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ABSTRACT: Analyzing the chemical composition of seawater to ==
understand its influence on ecosystem functions is a long-lasting ~
challenge due to the inherent complexity and dynamic nature of ‘
marine environments. Describing the intricate chemistry of seawater
requires optimal in situ sampling. Here is presented a novel
underwater hand-held solid-phase extraction device, I-SMEL (In
Situ Marine moleculE Logger), which aims to concentrate diluted
molecules from large volumes of seawater in a delimited zone
targeting keystone benthic species. Marine benthic holobionts, such - e
as sponges, can impact the chemical composition of their (’@ “~a -(@)-
surroundings possibly through the production and release of their . Species ID Biological functions?
specialized metabolites, hence termed exometabolites (EMs).

I-SMEL was deployed in a sponge-dominated Mediterranean

ecosystem at a 15 m depth. Untargeted MS-based metabolomics was performed on enriched EM extracts and showed (1) the
chemical diversity of enriched seawater metabolites and (2) reproducible recovery and enrichment of specialized sponge EMs such
as aerothionin, demethylfurospongin-4, and longamide B methyl ester. These EMs constitute the chemical identity of each targeted
species: Aplysina cavernicola, Spongia officinalis, and Agelas oroides, respectively. -SSMEL concentrated sponge EMs from 10 L of
water in a 10 min sampling time. The present proof of concept with I-SMEL opens new research perspectives in marine chemical
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ecology and sets the stage for further sustainable efforts in natural product chemistry.

Bl INTRODUCTION

What lies in a drop of seawater? To the analytical chemist or
marine ecologist, the answer is an ocean of molecules of
diverse structures and origins, all diluted in trace quantities. In
1965, Wangersky wrote, “Seawater is a medium of a complexity
sufficient to dismay any right-thinking analytical chemist”.'
Nevertheless, ocean scientists have tirelessly tried to unravel its
complex nature, measuring how it has changed and interacted
with the biosphere since the first life forms appeared on earth.”
Specialized sensors have been developed for the detection of
known chemicals, whether they be natural or xenobiotic.’
Sample preparation has also evolved to capture diluted (e.g,
emerging pollutants) and unknown molecules in aquatic
environments using solid-phase extraction (SPE) devices.*™®
Such seawater enrichment led to complex extracts containing a
wide and dynamic range of structurally diverse molecules.
Advances in analytical chemistry enabled better chromato-
graphic resolution with more sensitive and accurate mass
spectrometry detection.”” As such, untargeted liquid chroma-
tography tandem mass spectrometry (MS?), with the
democratized use of open access software,” led to the high-
throughput detection of thousands of molecular signals,
yielding dense metabolomic data sets interpreted with
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WACS Publications

bioinformatic tools such as those in the Global Natural
Products Social Molecular Networking systems (GNPS).”
When combined with in silico-based spectral annotation, these
tools enable a deeper description of dense molecular data sets
increasing the possible number of characterized chemical
features.’"'> In marine ecology, such metabolomic ap-
proaches are deployed to study the composition of dissolved
organic matter (DOM), a complex chemical mixture partially
derived from metabolic activities of micro- and macro-
organisms. Consequently, the field of marine metabolomics
has expanded in environmental sciences, marine ecology,m_15
and natural product chemistry.''” Nevertheless, molecules
diluted in seawater remain challenging to identify accurately
due to (1) their unknown or multiple biosynthetic origins
impeding taxonomical guidance for structural assignment, (2)
their possible (bio)transformations, (3) the paucity of available
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Figure 1. Representation of the I-SMEL instrument and its deployment in a Mediterranean marine ecosystem. Schematic view of the main
functioning items (a) and views of the disassembled (b) and assembled (c) instrument (1. electronic controller of the pump, 2. peristaltic pump, 3.
valves, 4. SPE ports, S. pump outlet to connect a flexible tank, and 6. battery). See also S1 for more details. I-SMEL operated by a SCUBA diver in a
coralligenous community (d) and then above the studied sponges (e, f). In situ pictures of the three targeted sponge species, Aplysina cavernicola

(g), Agelas oroides (h), and Spongia officinalis (i).

commercial standards or related spectral data in open access
libraries, and (4) their low abundance in collected samples
precluding any purification. To date, Wangersky’s statement
stands because identifying unknown molecules from seawater
remains a daunting task.

Benthic marine holobionts are known to produce a plethora
of structurally diverse specialized metabolites whose structural
class and relative proportions are often taxonomically
determined. These molecules contribute to the adaptation of
an organism within an ecosystem, being involved in its
defensive, growth, and communication strategies. Through
their metabolic activities and cellular renewal, marine
organisms may release part of their metabolites, hence termed
exometabolites (EMs),'®'? which, either dissolved or bound to
particles (e.g., cellular debris), may serve as nutrients and/or
may be perceived as cues (ie., allelochemicals sustaining
communication between marine organisms).20 Deciphering
chemical signatures within a pool of marine molecules requires

studying the discrete metabolic contributions of marine
organisms exuding their metabolites.">*' However, once
released, individual marine EMs are added to a pool of other
chemicals, defining complex chemical seascapes equivalent to
busy highways of putative allelochemicals. In light of the
multiple transformations that diluted molecules may undergo
in seawater, the composition of marine chemical seascapes is
constantly changing in time and spa\ce.zo’21 Consequently,
techniques that enable immediate capture of molecules upon
their release before extended biotransformations occur are
critical to better understand the origins of such molecules and
their functional roles. Such techniques would greatly support
ecologists in their quest to identify key molecules that structure
communication between organisms, thus providing arguments
for the preservation of marine ecosystem functions. The
structural diversity of marine specialized metabolites has also
inspired drug discovery efforts. However, the global concern
for biological resources management and biodiversity con-
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Figure 2. Sample preparation and analytical pipeline to characterize the structural diversity of captured marine exometabolites (EMs) and
determine the proportion of sponge-specialized EMs. SO: Spongia officinalis. AC: Aplysina cavernicola. AO: Agelas oroides. HR-MS*: High-

resolution tandem mass spectrometry. SPE: Solid-phase extraction.

servation”” has significantly slowed down natural product
chemistry in the past, whereas attempts to cultivate marine
organisms have not provided sustainable biosourcing yet.
Therefore, the idea of alternative SPE approaches to
sustainably access marine specialized EMs under natural
conditions emerged**~>* with the objective of trapping the
molecules of interest without harvesting the producing
organisms.

The present work aims at evaluating the ability of a hand-
held underwater SPE instrument to rapidly capture molecules
within chemical seascapes and enrich specialized EMs released
by keystone marine species in their ecosystems. This
instrument has been named I-SMEL (In Situ Marine moleculE
Logger) (Figure 1). It was deployed and tested in the
coralligenous, a Mediterranean ecosystem similar in many ways
to tropical coral reefs in terms of species richness and
functionality. The shaded parts of this ecosystem are made up
of species assemblages dominated by sponges, which are
prolific producers of specialized metabolites.””*° Our experi-
ments targeted three common and rather large species, whose
specialized metabolites are well described in the literature,
namely, Aplysina cavernicola (Vacelet, 1959), Agelas oroides
(Schmidt, 1864), and Spongia officinalis (Linneus,
1759)."*'=3* Following in situ sampling and building on
previous work,''”*> our analytical workflow (Figure 2)
combines untargeted MS-based metabolomics, a description
of molecular diversity using molecular class predictions with
CANOPUS,**” and metabolite dereplication through mole-
cular networking.”***’

B RESULTS

Presentation of the Instrument. I-SMEL was designed
to (1) be easily handled underwater by a single user at different
depths accessible by SCUBA diving, (2) facilitate the
enrichment of molecules by filtering large (>10 L) volumes
of seawater in a delimited zone within a short time (10—
30 min), and (3) be versatile in its use depending on the
configuration of the ecosystem to be sampled. The instrument
is made of six primary components organized in two equal
parts (Figure la—c, S1). The upper one encloses all of the
electronics (peristaltic pump and its controller), tubing, and
valves. The lower part is the 10 L chamber to be placed above
the targeted benthic community or species (Figure 1d—f).
Three separate supports for the SPE disk are fixed on the top
of this chamber and can be replaced underwater (S1). They are
individually connected to the peristaltic pump via independent
valves, allowing three in situ captures either simultaneously or
sequentially. I-SMEL can be placed in the water column, on

horizontal bottoms, overhangs, or walls of different inclina-
tions, and even on the ceiling of underwater caves. Once in
place, seawater filtration starts by activating the pump with a
simple push button at a defined duration and flow rate (here
1 min at 1 L/min), preset before the dive. SPE disks were
preferred over more widely used cartridges as they are more
appropriate when the water to be filtered is charged with
different types of particulates. They also offer a larger surface of
exchange, allowing faster flow rates to be applied, compatible
with shorter sampling time. The disks, herein used, were made
of one layer of glass fiber to retain particles and one layer of
divinylbenzene polymer (DVB) to adsorb dissolved metabo-
lites. DVB was chosen due to its demonstrated capacity to
adsorb a wide range of nonpolar and semipolar DOM or
specialized EMs.""*

In Situ Experiments. Three types of underwater experi-
ments were performed. In the first type (EXP1), [-.SMEL was
deployed in the coralligenous ecosystem without targeting any
benthic organism in particular. EXP1 aimed at concentrating
molecules defining an average chemical seascape (ACS) of the
target ecosystem. Three replicate captures were performed
randomly by cumulatively filtering 10 L of water over five
different communities. In the next experiments (EXP2-3),
I-SMEL was placed above the targeted sponge species:
Aplysina cavernicola, Spongia officinalis, and Agelas oroides.
The objective of EXP2 was to concentrate sponge-specialized
EMs on the SPE disks and thus evaluate whether I-SMEL
could capture and enrich any EM if released by sponges. Each
collection replicate of EXP2 accumulated a total of 10 L
filtered on 3 DVB disks simultaneously by moving over five
different sponge individuals. EXP3 was designed to identify
EMs that can be reproducibly recorded and to assess individual
variability in sponge EM production. Each sampling replicate
of EXP3 was performed by filtering 10 L of water on three
DVB disks simultaneously over the same individual sponge. A
total of three independent capture replicates was obtained per
sponge species (see S2 and S3). Samples of the sponge were
taken in order to prepare crude extracts that served as
analytical references for the identification of specialized
metabolites.

Untargeted Detection of Chemical Features by
Tandem Mass Spectrometry. Back in the laboratory,
metabolites adsorbed on SPE disks were eluted by using an
automatic SPE instrument. Individual disk extracts were
pooled per capture replicate, yielding a total of three replicates
of the EM extracts for each series of experiments. All extracts
were analyzed by ultra-high-performance liquid chromatog-
raphy coupled to quadrupole time-of-flight tandem mass
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Figure 3. Chemical diversity of captured EMs. (a) Feature-based molecular network with ion identity containing 805 nodes organized in 137
spectral families (see also S4). The size of the node is proportional to the retention time. The pie chart represents relative intensities of features
(FT) in each sample (ACS = average chemical seascape, AO = Agelas oroides, SO = Spongia officinalis, and AC = Aplysina cavernicola). (b) FT
distribution and chemical diversity based on natural product pathway probabilities (>0.8) determined with CANOPUS.* Sponge EM extracts
contained three types of FT: identical to those from their crude extract (type 1), uniquely found as sponge-specific EMs (type 2), and clustering
with features from ACS (type 3 in green). (c) Total number of FT for each sponge species and their distribution showing reproducibly captured

EMs in sampling replicates (EXP2-3).

spectrometry detection with positive electrospray ionization.
For comparison, all of the data were acquired during the same
analytical sequence. The subsequent raw data were processed
with MZmine 3% to obtain a matrix characterized by a
comparative listing of chemical features (MS') with their
corresponding ion intensities distinguished by their mass-to-
charge ratio (m/z) and retention times. A matrix containing
2248 unique mass-retention time features with their ion
intensities was subjected to GNPS together with the spectral
MS? data. Subsequently, a feature based molecular network®
(FBMN, Figure 3a) with ion identity’” was built to cluster
together ion features (nodes) harboring similar MS® spectra
based on cosine scores (edge). This analysis was combined
with a systemic interrogation of GNPS associated reference
libraries. FBMN expands the interpretability of untargeted MS*
as it allows visualization of the spectral diversities and
similarities within the studied data set, thus representing the
chemical diversity of captured molecules.

Characterization of EM Chemical Diversity and
Variability Using FBMN. A total of 805 features were
distributed in 137 spectral families (clusters; Figure 3a). With
SIRIUS,"” we additionally focused on higher confidence
assignment of molecular formulas in each targeted FBMN
spectral family and looked into the distribution of predicted
chemical class with CANOPUS.**** This led to a deeper
molecular annotation of our data sets to describe the chemical
diversity of collected molecules (Figure 3b). Sponge EM
extracts contained three types of features: identical to those
from their corresponding sponge extract (type 1), uniquely
found as sponge-specific EMs (type 2), and clustering with

features from ACS (in green, type 3). EM extracts from
repeated seawater filtering around each species displayed
distinct molecular compositions. In particular, type 1 features
clearly suggested the presence of sponge-specialized metabo-
lites as EMs. Type 2 features revealed the presence of EMs
either structurally related to sponge-specialized metabolites or
resulting from metabolic activities of other syntopic species
(e.g., corals, bryozoans, and free-living micro-organisms)
within the sponge community. Among all three species, A.
cavernicola provided the highest number of detected features
(230 features, Figure 3c). EMs obtained above A. cavernicola
and A. oroides were found to be rich in alkaloids, including
brominated ones, in addition to fatty acids and polyketide
derivatives. Both sponge species are known to produce
bromotyrosine spiroisoxazolines and bromopyrroles.'”*" Like-
wise, EMs collected around S. officinalis, known to produce
diverse furanoterpenes and other terpenoids,” were found to
belong principally to the terpenoid structural class (Figure 3b).
Overall, the accumulated captures (EXP2) recorded 52 EM
features identical to those of S. officinalis specialized
metabolites, 32 for A. cavernicola, and only 8 for A. oroides
(Figure 3c). When focusing on reproducibly detected features
(EXP2-3), these numbers decreased to 7 for S. officinalis, 17
for A. cavernicola, and only 1 for A. oroides. Finally, type 3
features accounted for 18% of all assigned signals, mainly in the
fatty acid and polyketide structural classes. Such ACS features
highlighted the presence of coralligenous EMs and other
molecules that are not specifically related to the targeted
sponge species. I-SMEL has thus demonstrated its capacity to
capture a high chemical diversity around sponge species, with
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Figure 4. Spectral families and structural diversity of reproducibly enriched A. cavernicola specialized EMs. (a) Focus on the major bromo-
spiroisoxazoline spectral family with the reproducibly detected features used for structural dereplication. Each feature is identified by its m/z (M)
and retention time (T). The pie chart represents relative intensities of features in each sample. (b) Focus on four other spectral families, each
containing one brominated alkaloid detected in both crude and EM extracts (confidence of identification level 2b for molecules associated with a
star). (c and d) The relative concentration of each annotated EM was determined by measuring the area under the curve (AUC) of extracted ion
chromatograms (EIC) in each extract and using the crude extract as reference (100%). (d) Metabolites more concentrated in EM extracts than in

the crude extracts.

several specialized EMs defining the chemical fingerprint of
each species’ surrounding seawater.

Identification and Relative Proportion of Captured
Sponge-Specialized EMs. To determine the structural
identity and proportion of reproducibly captured specialized
EMs for each sponge species, MS-based dereplication was
performed using spectral data available either from previously
identified compounds or in GNPS libraries, showcasing the
usefulness of raw data sharing.” When precise structural
identification could not be achieved due to the lack of available
reference raw data, we performed manual annotation of MS*
spectra corroborated with information disclosed in publica-
tions and with in silico prediction of molecular structures from
MetFrag or CSI:FingerID embedded in SIRIUS.'"™"* Metab-
olites identified using library match and in silico analyses are

proposed with level 2b confidence as described previously.
The proportion of each annotated EM was determined by
measuring the area under the curve (AUC) of extracted ion
chromatograms (EIC) in each extract from EXP2, using the
crude as reference.

The sponge A. cavernicola was found to reproducibly release
the highest number of specialized EMs. They corresponded to
16 brominated alkaloids (Figure 4), distributed in S spectral
families. Six were previously described as EMs in aquarium
experiments.'” In adequation with previous results, the most
abundant bromo-spiroisoxazoline alkaloids characterizing the
crude extract (Figure SS.1) were reproducibly detected as
EMs, namely, aerothionin, purealidin L, aerophobin 1, aplysine
1, aplysinamisine II, and aeroplysinin-1. The nine other
metabolites were either putatively identified by analyzing
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Figure S. Spectral families of reproducibly released Spongia officinalis EMs. Each feature is identified by its m/z (M) and retention time (T). The
pie chart represents relative intensities of features in each sample. (a) Focus on the furanoterpenoid spectral families with MS? spectra of putative
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their MS? spectra with regard to data available in the literature
(Figure $6.1)* or simply annotated with their molecular
formula. Therefore, I-SMEL succeeded in concentrating a
series of yet unknown bromotyrosine derivatives. Reproducibly
detected specialized EMs belong to two groups based on their
relative proportions: those with similar or lower concentration
as in the crude extract (Figure 4c) and those whose
concentration was significantly higher (Figure 4d). Among
them, aeroplysinin-1, the most polar EM, was found to be
present in the highest proportion. Such a difference could have
been due to (1) different SPE extraction procedures between
EM and crude extracts and (2) a higher solubility of
aeroplysinin-1 favoring its enrichment from seawater.

Around Spongia officinalis (SO), seven features representing
seven molecules were reproducibly identical to those detected
in the crude extract. Their MS* spectra belonged to five
distinct spectral families (Figure S). The most representative
ones encompass the highest number of MS? spectra related to

furanoterpenoids, as previously reported (Figure 5a).*” In this
spectral family, furospongin-1, one of the most abundant
specialized metabolites in S. officinalis (Figure S$S5.2), and an
oxidized furospongin M363T16.9, were reproducibly identified
as specialized EMs. Two isomers of dereplicated demethylfur-
ospongin-4>* were also reproducibly detected in another
spectral family encompassing furospongin-4, their methylated
analogue. Another reproducibly released EM, M353T21.1, was
found to be an in-source fragment ([C,;H,,0, — CH;CO,H —
H,O0 + HJ, m/z 353.2840) of the same molecule as
M430T21.1 ([C,H,0, — H,0 + NH,]*, m/z 430.3317),
annotated as 12-epideoxoscalarin, which was previously
reported in Spongia lamella (Figure Sb, Figure $6.2).** The
last two metabolites were putative fatty acid derivatives (Table
S6.2), and thus, they were not considered stricto sensu as
specialized metabolites. The relative proportion of the oxidized
furospongin M363T16.9 as well as both demethylfurospongin-
4 isomers was found to be equivalent to those in the crude
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extracts (Figure Sc), whereas the relative concentration of
M353T21.1 was on average twice as high in the EM extracts,
emphasizing the enrichment capacity of I-SMEL.

Among the bromopyrrole 2-amino-imidazole derivatives
reported to be produced by A. oroides (AO), oroidin is by
far the most abundant (Figure SS5.3). In both the cumulative
captures (EXP2) and individual replicates (EXP3), oroidin was
not recovered as a specialized EM (Figure 6a). Only one
brominated feature was repeatedly detected as EM (Figure
6b). Its molecular formula was calculated as [C,;,H;,Br,N,0; +
H]* (m/z 366.9105). Structural dereplication of its MS?
spectrum by manual annotation and using either SIRIUS or
MetFrag'”"" led us to propose longamide B methyl ester (syn:
hanishin methyl ester) as a putative structure (Figure $6.3).
This compound was previously described in different Agelas
species”” " and clustered with the sporadically detected
unique EM feature M353T12.3 ([C,HBr,N,0; + H]Y, m/z
350.8974) assigned as longamide B.*> The relative concen-
tration of longamide B methyl ester was found to be on average
twice lower in the EM extracts than in the crude extracts.

B DISCUSSION

Some 40 years ago, the first submersible apparatus was
designed to capture metabolites around corals”® but was
operated only in shallow water and with a relatively long
sampling time, which together with the technical limitations of
the time restrained the scope of its applications. Nevertheless,
such a record illustrates clearly the persistant need for versatile
in situ instruments capable of concentrating efficiently diluted
metabolites in seawater. As opposed to previously developed in
situ instruments, I-SMEL is hand-held and can thus travel with
scientific divers. It can be deployed at various depths (here
15—20 m), under different configurations, allowing experi-
ments to be perfomed in a time frame compatible with SCUBA
diving. I-SMEL does not need to stay flat or be maintained on
a flat surface to work. Collectively, these technical character-
istics make I-SMEL stand out compared to previously
developed in situ devices.”***

The results presented herein showcase the ability of I-SMEL
to recover structurally diverse metabolites including specialized
EMs from the seawater surrounding a benthic ecosystem. We
demonstrated that implementing I-SMEL followed by the
described extraction process afforded samples significantly
enriched in specialized EMs produced by sponges, such as

brominated alkaloids and furanoterpenoid derivatives. Collec-
tively, these EMs constitute the seawater chemical fingerprint
of targeted sponge species, as also observed by 'H NMR
analyses (Figure S7). The diversity and proportion of
recovered specialized EMs were found to greatly differ between
species but also between biological replicates of the same
species, prefiguring an individual varability in EM production
that would require a more thorough evaluation, as has been
done for several other examples of sponge global metabolite
production.*”** Also, only a fraction of the known specialized
metabolites characterizing a sponge crude extract were
recovered as EMs. Some of them might have remained
undetected due to (1) their presence in trace quantities below
the detection threshold or (2) potential ionization suppression
attributed to residual sea salts. A significant part of those
specialized metabolites is also likely retained within the sponge
body mass as a fotential defense mechanism against predators
or competitors. 7

For the two most productive species studied here, S.
officinalis and A. cavernicola, the most abundant specialized
metabolites characterizing the crude extract were reproducibly
recovered as EMs: furospongin-1 and demethylfurospongin-4
for S. officinalis and aerothionin and aerophobin-1 for A.
cavernicola. This was not the case for A. oroides, considering
that the most abundant specialized metabolite, oroidin, was
not recovered as an EM. Instead, longamide B methyl ester,
produced by different Agelas species, was reproducibly
detected. EMs structurally deriving from well-known speci-
alized metabolites were also sporadically detected around each
of the three sponge species. Such results suggest that part of
their released specialized metabolites may have been readily
(bio)transformed before their capture. Possible (bio)-
transformation could produce more polar, water-soluble
compounds, as observed with longamide B around A. oroides
but also with oxidized furanoterpenes around S. officinalis. In
line with such observations, aeroplysinin-1, a well-known
bioactive bromotyrosine derivative,”’ was proportionally more
abundant in seawater extracts. To that extent, studying marine
EMs helps revisit marine natural product chemistry, raising
new questions regarding structural stability and water solubility
and opening new prospects for the discovery of natural
products. Even though this instrument has so far been tested
only on keystone Mediterranean sponge species, I-SMEL could
easily be deployed to explore the chemical diversity of EMs
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that might be released by other marine organisms (e.g., corals
and algae).

The results gathered herein confirmed that I-SMEL can be
used as a noninvasive/destructive technique facilitating the
standardized sampling of seawater to efficiently capture, rapidly
enrich, and thereafter monitor over time and space the
diversity of EMs released by marine organisms. Using I-SMEL
will enable the progressive mapping of chemical seascapes in
various marine ecosystems and the qualitative and quantitative
monitoring of EM production by specific marine organisms.
The chemical knowledge gained from such future time-series
studies could illuminate metabolic changes in the composition
of the water column above benthic marine organisms. It may
thus allow the highlighting of the chemical fluxes regulating
organismal interactions (e.g., spawning, organism movements,
and settlements) but also resolve new aspects of physiological
responses, some of them induced by environmental stressors
(e.g, pollutants and ocean warming).”’ Moreover, stress
biomarkers released in response to environmental disturbances
could be directly captured with I-SMEL without manipulation
or the destruction of marine organisms, thereby providin
noninvasive means of early detection and monitoring. "’
These applications represent game-changing advancements in
the fields of marine and chemical ecology. I-SMEL could also
be deployed to access and track in situ the distribution of dilute
anthropogenic pollutants,> opening new perspectives of
investigations in the field of environmental chemistry. When
combined with a thorough untargeted metabolomics workflow,
the deployment of I-SMEL will assist in gaining knowledge of
key marine ecosystems, including those harboring endangered
species such as Spongia officinalis.”*

In conclusion, geographical and seasonal investigations of
enriched EMs from a given ecosystem become possible with
I-SMEL. Results from such studies will provide crucial insights
into the structuration of chemical mediation that underpins
ecological interactions.”" Such results will also guide chemists
in identifying the most productive periods during which
appropriate seawater sampling above targeted marine organ-
isms will provide higher quantities of extracts compatible with
natural product discoveries. New generations of the easy-to-
build I-SMEL will be of different sizes and autonomous and/or
remotely operated and can be produced in order to adapt to
different needs and logistical settings. With a collaborative
network of marine researchers, these I-SMELs could be
deployed simultaneously in different ecosystems, providing
synchronized knowledge on chemical seascapes.

B METHODS

In Situ Solid Phase Adsorption Instrument. The main
functioning items are contained in a 30-cm-diameter, 32-cm-
high plexiglass cylinder (total volume 22 L). Most technical
elements are in the upper part (Figure 1b,c), while the lower
part forms a 10 L chamber holding three SPE supports (Figure
la—c, S1). The upper part consists of an ERDEMIL peristaltic
dosing pump coupled to a Maxon microreductor motor,
powered by a 12 V, 250 mA rechargeable NiMH battery and
controlled by a Picl6F electronic card. Such a system ensures
repeatable and precise peristaltic pumping and can be operated
regardless of the external pressure, thus without the diving
depth affecting the volume of pumped seawater. All of these
elements are contained in custom-built waterproof stainless
steel housings. The microcontrollers on the electronic card
allow the pumping parameters (i.e. pumping duration, volume

of pumped seawater, and therefore the flow rate) to be set. The
parameters are set before the dive, and the exact delivered
volume can be checked at the beginning of each dive by
connecting a flexible tank to the pump outlet (Figure 1a, S1).
A defined volume of seawater can be pumped repeatedly as
many times as needed. A simple waterproof magnetic push
button triggers pumping (short press) whatever the position of
the device. The pump is connected to three suction ports that
can be opened or closed by small valves operated underwater.
Each suction port is equipped with a filter holder in which a
stainless steel grid with a 2 mm mesh retains the coarsest
particles, with the SPE disks being right behind the grid. With
the exception of the stainless steel grids and the plexiglass
chamber, all of the components in contact with the pumped
seawater are made of PTFE.

In Situ Adsorption and Concentration of Sponge
Exometabolites (EMs). In situ experiments were performed
by SCUBA diving in the Marseille area in Calanques National
Park. This study targeted the coralligenous community
distributed at the entrance of underwater caves. During each
dive, the instrument was placed above an assemblage of species
that are, under such conditions, dominated by marine
invertebrates, mostly sponges, but also corals and bryozoans.
DVB disks (47 mm Atlantic Disk Biotage) were mounted on
the SPE supports after being individually conditioned with 10
mL of ethyl acetate (EtOAc), followed by 10 mL of methanol
(MeOH) and ending with 10 mL of distilled water (H,O).
The first experiment aimed at obtaining the average chemical
seascape of this marine ecosystem by performing a 10 min
capture in total, with I-SMEL being moved at least five times in
close contact with random parts of the ecosystem (EXP1). A
second series of 10 min captures (10 L of pumped seawater)
was performed by targeting the sponges Aplysina cavernicola,
Spongia officinalis, and Agelas oroides in order to obtain three
average seascapes respectively enriched in the exometabolites
of these three species (EXP2). To maximize our chance to
trace the impact of each target species on the chemical
seascape, 2 L of seawater (2 min duration) was repeatedly
sampled above 5 parts of the ecosystem dominated by each
species. Each capture replicate was performed with all valves
opened on the three DVB disks to yield one enriched sponge
EM extract. A total of three extract replicates were produced
for each sponge species. The last type of experiment (EXP3)
was performed to get biological replicates and therefore
preliminarily assess the individual variability by realizing three
replicate captures of 10 min each on different specimens of
sponge species (sampling Scheme S2).

Extraction of In Situ Adsorbed and Enriched EMs. The
extraction of metabolites adsorbed on the DVB disks was
processed on an automatic solid phase extraction instrument
(Dionex Autotrace 280, Thermo Scientific). The disks were
washed with 30 mL of deionized H,O as the desalting step.
EM extraction was performed by eluting the DVB disks with
10 mL of MeOH, followed by 10 mL of MeOH/EtOAc (50:50
v/v) and ending with 10 mL of EtOAc. A 30 mL EM extract
was obtained, evaporated to dryness (SpeedVac, Savant
SPD111 V), rediluted in 1 mL of MeOH MS-grade, and
kept for at least 2 h at —20 °C to precipitate the residual sea
salts. After centrifugation (S5 min at —4 °C, 14K rpm), the
supernatants were filtered on PTFE luer-lock filters (0.22 ym,
cat. no. 26142, Restek). Extracts from the three DVB disks
used per capture experiment were pooled to produce one EM
extract replicate, thus yielding three ACS extracts (EXP1) and
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three EM extracts per sponge species and type of experiment
(total 18 EM extracts EXP2-3).

Preparation of Sponge Crude Extracts. All samples
were collected in agreement with French national regulations
and the Nagoya Protocol, processing with a French national
declaration under receipt no. TREL2022990S I 392 and the
internationally recognized certificate of compliance (IRCC)
number ABSCH-IRCC-FR-253848-1 available from the Access
and Benefit-Sharing Clearing-House (https://absch.cbd.int/
about/). Soon after collection, all sponges were transported in
sealed jars of seawater without exposure to air. In the
laboratory, sponges were flash frozen in liquid nitrogen, stored
at —80 °C, and then freeze-dried for at least 48 h. The dried
sponge was reduced to a thin powder with a knife mill for
domestic use. Approximately 1 g of each sponge powder was
mixed with 10 mL of MeOH LC-grade and sonicated for 30
min (ultrasonic cleaner TUC-70). The mixture was filtered
under vacuum, and the remaining sponge powder was rinsed
with 10 mL of MeOH. Crude salted extracts adsorbed on 100
mg of C-18 powder (Polygoprep 60-50, Macherey-Nagel) were
further processed on Strata C18-E SPE cartridges to remove
residual sea salts. Extracts were washed with 18 mL of LC-MS-
grade water and then eluted with 12 mL of MS-grade MeOH,
thereby leading to the production of desalted sponge crude
extracts. These extracts were used as analytical references.

UHPLC-UV HR-MS Acquisition. Sponge crude extracts
were prepared at 0.2 mg:-mL™" in MS-grade MeOH and filtered
on PTEE luer-lock filters (0.22 pm, catalog no. 26142, Restek)
prior to injection. Chromatographic separations were achieved
on a Luna Omega Polar C18 UHPLC column (Phenomenex),
maintained at 42 °C, with an elution gradient composed of (A)
water and (B) MeCN both with 0.1% formic acid under the
following conditions: from 10% (B) during 2 min to 29.5% (B)
at 13.3 min and then to 95% (B) at 17 min and during 4.5 min
(flow rate 0.45 mL-min~!, injection volume 2 uL). Mass
spectrometry detection parameters (ESI-Q-ToF, Bruker
Impact II) in ESI positive mode were set as follows: nebulizer
gas N, at 3.5 bar; dry gas at 12 L-min™'; capillary temperature
at 200 °C; and voltage at 4500 V. MS/MS acquisition mode
was set with a scan rate of 8 Hz (full scan from 50 to 1200 m/
z) and a mixed collision energy of 20—40 eV (50% time at
each collision energy, stepping mode). A sodium formate/
acetate solution forming clusters in the studied mass range was
used as the calibrant and automatically injected before each
sample for internal mass calibration, ensuring a precision of m/
z lower than 2 ppm in the mass range. Extracts were randomly
injected to integrate any memory effect on the column and
time-dependent MS drift. Pooled samples, injected every six
samples from the beginning to the end of the series, were used
for further ion ﬁltering. See S6 for UHPLC-MS data processing
with MZmine 3.2.8.°

Molecular Networking and Analysis of Chemical
Diversity. The feature quantification table and the corre-
sponding list of MS? spectra linked to the 2248 MSI features
(mgf file format) were exported from MZmine™ for feature
based molecular networking on the GNPS platform (https: //
gnps.ucsd.edu).”*® The precursor ion mass tolerance was set to
0.02 Da, and the MS/MS fragment ion tolerance was set to
0.02 Da. A molecular network was then created where edges
were filtered to have a cosine score above 0.7 and more than
10 matched peaks in the MS” spectra. Furthermore, edges
between two nodes were kept in the network only if each of
the nodes appeared in each other’s respective top eight most

similar nodes. Finally, the maximal size of a molecular family
was set at 100, and the lowest scoring edges were removed
from molecular families until the molecular family size was
below this threshold. The acquired MS? spectra in the network
were then searched against GNPS spectral libraries.” The
resulting network was visualized and interpreted using
Cytoscape 3.8.2.°° Spectral families were individually pro-
cessed using in silico tools in SIRTUS 5.6.1° Higher confidence
assignment of molecular formulas for features within each
spectral families and structural predictions were made using
embedded as well as in-house-built databases with the
simplified molecular input line-entry system [SMILES].
CANOPUS was then used for systematic annotation of the
compound class of each selected structural prediction.
Chemical distribution and classification of all clustered features
were performed using outcomes from NPclassifier and using
anatural product pathway probabilities of >0.8.%**

Proportion of Sponge-Specialized EMs. The relative
proportion of sponge-specialized metabolites detected as EMs
from EXP2 was determined by comparing the area under the
curve (AUC) of their extracted ion chromatograms (EIC). The
corresponding AUC measured in the sponge crude extract was
used as reference (100%). Both EIC and their measured AUC
were obtained using Compass DataAnalysis software (Bruker
version 5.0). Results were interpreted by taking into account
the concentration of sponge crude extracts (0.2 mg in 1 mL)
and the volume used to reconstitute seawater EMs extracts
(1.5 mL of concentrated extract from three DVB disks and 10
L of filtered seawater).

Safety Statement. No unexpected or unusually high safety
hazards were encountered.

B ASSOCIATED CONTENT

Data Availability Statement

Raw MS? data (*.mzML) are freely available from the UCSD
Center for Computational Mass Spectrometry database with
the MassIVE identifier MSV000091465. The molecular
networking job can be publicly accessed at https://gnps.
ucsd.edu/ProteoSAFe/status.jsp2tasks=
cff712297d024e52a2c03bac310af869. The raw (*mzML) MS
data, .mol files of all represented structures, Excel files used to
determine the distribution of molecular features, the cytoscape
file, Excel files pertaining to data presented in each figure, and
'H NMR data are available on ZENODO at https://doi.org/
10.5281/zen0do.7820941.

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscentsci.3c00661.

Further details on the I-SMEL instrument; scheme of
the sampling protocol; extracts codes and masses;
complementary information to Figure 3; base peak
chromatograms of representative sponge crude extracts;
MS data processing as well as annotated MS” spectra
and corresponding data of (putatively) identified EMs;
and "H NMR spectra of sponge EM extracts (PDF)
Transparent Peer Review report available (PDF)

B AUTHOR INFORMATION
Corresponding Author
Charlotte Simmler — IMBE, UMR CNRS 7263, IRD 237,

Aix Marseille Université, Avignon Université, Station Marine
d’Endoume, Chemin de la batterie des lions, 13007 Marseille,

https://doi.org/10.1021/acscentsci.3c00661
ACS Cent. Sci. XXXX, XXX, XXX—XXX


https://absch.cbd.int/about/
https://absch.cbd.int/about/
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00661/suppl_file/oc3c00661_si_001.pdf
https://gnps.ucsd.edu
https://gnps.ucsd.edu
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=cff712297d024e52a2c03bac310af869
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=cff712297d024e52a2c03bac310af869
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=cff712297d024e52a2c03bac310af869
https://doi.org/10.5281/zenodo.7820941
https://doi.org/10.5281/zenodo.7820941
https://pubs.acs.org/doi/10.1021/acscentsci.3c00661?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00661/suppl_file/oc3c00661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00661/suppl_file/oc3c00661_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charlotte+Simmler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.3c00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

France; © orcid.org/0000-0002-6923-2630;
Email: charlotte.simmler@imbe.fr

Authors

Morgane Mauduit — IMBE, UMR CNRS 7263, IRD 237, Aix
Marseille Université, Avignon Université, Station Marine
d’Endoume, Chemin de la batterie des lions, 13007 Marseille,
France; ® orcid.org/0000-0003-4583-5389

Marie Derrien — IMBE, UMR CNRS 7263, IRD 237, Aix
Marseille Université, Avignon Université, Station Marine
d’Endoume, Chemin de la batterie des lions, 13007 Marseille,
France; ® orcid.org/0000-0003-1210-4547

Marie Grenier — IMBE, UMR CNRS 7263, IRD 237, Aix
Marseille Université, Avignon Université, Station Marine
d’Endoume, Chemin de la batterie des lions, 13007 Marseille,
France

Stéphane Greff — IMBE, UMR CNRS 7263, IRD 237, Aix
Marseille Université, Avignon Université, Station Marine
d’Endoume, Chemin de la batterie des lions, 13007 Marseille,
France; © orcid.org/0000-0001-9156-5194

Sacha Molinari — IMBE, UMR CNRS 7263, IRD 237, Aix
Marseille Université, Avignon Université, Station Marine
d’Endoume, Chemin de la batterie des lions, 13007 Marseille,
France

Pierre Chevaldonné — IMBE, UMR CNRS 7263, IRD 237,
Aix Marseille Université, Avignon Université, Station Marine
d’Endoume, Chemin de la batterie des lions, 13007 Marseille,
France; ® orcid.org/0000-0003-0507-7747

Thierry Pérez — IMBE, UMR CNRS 7263, IRD 237, Aix
Marseille Université, Avignon Université, Station Marine
d’Endoume, Chemin de la batterie des lions, 13007 Marseille,
France

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscentsci.3c00661

Author Contributions
TCo-first authors.

Author Contributions
*Co-last authors.

Author Contributions

The original idea of the research program came from T.P. and
CS. T.P, P.C, and C.S. designed the research experiments.
MM.,, M.D,, and M.G. performed the research experiments in
the laboratory. T.P.,, M.D.,, P.C, and S.M. collected the
exometabolites. T.P. and P.C. identified the sponge species in
situ. M.D., M.M., M.G,, S.G., and C.S. analyzed the data. All
coauthors contributed to the manuscript and approved its
revised and final version.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge financial support by the ANR (ANR-
20-CE43-0003), Total Foundation, the CNRS INEE PEPS
“Paysages”, the MITI of the CNRS for M.M.’s Ph.D.
fellowship, and the ANRT for M.G.s Ph.D. fellowship
(CIFRE no. 2019/1375). The authors thank O. P. Thomas,
National University of Ireland, Galway, for stimulating
conversations on the research topic. We are also grateful to
G. Pachoud, S. Bricout, and J. C. Demunck of COMEX S. A.
for their contribution to the construction of I-SMEL and to the
sailors and divers of the Institute Pytheas for their support

during the work at sea. The authors also acknowledge the four
reviewers for their constructive comments and advice, which
significantly improved the quality of this manuscript.

B REFERENCES

(1) Wangersky, P. J. The Organic Chemistry of Sea Water. Am. Sci.
1965, 53 (3), 358—374.

(2) Fyfe, W. S. Effects on Biological Evolution of Changes in Ocean
Chemistry. Nature 1977, 267 (5611), 510—510.

(3) Moore, T. S.; Mullaugh, K. M.; Holyoke, R. R.; Madison, A. S,;
Yiicel, M.; Luther, G. W. Marine Chemical Technology and Sensors
for Marine Waters: Potentials and Limits. Annu. Rev. Mar. Sci. 2009, 1
(1), 91-115.

(4) Liska, L Fifty Years of Solid-Phase Extraction in Water Analysis
— Historical Development and Overview. J. Chromatogr. A 2000, 885
(1), 3—16.

(5) da Costa Filho, B. M.; Duarte, A. C.; Rocha-Santos, T. A. P.
Environmental Monitoring Approaches for the Detection of Organic
Contaminants in Marine Environments: A Critical Review. Trends
Environ. Anal. Chem. 2022, 33, No. e00154.

(6) Kamali, N.; Abbas, F.; Lehane, M.; Griew, M.; Furey, A. A
Review of In Situ Methods—Solid Phase Adsorption Toxin Tracking
(SPATT) and Polar Organic Chemical Integrative Sampler (POCIS)
for the Collection and Concentration of Marine Biotoxins and
Pharmaceuticals in Environmental Waters. Molecules 2022, 27 (22),
7898.

(7) Magi, E; Di Carro, M. Marine Environment Pollution: The
Contribution of Mass Spectrometry to the Study of Seawater. Mass
Spectrom. Rev. 2018, 37 (4), 492—512.

(8) Schmid, R.; Heuckeroth, S.; Korf, A.,; Smirnov, A.; Myers, O.;
Dyrlund, T. S.; Bushuiev, R,; Murray, K. J.; Hoffmann, N.; Lu, M,;
Sarvepalli, A,; Zhang, Z.; Fleischauer, M.; Dithrkop, K.,; Wesner, M.;
Hoogstra, S. J.; Rudt, E.; Mokshyna, O.; Brungs, C.; Ponomarov, K,;
Mutabdzija, L.; Damiani, T.; Pudney, C. J.; Earll, M.; Helmer, P. O,;
Fallon, T. R.; Schulze, T.; Rivas-Ubach, A.; Bilbao, A.; Richter, H,;
Nothias, L.-F.; Wang, M,; Oresic, M.; Weng, ].-K; Bécker, S.;
Jeibmann, A.; Hayen, H.; Karst, U.; Dorrestein, P. C.; Petras, D.; Du,
X.; Pluskal, T. Integrative Analysis of Multimodal Mass Spectrometry
Data in MZmine 3. Nat. Biotechnol. 2023, 41, 447—449.

(9) Wang, M.; Carver, J. J.; Phelan, V. V.; Sanchez, L. M.; Garg, N,;
Peng, Y.; Nguyen, D. D.; Watrous, J.; Kapono, C. A.; Luzzatto-Knaan,
T.; Porto, C.; Bouslimani, A.; Melnik, A. V.; Meehan, M. J.; Liu, W.-
T.,; Criisemann, M,; Boudreau, P. D.; Esquenazi, E.; Sandoval-
Calderon, M.; Kersten, R. D.; Pace, L. A,; Quinn, R. A.; Duncan, K.
R; Hsu, C.-C; Floros, D. J.; Gavilan, R. G.; Kleigrewe, K.; Northen,
T.; Dutton, R. J.; Parrot, D.; Carlson, E. E.; Aigle, B.; Michelsen, C. F.;
Jelsbak, L.; Sohlenkamp, C.; Pevzner, P.; Edlund, A.; McLean, J.; Piel,
J.; Murphy, B. T,; Gerwick, L.; Liaw, C.-C.; Yang, Y.-L.; Humpf, H.-
U,; Maansson, M.; Keyzers, R. A; Sims, A. C.; Johnson, A. R;
Sidebottom, A. M.; Sedio, B. E.; Klitgaard, A.; Larson, C. B.; Boya P,
C. A,; Torres-Mendoza, D.; Gonzalez, D. J; Silva, D. B.; Marques, L.
M.; Demarque, D. P.; Pociute, E.; O’'Neill, E. C.; Briand, E.; Helfrich,
E. J. N;; Granatosky, E. A.; Glukhov, E.; Ryffel, F.; Houson, H.;
Mohimani, H.; Kharbush, J. J.; Zeng, Y.; Vorholt, J. A; Kurita, K. L,;
Charusanti, P.; McPhail, K. L.; Nielsen, K. F.; Vuong, L.; Elfeki, M.;
Traxler, M. F.; Engene, N.; Koyama, N.; Vining, O. B.; Baric, R.; Silva,
R. R;; Mascuch, S. J.; Tomasi, S.; Jenkins, S.; Macherla, V.; Hoffman,
T.; Agarwal, V,; Williams, P. G.; Dai, J,; Neupane, R; Gurr, J;
Rodriguez, A. M. C.; Lamsa, A.; Zhang, C.; Dorrestein, K.; Duggan, B.
M.; Almaliti, J.; Allard, P.-M.; Phapale, P.; Nothias, L.-F.; Alexandrov,
T.; Litaudon, M.; Wolfender, J.-L.; Kyle, J. E.; Metz, T. O.; Peryea, T;
Nguyen, D.-T.; VanLeer, D.; Shinn, P.; Jadhav, A.; Miiller, R.; Waters,
K. M.; Shi, W,; Liu, X.; Zhang, L.; Knight, R; Jensen, P. R.; Palsson,
B. @.; Pogliano, K; Linington, R. G.; Gutiérrez, M.; Lopes, N. P.;
Gerwick, W. H.; Moore, B. S.; Dorrestein, P. C.; Bandeira, N. Sharing
and Community Curation of Mass Spectrometry Data with Global
Natural Products Social Molecular Networking. Nat. Biotechnol. 2016,
34 (8), 828—837.

https://doi.org/10.1021/acscentsci.3c00661
ACS Cent. Sci. XXXX, XXX, XXX—XXX


https://orcid.org/0000-0002-6923-2630
mailto:charlotte.simmler@imbe.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Morgane+Mauduit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4583-5389
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marie+Derrien"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1210-4547
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marie+Grenier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ste%CC%81phane+Greff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9156-5194
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sacha+Molinari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pierre+Chevaldonne%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0507-7747
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thierry+Pe%CC%81rez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00661?ref=pdf
https://doi.org/10.1038/267510a0
https://doi.org/10.1038/267510a0
https://doi.org/10.1146/annurev.marine.010908.163817
https://doi.org/10.1146/annurev.marine.010908.163817
https://doi.org/10.1016/S0021-9673(99)01144-9
https://doi.org/10.1016/S0021-9673(99)01144-9
https://doi.org/10.1016/j.teac.2022.e00154
https://doi.org/10.1016/j.teac.2022.e00154
https://doi.org/10.3390/molecules27227898
https://doi.org/10.3390/molecules27227898
https://doi.org/10.3390/molecules27227898
https://doi.org/10.3390/molecules27227898
https://doi.org/10.3390/molecules27227898
https://doi.org/10.1002/mas.21521
https://doi.org/10.1002/mas.21521
https://doi.org/10.1038/s41587-023-01690-2
https://doi.org/10.1038/s41587-023-01690-2
https://doi.org/10.1038/nbt.3597
https://doi.org/10.1038/nbt.3597
https://doi.org/10.1038/nbt.3597
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.3c00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

(10) Diihrkop, K.; Fleischauer, M.; Ludwig, M.; Aksenov, A. A,
Melnik, A. V.; Meusel, M.; Dorrestein, P. C.; Rousu, J.; Bocker, S.
SIRIUS 4: A Rapid Tool for Turning Tandem Mass Spectra into
Metabolite Structure Information. Nat. Methods 2019, 16 (4), 299—
302.

(11) Ruttkies, C.; Schymanski, E. L.; Wolf, S.; Hollender, J.;
Neumann, S. MetFrag Relaunched: Incorporating Strategies beyond
in Silico Fragmentation. J. Cheminformatics 2016, 8 (1), 3.

(12) Diihrkop, K; Shen, H.; Meusel, M.; Rousu, J.; Bécker, S.
Searching Molecular Structure Databases with Tandem Mass Spectra
Using CSI:FingerID. Proc. Natl. Acad. Sci. U. S. A. 2018, 112 (41),
12580—1258S.

(13) Petras, D.; Koester, I; Da Silva, R;; Stephens, B. M.; Haas, A.
F.; Nelson, C. E; Kelly, L. W,; Aluwihare, L. I; Dorrestein, P. C.
High-Resolution Liquid Chromatography Tandem Mass Spectrome-
try Enables Large Scale Molecular Characterization of Dissolved
Organic Matter. Front. Mar. Sci. 2017, 4, DOI: 10.3389/
fmars.2017.0040S.

(14) Wegley Kelly, L.; Nelson, C. E.; Aluwihare, L. L; Arts, M. G. L;
Dorrestein, P. C.; Koester, I.; Matsuda, S. B.; Petras, D.; Quinlan, Z.
A.; Haas, A. F. Molecular Commerce on Coral Reefs: Using
Metabolomics to Reveal Biochemical Exchanges Underlying Hol-
obiont Biology and the Ecology of Coastal Ecosystems. Front. Mar.
Sci. 2021, 8, DOI: 10.3389/fmars.2021.630799.

(15) Wegley Kelly, L.; Nelson, C. E.; Petras, D.; Koester, 1; Quinlan,
Z. A; Arts, M. G. I; Nothias, L.-F.; Comstock, J.; White, B. M,;
Hopmans, E. C; van Duyl, F. C.; Carlson, C. A.; Aluwihare, L. IL;
Dorrestein, P. C.; Haas, A. F. Distinguishing the Molecular Diversity,
Nutrient Content, and Energetic Potential of Exometabolomes
Produced by Macroalgae and Reef-Building Corals. Proc. Natl. Acad.
Sci. U. S. A. 2022, 119 (5), €2110283119.

(16) Goulitquer, S.; Potin, P.; Tonon, T. Mass Spectrometry-Based
Metabolomics to Elucidate Functions in Marine Organisms and
Ecosystems. Mar. Drugs 2012, 10 (4), 849—880.

(17) Bayona, L. M.; de Voogd, N. J.; Choi, Y. H. Metabolomics on
the Study of Marine Organisms. Metabolomics 2022, 18 (3), 17.

(18) Ternon, E.; Zarate, L.; Chenesseau, S.; Croué, J.; Dumollard,
R; Suzuki, M. T.; Thomas, O. P. Spherulization as a Process for the
Exudation of Chemical Cues by the Encrusting Sponge C. Crambe.
Sci. Rep. 2016, 6, 29474.

(19) Mauduit, M.; Greff, S.; Herbette, G.; Naubron, J.-V.; Chentouf,
S.; Huy Ngo, T.; Nam, J.-W.; Molinari, S.; Mabrouki, F.; Garayev, E.;
Baghdikian, B.; Pérez, T.; Simmler, C. Diving into the Molecular
Diversity of Aplysina cavernicola’s Exometabolites: Contribution of
Bromo-Spiroisoxazoline Alkaloids. ACS Omega 2022, 7 (47), 43068—
43083.

(20) Hay, M. E. Marine Chemical Ecology: Chemical Signals and
Cues Structure Marine Populations, Communities, and Ecosystems.
Annu. Rev. Mar. Sci. 2009, 1 (1), 193—212.

(21) Saha, M.; Berdalet, E.; Carotenuto, Y.; Fink, P.; Harder, T.;
John, U,; Not, F.; Pohnert, G.; Potin, P.; Selander, E.; Vyverman, W.;
Wichard, T.; Zupo, V.; Steinke, M. Using Chemical Language to
Shape Future Marine Health. Front. Ecol. Environ. 2019, 17 (9), 30—
537.

(22) Sigwart, J. D.; Blasiak, R.; Jaspars, M.; Jouffray, J.-B.; Tasdemir,
D. Unlocking the Potential of Marine Biodiscovery. Nat. Prod. Rep.
2021, 38 (7), 1235—1242.

(23) Coll, J. C.; Bowden, B. F.; Tapiolas, D. M.; Dunlap, W. C. In
Situ Isolation of Allelochemicals Released from Soft Corals
(Coelenterata: Octocorallia): A Totally Submersible Sampling
Apparatus. J. Exp. Mar. Biol. Ecol. 1982, 60 (2—3), 293—299.

(24) Vlachou, P.; Goff, L.; Alonso, C.; Pedro, A. A.; Gallard, J.;
Fokialakis, N.; Ouazzani, J. Innovative Approach to Sustainable
Marine Invertebrate Chemistry and a Scale-Up Technology for Open
Marine Ecosystems. Mar. Drugs 2018, 16, 152.

(25) Bojko, B,; Onat, B; Boyaci, E; Psillakis, E.; Dailianis, T.;
Pawliszyn, J. Application of in Situ Solid-Phase Microextraction on
Mediterranean Sponges for Untargeted Exometabolome Screening

and Environmental Monitoring. Front. Mar. Sci. 2019, 6,
DOI: 10.3389/fmars.2019.00632.

(26) La Clair, J. J.; Loveridge, S. T.; Tenney, K; O'Neil—Johnson,
M.,; Chapman, E.; Crews, P. In Situ Natural Product Discovery via an
Artificial Marine Sponge. PLoS One 2014, 9 (7), e100474.

(27) Tuttle, R. N.; Demko, A. M,; Patin, N. V.; Kapono, C. A;
Donia, M. S.; Dorrestein, P.; Jensen, P. R. Detection of Natural
Products and Their Producers in Ocean Sediments. Appl. Environ.
Microbiol. 2019, 85 (8), e02830.

(28) Bogdanov, A; Salib, M. N.; Chase, A. B;; Hammerlind], H.;
Muskat, M. N.; Luedtke, S.; da Silva, E. B.; O’'Donoghue, A. J.; Wu, L.
F.; Altschuler, S. J.; Molinski, T. F.; Jensen, P. R. Small Molecule in
Situ Resin Capture — A Compound First Approach to Natural
Product Discovery. bioRxiv 2023, DOI: 10.1101/2023.03.02.530684.

(29) Mehbub, M.; Lei, J.; Franco, C.; Zhang, W. Marine Sponge
Derived Natural Products between 2001 and 2010: Trends and
Opportunities for Discovery of Bioactives. Mar. Drugs 2014, 12 (8),
4539—-4577.

(30) Carroll, A. R;; Copp, B. R; Davis, R. A; Keyzers, R. A.; Prinsep,
M. R. Marine Natural Products. Nat. Prod. Rep. 2022, 39 (6), 1122—
1171.

(31) Sauleau, P.; Moriou, C.; Al Mourabit, A. Metabolomics
Approach to Chemical Diversity of the Mediterranean Marine Sponge
Agelas Oroides. Nat. Prod. Res. 2017, 31 (14), 1625—1632.

(32) Kovalerchik, D.; Singh, R. P.; Schlesinger, P.; Mahajni, A.;
Shefer, S.; Fridman, M,; Ilan, M.; Carmeli, S. Bromopyrrole Alkaloids
of the Sponge Agelas Oroides Collected Near the Israeli Mediterranean
Coastline. J. Nat. Prod. 2020, 83 (2), 374—384.

(33) Bauvais, C.; Bonneau, N.; Blond, A; Pérez, T.; Bourguet-
Kondracki, M.-L.; Zirah, S. Furanoterpene Diversity and Variability in
the Marine Sponge Spongia officinalis, from Untargeted LC—MS/MS
Metabolomic Profiling to Furanolactam Derivatives. Metabolites 2017,
7 (2), 27.

(34) Chen, Q; Mao, Q; Bao, M;; Mou, Y.; Fang, C,; Zhao, M,;
Jiang, W,; Yu, X; Wang, C,; Dai, L.; He, W.; Dong, J.; Wu, J; Yan, P.
Spongian Diterpenes Including One with a Rearranged Skeleton from
the Marine Sponge Spongia Officinalis. ]. Nat. Prod. 2019, 82 (6),
1714—1718.

(35) Petras, D.; Minich, J. J.; Cancelada, L. B; Torres, R. R;
Kunselman, E.; Wang, M.; White, M. E.; Allen, E. E.; Prather, K. A,;
Aluwihare, L. L; Dorrestein, P. C. Non-Targeted Tandem Mass
Spectrometry Enables the Visualization of Organic Matter Chemo-
type Shifts in Coastal Seawater. Chemosphere 2021, 271, 129450.

(36) Diihrkop, K; Nothias, L.-F.; Fleischauer, M.; Reher, R;
Ludwig, M.; Hoffmann, M. A; Petras, D.; Gerwick, W. H.; Rousu, J;
Dorrestein, P. C.; Bocker, S. Systematic Classification of Unknown
Metabolites Using High-Resolution Fragmentation Mass Spectra. Nat.
Biotechnol. 2021, 39, 462—471.

(37) Quinlan, Z. A.; Koester, L; Aron, A. T.; Petras, D.; Aluwihare,
L. I; Dorrestein, P. C.; Nelson, C. E.; Wegley Kelly, L. ConCISE:
Consensus Annotation Propagation of Ion Features in Untargeted
Tandem Mass Spectrometry Combining Molecular Networking and
In Silico Metabolite Structure Prediction. Metabolites 2022, 12 (12),
1278S.

(38) Nothias, L.-F.; Petras, D.; Schmid, R.; Diihrkop, K; Rainer, J;
Sarvepalli, A; Protsyuk, L; Ernst, M.; Tsugawa, H.; Fleischauer, M.;
Aicheler, F.; Aksenov, A. A.,; Alka, O, Allard, P.-M.; Barsch, A,
Cachet, X,; Caraballo-Rodriguez, A. M.; Da Silva, R. R; Dang, T,;
Garg, N,; Gauglitz, J. M.; Gurevich, A,; Isaac, G.; Jarmusch, A. K;
Kamenik, Z.; Kang, K. B.; Kessler, N.; Koester, I; Korf, A; Le
Gouellec, A; Ludwig, M.; H, C. M,; McCall, L.-I; McSayles, J;
Meyer, S. W.; Mohimani, H.; Morsy, M.; Moyne, O.; Neumann, S.;
Neuweger, H.; Nguyen, N. H,; Nothias-Esposito, M.; Paolini, J.;
Phelan, V. V,; Pluskal, T.; Quinn, R. A; Rogers, S.; Shrestha, B.;
Tripathi, A.; van der Hooft, J. J. J.; Vargas, F.; Weldon, K. C.; Witting,
M, Yang, H,; Zhang, Z.; Zubeil, F,; Kohlbacher, O.; Bocker, S.;
Alexandrov, T.; Bandeira, N.; Wang, M.; Dorrestein, P. C. Feature-
Based Molecular Networking in the GNPS Analysis Environment.
Nat. Methods 2020, 17 (9), 905—908.

https://doi.org/10.1021/acscentsci.3c00661
ACS Cent. Sci. XXXX, XXX, XXX—XXX


https://doi.org/10.1038/s41592-019-0344-8
https://doi.org/10.1038/s41592-019-0344-8
https://doi.org/10.1186/s13321-016-0115-9
https://doi.org/10.1186/s13321-016-0115-9
https://doi.org/10.1073/pnas.1509788112
https://doi.org/10.1073/pnas.1509788112
https://doi.org/10.3389/fmars.2017.00405
https://doi.org/10.3389/fmars.2017.00405
https://doi.org/10.3389/fmars.2017.00405
https://doi.org/10.3389/fmars.2017.00405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fmars.2017.00405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fmars.2021.630799
https://doi.org/10.3389/fmars.2021.630799
https://doi.org/10.3389/fmars.2021.630799
https://doi.org/10.3389/fmars.2021.630799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2110283119
https://doi.org/10.1073/pnas.2110283119
https://doi.org/10.1073/pnas.2110283119
https://doi.org/10.3390/md10040849
https://doi.org/10.3390/md10040849
https://doi.org/10.3390/md10040849
https://doi.org/10.1007/s11306-022-01874-y
https://doi.org/10.1007/s11306-022-01874-y
https://doi.org/10.1038/srep29474
https://doi.org/10.1038/srep29474
https://doi.org/10.1021/acsomega.2c05415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c05415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c05415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.marine.010908.163708
https://doi.org/10.1146/annurev.marine.010908.163708
https://doi.org/10.1002/fee.2113
https://doi.org/10.1002/fee.2113
https://doi.org/10.1039/D0NP00067A
https://doi.org/10.1016/0022-0981(82)90166-6
https://doi.org/10.1016/0022-0981(82)90166-6
https://doi.org/10.1016/0022-0981(82)90166-6
https://doi.org/10.1016/0022-0981(82)90166-6
https://doi.org/10.3390/md16050152
https://doi.org/10.3390/md16050152
https://doi.org/10.3390/md16050152
https://doi.org/10.3389/fmars.2019.00632
https://doi.org/10.3389/fmars.2019.00632
https://doi.org/10.3389/fmars.2019.00632
https://doi.org/10.3389/fmars.2019.00632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0100474
https://doi.org/10.1371/journal.pone.0100474
https://doi.org/10.1128/AEM.02830-18
https://doi.org/10.1128/AEM.02830-18
https://doi.org/10.1101/2023.03.02.530684
https://doi.org/10.1101/2023.03.02.530684
https://doi.org/10.1101/2023.03.02.530684
https://doi.org/10.1101/2023.03.02.530684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/md12084539
https://doi.org/10.3390/md12084539
https://doi.org/10.3390/md12084539
https://doi.org/10.1039/D1NP00076D
https://doi.org/10.1080/14786419.2017.1285298
https://doi.org/10.1080/14786419.2017.1285298
https://doi.org/10.1080/14786419.2017.1285298
https://doi.org/10.1021/acs.jnatprod.9b00863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.9b00863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.9b00863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/metabo7020027
https://doi.org/10.3390/metabo7020027
https://doi.org/10.3390/metabo7020027
https://doi.org/10.1021/acs.jnatprod.9b00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.9b00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2020.129450
https://doi.org/10.1016/j.chemosphere.2020.129450
https://doi.org/10.1016/j.chemosphere.2020.129450
https://doi.org/10.1038/s41587-020-0740-8
https://doi.org/10.1038/s41587-020-0740-8
https://doi.org/10.3390/metabo12121275
https://doi.org/10.3390/metabo12121275
https://doi.org/10.3390/metabo12121275
https://doi.org/10.3390/metabo12121275
https://doi.org/10.1038/s41592-020-0933-6
https://doi.org/10.1038/s41592-020-0933-6
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.3c00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

(39) Schmid, R.; Petras, D.; Nothias, L.-F.; Wang, M,; Aron, A. T;
Jagels, A,; Tsugawa, H.; Rainer, J.; Garcia-Aloy, M.; Diihrkop, K;
Korf, A.; Pluskal, T.; Kamenik, Z.; Jarmusch, A. K; Caraballo-
Rodriguez, A. M.; Weldon, K. C.; Nothias-Esposito, M.; Aksenov, A.
A.; Bauermeister, A.; Albarracin Orio, A.; Grundmann, C. O.; Vargas,
F.; Koester, L; Gauglitz, J. M.; Gentry, E. C.; Hovelmann, Y.; Kalinina,
S. A.; Pendergraft, M. A,; Panitchpakdi, M.; Tehan, R;; Le Gouellec,
A.; Aleti, G.; Mannochio Russo, H.; Arndt, B.; Hiibner, F.; Hayen, H,;
Zhi, H.; Raffatellu, M.; Prather, K. A,; Aluwihare, L. I.; Bocker, S.;
McPhail, K. L; Humpf, H.-U,; Karst, U; Dorrestein, P. C. Ion
Identity Molecular Networking for Mass Spectrometry-Based
Metabolomics in the GNPS Environment. Nat. Commun. 2021, 12
(1), 3832.

(40) Dittmar, T.; Koch, B.; Hertkorn, N.; Kattner, G. A Simple and
Efficient Method for the Solid-Phase Extraction of Dissolved Organic
Matter (SPE-DOM) from Seawater. Limnol. Oceanogr. Methods 2008,
6 (6), 230-235.

(41) Berlinck, R. G. S.; Crnkovic, C. M.; Gubiani, J. R.; Bernardi, D.
L; I6ca, L. P.; Quintana-Bulla, J. I. The Isolation of Water-Soluble
Natural Products — Challenges, Strategies and Perspectives. Nat.
Prod. Rep. 2022, 39, 596.

(42) Kim, H. W.; Wang, M,; Leber, C. A.; Nothias, L.-F.; Reher, R;
Kang, K. B.; Van Der Hooft, J. J. J.; Dorrestein, P. C.; Gerwick, W. H.;
Cottrell, G. W. NPClassifier: A Deep Neural Network-Based
Structural Classification Tool for Natural Products. J. Nat. Prod.
2021, 84 (11), 2795—2807.

(43) Schymanski, E. L.; Jeon, J.; Gulde, R; Fenner, K; Ruff, M,;
Singer, H. P.; Hollender, J. Identifying Small Molecules via High
Resolution Mass Spectrometry: Communicating Confidence. Environ.
Sci. Technol. 2014, 48 (4), 2097—2098.

(44) Noyer, C.; Thomas, O. P.; Becerro, M. A. Patterns of Chemical
Diversity in the Mediterranean Sponge Spongia lamella. PLoS One
2011, 6 (6), e20844.

(45) Freire, V. F.; Gubiani, J. R.; Spencer, T. M.; Hajdu, E.; Ferreira,
A. G; Ferreira, D. A. S.; de Castro Levatti, E. V.; Burdette, J. E.;
Camargo, C. H,; Tempone, A. G.; Berlinck, R. G. S. Feature-Based
Molecular Networking Discovery of Bromopyrrole Alkaloids from the
Marine Sponge Agelas Dispar. J. Nat. Prod. 2022, 85 (5), 1340—1350.

(46) Srinivasa Reddy, N.; Venkateswarlu, Y. S-(+)-Methyl Ester of
Hanishin from the Marine Sponge Agelas ceylonica. Biochem. Syst. Ecol.
2000, 28 (10), 1035—1037.

(47) Ivanisevic, J.; Thomas, O. P.; Pedel, L.; Pénez, N.; Ereskovsky,
A. V,; Culioli, G.; Pérez, T. Biochemical Trade-Offs: Evidence for
Ecologically Linked Secondary Metabolism of the Sponge Oscarella
balibaloi. PLoS One 2011, 6 (11), 28059.

(48) Reverter, M.; Perez, T.; Ereskovsky, A. V.; Banaigs, B.
Secondary Metabolome Variability and Inducible Chemical Defenses
in the Mediterranean Sponge Aplysina cavernicola. J. Chem. Ecol. 2016,
42 (1), 60—70.

(49) Puglisi, M. P.; Sneed, J. M,; Ritson-Williams, R;; Young, R.
Marine Chemical Ecology in Benthic Environments. Nat. Prod. Rep.
2019, 36 (3), 410—429.

(50) Garcia-Vilas, J. A.; Martinez-Poveda, B.; Quesada, A. R;
Medina, M. A. Aeroplysinin-1, a Sponge-Derived Multi-Targeted
Bioactive Marine Drug. Mar. Drugs 2016, 14 (1), 1.

(51) Wwilke, C. Climate Change Could Alter Undersea Chemical
Communication. ACS Cent. Sci. 2021, 7 (7), 1091—1094.

(52) Vad, J.; Barnhill, K. A.; Kazanidis, G.; Roberts, J. M. Human
Impacts on Deep-Sea Sponge Grounds: Applying Environmental
Omics to Monitoring. Advances in Marine Biology; Elsevier, 2021; Vol.
89, pp 53—78.

(53) Hider, D.-P.; Banaszak, A. T.; Villafane, V. E.; Narvarte, M. A,;
Gonzélez, R. A.; Helbling, E. W. Anthropogenic Pollution of Aquatic
Ecosystems: Emerging Problems with Global Implications. Sci. Total
Environ. 2020, 713, 136586.

(54) Grenier, M.; Idan, T.; Chevaldonné, P.; Pérez, T.
Mediterranean Marine Keystone Species on the Brink of Extinction.
Glob. Change Biol. 2023, 29, 1681.

(55) Pluskal, T.; Castillo, S.; Villar-Briones, A.; Oresi¢, M. MZmine
2: Modular Framework for Processing, Visualizing, and Analyzing
Mass Spectrometry-Based Molecular Profile Data. BMC Bioinformatics
2010, 11 (1), 395.

(56) Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N. S.; Wang, J. T.;
Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
Software Environment for Integrated Models of Biomolecular
Interaction Networks. Genome Res. 2003, 13 (11), 2498—2504.

https://doi.org/10.1021/acscentsci.3c00661
ACS Cent. Sci. XXXX, XXX, XXX—XXX


https://doi.org/10.1038/s41467-021-23953-9
https://doi.org/10.1038/s41467-021-23953-9
https://doi.org/10.1038/s41467-021-23953-9
https://doi.org/10.4319/lom.2008.6.230
https://doi.org/10.4319/lom.2008.6.230
https://doi.org/10.4319/lom.2008.6.230
https://doi.org/10.1039/D1NP00037C
https://doi.org/10.1039/D1NP00037C
https://doi.org/10.1021/acs.jnatprod.1c00399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.1c00399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es5002105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es5002105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0020844
https://doi.org/10.1371/journal.pone.0020844
https://doi.org/10.1021/acs.jnatprod.2c00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.2c00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.2c00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0305-1978(00)00016-8
https://doi.org/10.1016/S0305-1978(00)00016-8
https://doi.org/10.1371/journal.pone.0028059
https://doi.org/10.1371/journal.pone.0028059
https://doi.org/10.1371/journal.pone.0028059
https://doi.org/10.1007/s10886-015-0664-9
https://doi.org/10.1007/s10886-015-0664-9
https://doi.org/10.1039/C8NP00061A
https://doi.org/10.3390/md14010001
https://doi.org/10.3390/md14010001
https://doi.org/10.1021/acscentsci.1c00819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.1c00819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scitotenv.2020.136586
https://doi.org/10.1016/j.scitotenv.2020.136586
https://doi.org/10.1111/gcb.16597
https://doi.org/10.1186/1471-2105-11-395
https://doi.org/10.1186/1471-2105-11-395
https://doi.org/10.1186/1471-2105-11-395
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.3c00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

