis. Untargeted GC-MS and LC-
MS-based metabolomics led to the identification of chemical
markers involved in the morphogenesis of the marine macro-
alga Ulva mutabilis when associated with both bacteria Rose-
ovarius sp. MS2 and Maribacter sp. MS6. Glycerol (28) was
identified as a biomarker released by U. mutabilis and further
used as a carbon source by Roseovarius sp. MS2. Other small
polar metabolites, such as organic diacids, amino acids and
2,4,6-tribromophenol (29), were identified as EMs possibly

involved in algal-bacteria interactions.*
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6.2.2. Prey-predatory interactions. Tiny vagile benthic
animals can chemically sense what their predators have recently
eaten, and consequently change their behaviour to avoid being
eaten as well.***” Poulin et al. employed NMR and MS-based
metabolomics to identify specific urinary metabolites, trig-
onelline (30) and homarine (31), perceived by the crabs Pan-
opeus herbstii to avoid their predators, the blue crab Callinectus
sapidus (Fig. 4B).”” The authors further explained that these
exudates are common invertebrate signalling molecules. For
example, both 30 and 31 were identified as allelochemicals
released by the soft coral Gersemia antartica.®®

6.2.3. Chemical defence. Sponges have been demonstrated
to release specialized EMs as a defence mechanism. The alka-
loids 8 and 9, identified as EMs from the sponge Geodia barretti,
have been shown to inhibit the settlement of barnacle larvae,
known to be involved in the marine fouling process.** Likewise,
in the study on the specialized EMs released by the
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Mediterranean sponge Crambe crambe, two identified polycyclic
guanidine alkaloids namely, crambescidin 816 (32) and cram-
bescin A2 462 (33), were shown to exert teratogenic effects on
ascidian embryos.*® New EMs released by the sponge C. crambe
were purified from the XAD resin extract when the sponges were
maintained in aquaria alongside Anemonia sulcata. The identi-
fied guanidine alkaloids were derived from crambescidin acid
(34), as well as crambescin B with a short aliphatic chain, such
as crambescin B 253 (35). These EMs were believed to be actively
released as a defence mechanism against A. sulcata.®® The
sponge Ircinia felix was shown to continuously release thiobis-
methane (36), also known as dimethylsulfide, with other volatile
compounds such as methyl isocyanide (37) and methyl iso-
thiocyanate (38).> These EMs are associated with the charac-
teristic nauseating smell of this sponge, and were found to have
antimicrobial properties.

CyHy
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34 35
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Other applications of MS-based exometabolomics concern
the investigations of coral diseases, which are widespread in
reef ecosystems due to climate changes and anthropogenic
pressures. Ochsenkiihn et al. used minimally invasive water
sampling above the polyps from two species of coral (genus
Acropora and Platygyra), combined with multi-omic analyses to
show that both coral surfaces harboured unique bacteria and
metabolite profiles.”® Concentration gradients were measured
from the mucus to the surrounding seawater. Some of the
putatively identified EMs in the mucus were hormones such as
17-B estradiol (39) involved in coral gametogenesis, bacterial
quorum regulators such as coumaroyl-homoserine lactone (40)
and bromofuranone (41), and antibacterial compounds such as
malabaricone C (42). Collectively, these molecules participate in
the structuring of the mucus microbial community involved in
the defence against pathogens.

S TN — s‘\c\\N/ <;‘/[
36 37 38 41 Br
Dimethylsulfide Methyl isocyanide Methyl i i
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6.2.4. Larval settlement. Marine larval recruitment and
metamorphosis are crucial in the structuring of benthic biodi-
versity.”® A series of chemical cues are involved in such
processes, as recently reviewed.'® Crustose coralline algae
(CCA), together with their surface bacteria, are known to
produce chemical cues that coral larvae sense and use notably
for their metamorphosis (Fig. 4C). Quinlan et al further
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explored the EMs of two target CCA species (Hydrolithon boer-
gesenii, Paragoniolithon solubile) to determine whether they
could be involved in coral larval settlement.”” The authors
captured CCA EMs on three different SPE phases, and demon-
strated that recovered EMs induced larval settlement similarly
to the untreated seawater containing CCA exudates. Comparing
the chemical diversity of these EMs revealed a high proportion
of fatty acids and derivatives (~44% of detected features) in
both datasets, followed by benzenoids and organic acid deriv-
atives. No EMs were identified as chemical cues at this stage.
The authors proposed the storage of these active EMs on SPE
phases as a way to stabilize them before their possible use in
coral restoration efforts.

6.2.5. Homing behaviour. Derrien et al. investigated the
role of marine chemical cues in the circadian migrations of
cave-dwelling crustaceans, particularly the mysid Hemimysis
margalefi.* Using a two-choice channel device, the mysids were
significantly attracted by the seawater collected from their own
cave as opposed to other seawaters. Comparative MS-based
metabolomics confirmed that each tested seawater had
a unique chemical fingerprint. Some of the reproducibly
detected metabolites in each mysids' cave, such as fatty acid
derivatives and peptides, may have acted as chemical cues
(Fig. 4D).

6.2.6. Sex-inducing pheromone. Guided by metabolomics,
Klapper et al. performed isotope labelling, purification and
extensive MS and NMR analyses to characterize the structure of
a sex-inducing pheromone, called SIP+ (43), from the benthic
diatom Seminavis robusta. This new cyclic heptapeptide acts at
femtomolar concentrations to synchronize mating behaviour.*®

2331{ wj
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6.3. Discovering new molecules as EMs

The pool of marine EMs represents a niche of structurally
diverse molecules that has attracted the attention of natural
product chemists over the past decade. The dual benefit
sustaining this interest relies on the fact that (1) exuded mole-
cules that have signal value in nature by analogy can prove to be
useful to humans, and (2) new molecules could be discovered
with minimal disturbances on marine biodiversity. However,
challenges pertaining to the purification and structural
description of highly dilute marine EMs tend to overshadow
such benefits. The rapidly changing composition of seawater
over time and space also complicates the task. Nevertheless,
when marine species can be maintained in aquaria, their EMs
can be captured on SPE devices and accumulated continuously
over a long period of time. By doing so, Vlachou et al. captured
and isolated new polycyclic guanidine alkaloids (34, 35) exuded
from the sponge Crambe crambe.*® Notwithstanding, the diver-
sity of EMs produced may be lower for cultivated marine
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organisms that are isolated from neighbouring competing
species. Accessing the chemical diversity within marine
ecosystems, and thus without collecting any organism, requires
optimized in situ sampling methods to reach optimal concen-
tration of new chemical entities. To that end, an artificial
sponge was designed to enrich microbial marine EMs from
seawater,*® while the SMIRC focused on capturing bacterial EMs
from marine sediments.** Both were deployed several days (2-
14 days) on site, and enabled the purification and description of
new structures. For example, new structural scaffolds were
described from SMIRC enriched extracts.”® The molecules were
named cabrillostatin (44) and cabrillospiral (45). The authors
performed a MASST®** search with the newly described 44, which
was subsequently detected in different shared MS datasets
mainly associated with the study of marine DOM. These results
therefore contributed to expand the structural lexicon of marine
EMs. Other isolated molecules from SMIRC were chrysoeriol
sulfate (46), considered to be a seagrass root exudate, and

aplysiopsene A (47).
OH
HO;50 o, O o PNANON
seaalase
M ° 4 a7

Chrysoeriol sulfate

HO
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7. Challenges & perspectives

Although significant progress has been made in MS-based
metabolomics, particularly in data processing and spectral
annotation, most of the marine EMs studied to date come from
central metabolism with available commercial standards and
well-known chemical structures. In contrast, relatively little is
known on the proportion, composition, and structural identity
of other molecules (including specialized EMs) in the entire
DOM pool. Despite their relevance across various scientific
fields, from marine biogeochemistry to natural product chem-
istry, the structural identity and biological functions of the
majority of marine EMs remain largely unknown. One key
challenge involves increasing the accuracy in their structural
description, which will consequently foster a deeper under-
standing of their biological functions. The optimization of
seawater sampling techniques for EM purification, along with
the systematic sharing of structural raw data, are interdepen-
dent factors that collectively enhance structural knowledge of
DOM composition and improve the efficiency of structural
annotation tools.

7.1. Improving in situ sampling techniques

Since 1982, every decade has seen the development of new in
situ devices to capture EMs (often considered as allelochem-
icals) in a chemical ecology context. Collectively, these devices
showcase the technical ingenuity developed for capturing
marine molecules, along with the recurring interest of the
scientific community. Despite such efforts, the harvested pool
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of marine-waterborne EMs remains limited in quantity, making
their purification, which is essential for both structure eluci-
dation and biological investigations, challenging. To overcome
the “quantity” challenge, the sampling methodology should
counterbalance the large seawater dilution effect. In line with
this first condition, the in situ device should be left alone for
several hours per day to accumulate progressively diluted EMs
by processing larger quantities of seawater. Secondly, such
a device, similar to I-SMEL, should retain the possibility of
tracing back the biosynthetic producers of EMs, possibly
capturing molecules before any physico-chemical degradation
occurs. Knowing the taxonomic identity of EM producers is
essential to guide structure identification efforts, as well as
studies focused on measuring waterborne chemical exchanges
in different ecosystems. Thus, any future improved seawater
device should work in different configurations (e.g., overhang
cliffs, underwater caves), and favour standardized seawater
sampling to aid in mapping the chemical signature of different
marine ecosystems.

7.2. Limits to chemical space representativeness

It should be noted that the representation of marine chemical
space explored through EM captures and MS-based metab-
olomics is influenced by multiple technical and methodological
factors. As with the broader challenge of studying marine
ecosystems, every step in the research process, from sample
preparation to data processing, impacts the measured chemical
diversity. Efforts should be made towards using orthogonal
methods combining sampling strategies (e.g., combining SPE
supports) and diverse metabolomic analyses (e.g., using
different chromatographic analysis or source ionization) to
expand the chemical space of the analysed EMs. To that end,
various analytical methods have been proposed for the analysis
of small polar marine EMs.***4*7%%3% Such methods have yet to
be widely adopted in marine MS-based exometabolomics.
Marine geochemists also usually combine structural informa-
tion from Nuclear Magnetic Resonance (NMR) and FT-ICR MS
for the characterisation of marine DOM.*** Nevertheless, such
promising combination of orthogonal analytical techniques is
not commonly implemented in studies pertaining to marine
(chemical) ecology. This is partly due to the molecular
complexity of the extracts characterized by a high dynamic
range of thousands of EMs. Just as we cannot yet capture the full
complexity of ecosystems, no single analytical method or MS-
based metabolomic analysis leads to total coverage of the
marine EM chemical diversity. This limitation, highlighted by
Naman et al.'s photographic snapshot analogy, mirrors the
broader difficulties in fully describing the diverse and rapidly
changing nature of marine chemical seascapes: “No metab-
olomics investigation leads to total coverage. At each decision-

making juncture, some data are lost knowingly or otherwise”.***

7.3. Databases & raw data sharing

Freely available, raw spectral databases that can be systemati-
cally interrogated to rapidly identify metabolites produced by
marine organisms remain underdeveloped. In this respect, the
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marine natural products community lags behind its counter-
parts in phytochemistry’® and microbiology.'®® Nevertheless,
researchers’ growing commitment to sharing data in public
repositories, combined with the community-driven efforts to
organize data and metadata, enables global repository-scale
analyses with the development of new tools, such as the MS
Search Tool (e.g., MASST, microbeMASST).?*'** As such, the
discoverability and efficient reuse of acquired spectral infor-
mation require sharing detailed and ideally standardized met-
adata, alongside the corresponding raw data. Access to raw and
well-documented spectral data from already known marine
molecules will provide a critical foundation for improving the
description of marine EMs, expanding their structural lexicon.
The power of such data-sharing has been nicely illustrated with
compound 43 (see Section 6.3).** The automated interrogation
of such shared spectral data (e.g, through molecular
networking tools), will also enhance our annotation capabilities
via spectral analogy. In addition to what Alseekh et al
proposed,*” incorporating retention indexes in the shared
metadata would further enhance inter-laboratory data
comparisons, providing an additional level of confidence in MS-
based metabolite identification.®** The published table of MS>
descriptions could also contain the SMILES (Simplified Molec-
ular Input Line Entry System) notation for putatively identified
molecules, or other machine-readable structural information,
which will contribute to the growth of molecular databases (e.g.,
PubChem,'™* LOTUS®). Informing the taxonomic origins of
identified marine EMs is crucial for accurate downstream der-
eplication, and to promote the expansion of accurate open-
access knowledge. As such, the LOTUS initiative aims to
consolidate and share referenced structure-organism pairs
through open platforms.** A series of tools are now available to
encourage researchers to take part in the open science move-
ment, including directly contributing to Wikidata, as explained
in a recent viewpoint article.'® Additionally, making published
and shared data accessible and interconnected will support the
development of future Artificial Intelligence (AI) tools. This will
advance both our structural and biological knowledge of marine
EMs, while benefiting the marine chemistry and ecology
communities.

7.4. Expanding knowledge on ecosystem functioning

Exploring the molecular composition of seawater at the struc-
tural level offers exciting opportunities to compare results
across diverse marine ecosystems (e.g., tropical and temperate
reefs, underwater caves), and identify both redundant and
unique molecular signatures. Such a systematic description will
help to better decipher the metabolic contributions of benthic
communities, while enabling comparisons of the molecular
dynamics governing species interactions. Many of the articles
cited herein highlight a consensus among marine ecologists on
the need to further investigate the functions of specific EMs in
the assemblage of reef holobionts and their role in structuring
benthic biodiversity. Up to now, most MS-based marine exo-
metabolomic studies have primarily focused on measuring
nutrient exchanges. As a result, interactions in the oceans are

1032 | Nat. Prod. Rep., 2025, 42, 1020-1036

View Article Online

Review

often viewed through the lens of trophic relationships, over-
looking other functional processes mediated by chemicals, such
as homing,™ reproduction,® and larval recruitment.*” For that
purpose, the main challenges that need to be addressed include
(1) purifying and identifying waterborne molecules that are
highly diluted in seawater, and (2) performing assays either in
the laboratory (e.g., in aquaria) or in situ to describe their
functions as infochemicals. The second challenge is particularly
complex, as not all benthic organisms can be maintained in
laboratory settings, and purified compounds may function as
cocktails of diluted molecules in unknown proportions rather
than as single entities. Marine environmental disturbances,
such as ocean acidification and warming, also alter the
production and perception of chemical cues by organisms, as
explained by Roggatz et al.'* These disruptions can scale up to
ecosystem-wide impacts, influencing species distribution and
trophic interactions. Therefore, ongoing efforts to develop
marine EM metabolomics are crucial for deciphering the
chemical mixtures involved in organism behaviours and
assessing their resilience to global change over time. Likewise,
studying the structural stability of identified marine EMs in
seawater could offer valuable insights into their roles as info-
chemicals and their susceptibility to environmental change.

7.5. Funding challenges and societal impacts

Unlike terrestrial ecosystems, where pollination is a well-
understood and well-described chemical mediation process,
the role of chemical exchanges in marine benthic ecosystems is
far less communicated to the public. Understanding the identity
of the metabolites produced, released, and perceived by sessile
organisms in seawater is essential to unravelling the functioning
of diverse marine ecosystems and their resilience to anthropo-
genic pressures. Nevertheless, research studies on marine
benthic EMs and their roles as chemical cues remain under-
represented, partly due to limited funding opportunities and
historical difficulties in deciphering seawater chemistry. More-
over, studies focusing on the oceanic world face inherent tech-
nical challenges (e.g., hyperbaric pressures), making them
naturally expensive. Technological advancements, leading to the
development of more efficient in situ devices, will also require
appropriate funding to make them more widely accessible to the
entire marine science community. Achieving all these objectives
requires raising societal awareness about the importance of
preserving marine ecosystems, which are increasingly being
threatened by global change resulting from human activities.
This awareness can be fostered by sharing knowledge about their
functions, while emphasizing the services they provide to society,
such as food, biotechnologies and medicine."””

8. Conclusion

Until the past 20 years, metabolomic investigations of marine
EMs had yielded scattered results. The drastic increase in the
sensitivity of MS instruments, combined with advances in
metabolic and chemometric analyses benefited the fields of
marine (chemical) ecology, geochemistry, as well as natural
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product chemistry. In addition, the development of in silico
tools for the annotations of MS” data towards the categorization
of unknown EMs opened new ways to describe the composition
of seawater. Applications of marine MS-based exometabolomics
are progressively expanding to study the functioning of benthic
ecosystems. Most multi-omics studies have focused on exam-
ining the relationships between benthic EMs and marine
microorganisms, primarily through the lens of trophic
exchanges as influential factors that drive biodiversity assem-
blages. Metabolomic analyses that focus on identifying water-
borne chemical mediators and confirming their biological
properties within an ecosystem remain limited. However, these
studies are crucial to deciphering the functioning of marine
ecosystems, and understanding the multiple services they
provide. Collectively, these studies also demonstrated the
structural diversity of detected and identified marine EMs, from
amino acids to steroids, including terpenoid and alkaloid
derivatives. As investigations on marine EMs continue to
progress, additional efforts should be directed toward their
isolation and structural characterization. Moreover, the sharing
of raw data from known and new marine molecules is still
urgently needed to gain more confidence in the identification
process, and promote the accurate description of marine EM
chemical space. The challenges faced by marine chemists
toward better understanding the chemical composition of the
vast seawater have been and will continue to be sources of
innovations and biodiscoveries. The availability of new devices
to efficiently concentrate molecules from seawater and trace the
chemical fingerprints of keystone species offers new opportu-
nities of research. These advancements inspire further efforts
toward deciphering the central role of chemical interactions in
the functioning of marine ecosystems. Chemists and ecologists
alike are encouraged to combine their strengths and expertise
to deepen their investigations, either focusing on under-
standing chemical exchanges and the shaping of marine
biodiversity, or concentrating on discovering new bioactive
waterborne molecules in the vast seawater. As noted by Eisner
and Meinwald, “What remains unknown is of immense
potential value, and deserving of protection, lest we be forever
impoverished by its loss”.’®® The progress made on marine
exometabolomics through interdisciplinary research will have
a significant impact on the scientific marine community, as well
as the society at large.
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