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ABSTRACT: Sponges are prolific producers of specialized
metabolites with unique structural scaffolds. Their chemical
diversity has always inspired natural product chemists working in
drug discovery. As part of their metabolic filter-feeding activities,
sponges are known to release molecules, possibly including their
specialized metabolites. These released “Exo-Metabolites” (EMs)
may be considered as new chemical reservoirs that could be
collected from the water column while preserving marine
biodiversity. The present work aims to determine the proportion
and diversity of specialized EMs released by the sponge Aplysina
cavernicola (Vacelet 1959). This Mediterranean sponge produces
bromo-spiroisoxazoline alkaloids that are widely distributed in the
Aplysinidae family. Aquarium experiments were designed to
facilitate a continuous concentration of dissolved and diluted metabolites from the seawater around the sponges. Mass
Spectrometry (MS)-based metabolomics combined with a dereplication pipeline were performed to investigate the proportion and
identity of brominated alkaloids released as EMs. Chemometric analysis revealed that brominated features represented 12% of the
total sponge’s EM features. Consequently, a total of 13 bromotyrosine alkaloids were reproducibly detected as EMs. The most
abundant ones were aerothionin, purealidin L, aerophobin 1, and a new structural congener, herein named aplysine 1. Their
structural identity was confirmed by NMR analyses following their isolation. MS-based quantification indicated that these major
brominated EMs represented up to 1.0 ± 0.3% w/w of the concentrated seawater extract. This analytical workflow and collected
results will serve as a stepping stone to characterize the composition of A. cavernicola’s EMs and those released by other sponges
through in situ experiments, leading to further evaluate the biological properties of such EMs.

■ INTRODUCTION
Sponges (Phylum Porifera) are sessile aquatic animals that live
on diverse substrates at the bottom of the seas, mangroves, lakes,
and rivers. They are one of the most complex holobionts, often
defined as meta-organisms encompassing the eukaryotic host
and its associated highly diverse microbiota.1 Representing up to
60% of the sponge biomass, such microbiota contributes to the
host nutrition, defense, and overall metabolic activities. As stated
by Pita et al., sponges as holobionts perform functions that
cannot be accomplished by the partners (e.g., microsymbionts)
separately.1 Such functions notably involve the production of
structurally complex molecules often called specialized metab-
olites participating in the sponge defense against pathogens,
predators, and other species competing for space.2−6 The
chemistry of sponge-specialized metabolites has been exten-
sively studied by natural product chemists working in drug
discovery mainly in the fields of cytotoxic/anticancer and
antimicrobial research.7−10 Nowadays, marine sponges remain
one of the most prolific sources of molecules harboring original

structural scaffolds. Approximately 200 new molecules reported
each year,10,11 leading to an estimate of >7000 compounds
isolated from sponges since the beginning of research on marine
natural products in the 1960s. Clearly, the chemodiversity of
sponges is an important source of inspiration for chemists and
biologists. Traditionally, the biological evaluation of sponge
metabolites requires the harvesting of large quantities of
biomass, which significantly impacts marine ecosystems. In the
actual context of a biodiversity crisis facing a changing
environment, there is a need to develop ecoresponsible
approaches maintaining access to sponge chemodiversity while
preserving marine biodiversity. Such approaches need to
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integrate knowledge and expertise in sponge biology, marine
ecology, and natural product chemistry.
Marine sponges can be abundant both in terms of species

diversity and biomass in various benthic habitats. They are also
one of the most efficient filter feeders participating in the
functioning of marine ecosystems notably through benthic-
pelagic couplings, i.e., the exchanges of nutrients between the
bottom of the ocean (benthos) and the water column
(pelagos).12−14 Sponges feed on suspended organic material
(eubacteria, cyanobacteria, nanoeukaryotes, detritus)15 and
actively contribute to the recycling of particulate and dissolved
organic matters (POM and DOM) produced by many other
marine organisms. This function also leads to a subsequent
release of new molecules, either dissolved or associated with
particulates (e.g., sponge cellular debris). Such released
molecules are derived from the holobiont biosynthetic
potentials and from the biotransformation of food. All molecules
released by sponges in their surroundings are, herein, called Exo-
Metabolites and abbreviated EMs in the manuscript. Upon their
release by the sponges, these EMs may be diluted in the aqueous
environment as a function of their water solubility and mixed
with other EMs from marine organisms. Part of these EMs can
serve as chemical cues influencing the behaviors of marine
organisms, thus also participating in the functioning of
ecosystems, as demonstrated previously.16,17

Pooled EMs issued from different marine organisms
constitute chemical seascapes made of thousands of distinct
molecules in trace amounts (ppm, mg/L), often summarized as
marine DOM.18−21 Due to their complexity, the composition of
chemical seascapes has been barely explored.18,19 Therefore, as
suggested by Kelly et al.,20 characterizing the molecular diversity
of discrete source of marine EM will help not only to decipher
the complexity of each chemical seascape but also to identify the
ecological functions related to specific EM and possibly uncover
new metabolites with biological potentials. Targeted studies
performed with a few sponge species (namely, Aplysina
fistularis,22 Agelas conifera,23Aplysilla rosea,24 and also Crambe
crambe25,26) revealed that some of their specialized metabolites
could be detected in the surrounding seawater. This information
also suggests that sponge exometabolomes can represent unique
reservoirs of structurally diverse molecules, potentially including
their bioactive specialized metabolites. Collected from the water
column surrounding the sponges without altering their biomass,
such specialized EMs could become a new source of inspiration
in drug discovery. However, studying the chemical and
biological potentials of sponge’s EMs requires a variety of
technical challenges to be addressed, the first one being the
concentration of molecules in a diluted aqueous environment.

The second encompasses the identification and quantification of
molecules in a complex mixture. Moreover, due to the lack of
available mass spectrometry (MS) data from marine organisms
in public databases, less than 10% of marine metabolites can be
annotated.20,21 Such situations require targeted isolation of
already known metabolites to confirm their structural identity
and/or the use of in silico structural annotation tools such as
SIRIUS MS/MS or CFM-ID.20,27,28

The present study proposes an experimental workflow
(Scheme 1) to overcome the listed technical challenges and
evaluate the proportion and identity of specialized metabolites
released in seawater from a sponge species harboring structurally
known and potentially bioactive metabolites. Therefore,
Aplysina cavernicola (Vacelet 1959) was selected as a model in
our study as this sponge is (1) particularly abundant in
Mediterranean benthic habitats (Figure S1)29 and (2) a well-
known producer of structurally diverse brominated spirocyclo-
hexadienyl-isoxazoline (abbreviated bromo-spiroisoxazoline)
alkaloids that are also detected in closely related species of the
same Aplysinidae family distributed worldwide. As such, the
compound aerothionin is the most abundant of all of these
alkaloids in A. cavernicola and is distributed widely in other
species within the Aplysinidae family and the Verongida
order.30−38 This compound was found to be released in
seawater by the Caribbean sponge A. fistularis with and without
application of wound-induced stress.22 Other bromotyrosine
derivatives of smaller molecular weight (e.g., aeroplysinin-1 or
aplysamine-1) are also reported to be produced by closely
related Aplysina species.39,40 In terms of biological evaluation,
most of these compounds have been reported to have
antimicrobial and/or antifouling properties.41,42 Finally, the
characteristic MS isotopic pattern of bromine (Br) facilitates the
detection of A. cavernicola specialized metabolites even when
present in trace quantities as EMs.
The work presented herein with A. cavernicola aims to (1)

determine whether brominated alkaloids, possibly other than
aerothionin, can be detected as EMs (2) evaluate the proportion
of those specialized EMs with regard to the overall chemical
composition and diversity of A. cavernicola exometabolome, and
(3) quantify those identified brominated EMs in the
concentrated seawater extract and around the sponge. Starting
with the capture and concentration of sponge EMs from the
seawater, the proposed workflow relies on MS-based metab-
olomics, dereplication by molecular networking,43 eventually
complemented by in silico structural annotation. Target isolation
of brominated alkaloids from the sponge biomass was performed
whenever possible to confirm their structural identity and enable
their quantification when detected as EM.

Scheme 1. GeneralWorkflow to Study the Diversity andQuantity of Brominated SpecializedMetabolites Released by the Sponge
A. cavernicola
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■ RESULTS AND DISCUSSION
Continuous Adsorption of Exometabolites in Aquaria.

In this study, we designed aquarium experiments to work in a
controlled environment, using defined volumes of seawater
(50 L) and quantities of sponge biomasses (∼100 cm3), thereby
allowing us to quantitatively evaluate the release of specialized
metabolites over time (Figure 1A). Adsorption and concen-
tration of dissolved metabolites in aqueous media are generally
performed using solid-phase extraction cartridges, disks, or
polymeric resins (e.g., Amberlite XAD).16,21,26,44−46 These
techniques are widely used to concentrate organic environ-
mental pollutants from water.47,48 In situ continuous and passive
adsorption of metabolites from aqueous media is generally
performed using polymeric resins.25,26,45,47,49 As such, the resins
XAD-7 and XAD-16 were used to adsorb metabolites released in
an aquarium by the sponges Aplysilla rosea24 and Crambe
crambe,26 respectively. In line with these studies, we developed
our aquarium experiments using XAD-7, filled in an external
cartridge directly connected to the aquarium pump (Figure 1A).
Such resin was found to offer similar adsorption affinities for
bromo-spiroisoxazolines as XAD-16 (Figure S2). All experi-
ments were performed with A. cavernicola specimens collected
with their rocky substrate and after a minimum of 24 h of
acclimation in the aquarium with continuous renewal of natural
seawater. Each adsorption experiment was performed for a 16-h
period in a closed water circuit. The unidirectional water flow
through the cartridge filled with XAD-7 favors a continuous
adsorption of EMs while avoiding their local concentration
around the sponges. Water movement was therefore maintained
in the aquarium. The purpose of such a setup was to enable a
rapid capture of EMs upon their release and progressively
increase the quantity of such metabolites adsorbed on the XAD-
7 resin. Between each period of adsorption, natural seawater was
renewed in the aquarium continuously and for a minimum of
8 h. Each cycle of adsorption was repeated three times for each
sponge sample collected independently in November 2020
(CAPT1) and May 2021 (CAPT2). Sponge health status was
regularly monitored before and after each adsorption period to
check, e.g., the persistence of the biomass yellow coloration and
the opening of oscula.
The collected resins from each of the adsorption experiment

were eluted with 100% MeOH to recover the EMs. Extracts
thereby obtained were abbreviated EM1−3 and differentiated
between CAPT1 and CAPT2. For each adsorption experiment,
the exact same aquarium setup was performed without a sponge,
thus leading to the production of extracts containing all seawater

metabolites, except those produced by the sponges. Such
extracts were used as analytical controls. At the end of the
experiments, sponges from CAPT1 and CAPT2 were flash
frozen, freeze-dried, and extracted with 100%MeOH, leading to
the production of crude extracts serving as analytical references
for the dereplication of brominated alkaloids. The recovered EM
extracts accounted for 16.8 ± 4.2 mg for CAPT1 and 9.7 ± 3.2
mg for CAPT2, whereas the total amount of recovered seawater
control extracts totaled 5.8 ± 1.4 mg for CAPT1 and 4.8 ± 1.2
mg for CAPT2 (Figure 1B).
Metabolite Profiling and Detection of Brominated

Features in Exometabolomes. Untargeted Liquid Chroma-
tography−Mass Spectrometry (LC−MS)-based metabolomic
analysis was implemented to compare the composition of
replicate extracts (EM, crude, controls) from both CAPT1 and
2. The objectives were to (1) assess the overall differences in
exometabolite composition between EM and control extracts
and, (2) evaluate the chemical similarities between EM and
crude extracts by determining the presence of brominated
features (Figure 2). A principal component analysis (PCA) was
first performedwith theMS1 datamatrix exported fromMZmine
2.53 and containing 2508 chemical features (Figure 2A). On the
score plot, each set of extract replicates occupies a distinct
chemical space. Permanova analysis [Classification Error Rate
(CER) = 0.058, p-value = 9.999e−5] indicated that all groups of
extracts are statistically different from each other, thereby
suggesting a unique composition of recovered exometabolites
associated with the metabolic activities of the sponges. This first
observation agrees with previous reports demonstrating that
sponges change the composition of their surrounding seawater
through their metabolic filter-feeding activities.50,51 Never-
theless, for both CAPT1 and 2, EM and control extracts were
statistically more similar than EM and crude extracts, especially
along PC1 (19.9% of variance). This result indicates that EM
extracts shared more chemical information with control extracts
than with their sponge crude extracts, both in terms of diversity
and intensity of detected chemical features.
A Partial Least-Square Discriminant Analysis (PLS-DA) was

then performed to extract variable importance in projection
(VIP) with scores >1. The objective was to facilitate the
detection of key discriminant brominated features present in
both crude and EM, but not in control extracts (Figure 2B). By
analyzing the top 30 among the 655 VIP with scores >1, a total of
17 features were found to be present in both EMs and crude
only. After further MS1 data inspections, characteristic
brominated isotopic patterns were detected for 16 of the 17

Figure 1. (A) Scheme of the aquarium setup for the concentration of exometabolites (EMs, colored dots) on XAD-7 resins. (B) Average quantity of
recovered extracts after 16-h capture of sponge EMs compared to other seawater metabolites for CAPT1 and CAPT2 (mean ± standard deviations of
three measurements).
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discriminant features. To avoid chemical redundancy, the m/z
values of features defined by identical retention time and
corresponding to (1) bromine isotopic pattern, and (2) in-
source fragments of the same brominated molecule were
combined to keep only molecules associated with their
monoisotopic [M + H]+ molecular ion. Such brominated
metabolites detected in both crude and EM extracts were
codified (Ax). As such, the feature M480T18.35 (monoisotopic
m/z 479.9599 [C15H17Br2N3O5 +H]+) was detected at the same
retention time than M819T18.36 (monoisotopic m/z 814.8571
[C24H26Br4N4O8 + H]+) and corresponded to the in-source
fragment along with the parent ion of aerothionin A3, as
described by Nicacio et al.52 The feature M115T1.73 did not
exhibit a brominated characteristic pattern, and thus, was not
codified (Figure 2B). These first results revealed that several
brominatedmetabolites, such as aerothioninA3, were recovered
from the seawater around A. cavernicola. The next objective was
therefore to determine the total proportion of released
brominated features within the sponge’s exometabolome.

Proportion of Brominated Features in A. cavernicola’s
Exometabolome. To determine the proportion of features
that are shared between crude and EM extracts in the entire
dataset, we evaluated the general distribution of chemical
features detected in crude and in each of the three EM extracts
for CAPT1 and CAPT2 by analyzing the MS1 data matrix.
Features detected in controls were discarded from the analysis.
As represented in Figure 2C, features present in both crude and
EM extracts, possibly encompassing sponge-specialized bromi-
nated metabolites, accounted for 6% of the total detected
features in CAPT1 and 7% in CAPT2. Interestingly, the
proportion of shared features between crude and EM extracts
was very similar for both CAPT1 and CAPT2, as opposed to the
proportion of features specifically detected in EM or crude. Such
a result suggested that the proportion of brominated specialized
metabolites reproducibly released may be constant for a given
sponge biomass.
The second step was to determine the proportion of detected

brominated features in the EMs (Figure 2D). The MS1 data

Figure 2. (A) Principal component analysis (PCA) score plot showing that A. cavernicola crude, the sponge’s exometabolites (EMs), and seawater
control extracts occupy distinct chemical space. CER stands for Classification Error Rate. (B) Partial Least-Square Discriminant Analysis (PLS-DA)
variable importance in projection (VIP) scores taking the top 30 discriminant features along component 1 (19.9% variance) highlighting key
brominated features codified A1−A10 (M = measured m/z, T = retention time in min) detected in both crude and EM extracts. (C) Bar graphs
representing the distribution of chemical signals between crude and EM extracts, expressed as a percentage of total detected features. The gray zone
represents the proportion of features detected in both crude and EM extracts. (D) Proportion of detected brominated, Br, signals in the sponge’s EM
extracts and expressed as a percentage of the total detected EM features for CAPT1-2. Repartition of the chemical diversity of non-brominated EMs
within the recovered extracts. The gray pie chart represents the proportion of features detected reproducibly in CAPT1 and CAPT2 and annotated in
structural superclass using CANOPUS.51
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matrix of all EM samples was inspected to select features with
characteristic brominated isotopic pattern. A total of 23
brominated signals were found in CAPT1 EMs (among 215
signals) and 39 in CAPT2 EMs (among 333 signals), thereby
collectively representing 12% of all detected features in EMs.
Hence, the majority of recovered EM features (88%) were not
brominated. Only 20% of those non-brominated features,
accounting for a total of 83 features, were reproducibly detected
in all EM replicates for CAPT1 and CAPT2. To explore their
molecular diversity, these features were further analyzed using
SIRIUS MS/MS annotation tools28 to predict their molecular
formula and gain insights as per their distribution in structural
classes. Signals associated with noisy MS2 data precluding
accurate structural analysis, and harboring Sirius scores <100
were discarded. Following this data treatment, using CANO-
PUS,51 the majority of exometabolites (79%) were found to

belong to the superclass of lipids and lipid-like molecules. The
remaining exometabolites were distributed between the super-
classes of organic acids and derivatives (15%), organo-
heterocyclic (3%) and organic oxygen (3%) compounds. Such
structural distribution of EM features follows a pattern similar to
what has been recently published on the chemical diversity of
other marine exometabolomes.20,51,53 Part of these exometabo-
lites could originate from bacterial (microsymbiont) metabo-
lism, as well as sponge cellular metabolic waste and dissolution
of lipids from disrupted cellular detritus to cite a few
examples.20,51,54

MS-Based Annotation and Identification of Bromi-
nated Exometabolites. Despite their lower proportion in A.
cavernicola’s EMs, the released brominated metabolites with
higher VIP scores mainly participate in the differentiation of
EMs from controls. To confirm the identity of the detected

Figure 3. (A) Venn diagrams of brominated alkaloids detected in crude (red) and EM (blue) extracts for both CAPT1 and 2. 12 brominated
metabolites were reproducibly detected in crude and EMs. (B) Feature-based molecular network of the bromo-spiroisoxazoline spectral family
including 61 nodes designed by theirM =measuredm/z of precursor ion andT = retention time (min). Each node corresponds to one compound. The
size of the node is proportional to the retention time. The pie chart represents log-transformed ion intensities of the corresponding molecule in
different extracts. (C) Focus on connected nodes used for the dereplication. MoleculesA1, A3, A4, A6, A8, A10, and A12were detected in both crude
and EM extracts. StructuresA6, A10, andA12 are proposed with a level 2B of confidence62 based on the comparative analysis of their MS2 spectra with
that of A8.
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brominated exometabolites, a Feature-Based Molecular Net-
work (FBMN)43 was performed in the GNPS environment
using the exported spectra files (.mgf) and feature list (.csv) from
MZmine 2.53.55 The generated molecular network was
processed and visualized using Cytoscape 3.8.56 The chemical
features represented as nodes are grouped according to the
similarity of their MS2 spectra, which facilitate the dereplication
process toward the annotation of representative A. cavernicola
metabolites. Log-transformed relative ion intensities within the

set of samples were used to represent each node/feature with a
color-coded pie chart (Figures 3, 4 and S4). All brominated
features of interest were distributed in three spectral families.
Both .mgf and .csv files were cleaned to remove isotopes and in-
source fragments, leading to a total of 127 brominated
metabolites found in the set of sponge crude extracts and 78
of them were reproducibly detected. Among those reproducibly
detected, 12 metabolites were also found in EM extracts (Figure
3A). We focused our MS-based dereplication on these 12

Table 1. ESI-MS2 Data of Identified or Annotated Bromotyrosine Spiroisoxazolines Present in the Sponge Extract and
Reproducibly Detected as EMs

aThe cluster index identifies nodes in the GNPS molecular network, the most intense peak of the isotopic pattern was used for feature codification.
bSingle node. cThe monoisotopic peak was selected for molecular formula determination. dMajor MS2 fragments and their intensities were selected
using the GNPS Metabolomics USI tool. N = noisy MS2 spectra. eConfidence level of metabolite identification according to Schymansky et al.62

See Supporting Information S6.
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molecules codified A1 to A12 (Table 1). Three of them (nodes
A5, A7 and A9) were found as single nodes in the molecular
network; their molecular formulas were calculated based on
their MS1 data. One brominated metabolite, codified B1, and its
isomer were reproducibly detected in EM extracts only. They
were found in the third spectral family along with A11.
The first spectral family contained initially 89 nodes/chemical

features (Figure 3B), corresponding to 61 molecules, including
seven reproducibly detected in the EM extracts (Figure 3C).
Their MS2 spectra harbor a characteristic fragment at m/z
294.8786 [C8H6Br2O2 + H]+, which has been described as a
possible rearrangement of the dibromo-dihydroxy-methoxy-
cyclohexadiene (Table 1).52 This cluster of nodes encompasses
the characteristic bromotyrosine spiroisoxazoline alkaloids. MS2

dereplication enabled further annotation of brominated EMs by
analytical propagation from node to node and comparison of

data with those already published whenever possible (Figure
3C). The identity of aerothionin A3 was further confirmed with
the publicly shared MS2 data on GNPS.57 Compound A1 was
annotated as aerophobin 1 (M477T9.91 [C15H16Br2N4O4 +
H]+)58,59 and A4 was annotated as purealidin L (M496T11.75
[C15H21Br2N5O4 + H]+).

52 Connected to purealidin L with a
cosine score of 0.9, A10 was attributed to aplysinamisine II
(M510T13.19 [C16H23Br2N5O4 + H]+).

52,60 The annotated MS
spectra are available in the Supporting Information. The
compound A8 ([C14H19Br2N3O4 + H]+) was found to be
closely related to both A3 and A4 (cosine scores 0.74 and 0.80,
respectively). Both its molecular formula and exact mass could
match the structure as found in PubChem (CID: 101765254),
N-(4 aminobutyl)-2-[(E)-hydroxyimino]-3-(2-hydroxy-3,5-di-
bromo-4-methoxyphenyl) propenamide but has not been
reported to be isolated from any natural source.

Table 2. 1H and 13C NMR Data for A8 Acquired in CD3OD (600 MHz) at 300 K

aCalculated coupling constants by quantum mechanical analysis through 1H iterative full spin analysis, using Cosmic Truth (https://ctb.
nmrsolutions.fi/).66,67 p = pseudo.

Figure 4. (A) Annotated MS2 spectra of aplysine 1 (A8). This spectrum was generated using the GNPSMetabolomics USI interface and corresponds
to a consensus spectrum. (B) Principal HMBC and COSY correlations observed for the structural assignment of aplysine 1 (A8). 1H NMR spectra
acquired in CD3OD at 600 MHz. The 1H NMR signals highlighted in red correspond to the triethylamine (TEA) buffer and formic acid used during
purification.
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TheMS2 spectrum of A8 revealed, in addition to the fragment
at m/z 294.8786, one major fragment at m/z 115.0865
[C5H11N2O + H]+ followed by m/z 98.0601 [C5H7NO + H]+,
m/z 72.0805 [C4H9N + H]+, and finishing with m/z 55.0540
[C4H6 + H]+; all of those MS fragments together with the
neutral loss of Δ17.0269 (NH3) indicated the presence of an
amide function connected to a C4H8 side chain and possibly
substituted by a primary amine (NH2)

52 (Figure 4). We further
proceeded with the purification of A8 from the sponge crude
extract to confirm its identity by NMR (one-dimensional (1D)
1H/13C and two-dimensional (2D) gCOSY, HSQC, and
HMBC). This compound was isolated after two steps of
Vacuum Liquid Chromatography (VLC) fractionation followed
by purification by preparative high-performance liquid chroma-
tography (HPLC) (Figure S5), along with other abundant
bromo-spiroisoxazolines, notably, A1, A4, and A10. The
structural identity of such bromotyrosine spiroisoxazolines was
confirmed by comparing their NMR data with those already
published.34,37,58−61

Both 1H and 13C NMR spectra of A8 showed characteristic
chemical shifts of an ortho methoxy bromo-cyclohexadiene
spiroisoxazoline, also observed for all isolated congeneric
spiroisoxazolines (Table 2 and Figure 4). Briefly, two doublets

characterized by a small coupling constant (J = 0.9 Hz), often
described as singlets in the literature, were observed in the 1H
NMR spectrum at δH 6.42 (1H, H-5, d, JH5‑H1 = 0.9 Hz) and δH
4.07 (1H, H-1, d, JH5‑H1 = 0.9 Hz). A singlet corresponding to a
methoxy group is present at δH 3.73. Finally, the protons at 3.78
(1H, H-7a, d, J = 18.2 Hz) and δH 3.09 (1H, H-7b, d,
J = 18.2 Hz) were concluded to be diastereotopic methylene
protons as both showHSQC correlations to C-7 (δC 40.3). Both
gave correlation cross-peaks notably with C-1 and C-5 in the
HMBC spectrum. Altogether, these five 1H chemical shifts can
serve as an NMR fingerprint of the bromotyrosine spiroisoxazo-
line alkaloids widely distributed in Verongiida sponges.
Therefore, A8 did not correspond to the structure with a
PubChem CID of 101765254. The relative position of CH2-10
to CH2-13, was confirmed by HSQC and HMBC analyses.
Likewise, the methylene CH2-13 (δH 2.93, 2H, pt, δC 40.6) also
showed HMBC correlations to C-11/12, thereby confirming its
position at the end of the aliphatic chain made of four methylene
units (Table 2 and Figures 4 and S7). The IR spectrum of A8
(Supporting Information S10) confirmed the presence of a
primary amine as an ammonium salt (∼3269 cm−1) together
with aliphatic methylene (strong bands at 2959−2918 cm−1).

Figure 5. (A) Focus on spectral family 2 of A2 identified as aplysamine-1. The MS2 spectra in mirror match represent the fragmentation of A2
[M +H]+ (single node) compared to its [M + 2H]2+. (B) Focus on identifiedmetabolites within the spectral family of aeroplysinin-1 and isomers. The
identity of A11 detected in both crude and EM extracts was confirmed to be aeroplysinin-1 by comparison with a commercial standard, where MS2
spectrum was deposited in the GNPS library (CCMSLIB00010012977). The isomer B1, only detected as EM, was annotated as 3,5-dibromo-2-
hydroxy-4-methoxyphenylacetamide (confidence level of identification 2B).62
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Further quantum mechanical analyses were performed to
precisely describe the absolute configuration of A8. First,
comparative analysis of calculated ultraviolet/electronic circular
dichroism (UV/ECD) spectra with the experimental one led to
the conclusion that the absolute configuration of A8 could be
either (1S, 6S) or (1R, 6S) (Supporting Information S8). While
the former configuration has never been reported for such class
of alkaloids, the latter one agrees with the vast majority of
described configurations for the spiroisoxazoline ring.63,64 To
further discriminate between the two possible diastereomers,
quantum mechanical analyses of 13C NMR chemical shifts by
GIAO NMR and DP4+ calculations65 were performed and led
us to assign the relative configuration of A8 to be R/S
(Supporting Information S9). Therefore, combining the results
from ECD and DP4+ calculations, we were able to
unambiguously determine the absolute 1R, 6S configuration of
A8. Lastly, multiplicity and complex splitting patterns observed
in the 1H NMR spectrum of A8 were further determined by
quantum mechanical analysis through 1H iterative full spin
analysis (Table 2),66,67 using Cosmic Truth (https://ctb.
nmrsolutions.fi/) to calculate the underlying coupling constants.
Herein, described for the first time, the bromotyrosine
spiroisoxazoline compound A8 is named aplysine 1.
Building on this structural knowledge acquired for A8, the

compounds A6 and A12 directly connected to A8 could be
further annotated by propagation (Figure 3C). The MS2
spectrum of compound A12 (M468T11.13 [C15H21Br2N3O4 +
H]+) is highly similar to A8 (cosine score: 0.93), and both its
precursor ion [M + H]+ and MS fragments differ by Δ14.0145,
corresponding to the addition of one methylene unit to A8. The
molecular formula and exact mass of A12 could correspond to
the compound (2E)-N-(5-aminopentyl)-3-(3,5-dibromo-2-hy-
droxy-4-methoxyphenyl)-2-hydroxyiminopropanamide as re-
ported in PubChem (CID 11397182). The MS2 spectrum of
A12 revealed, in addition to the fragment at m/z 294.8786, one
major fragment at m/z 86.0963 [C5H11N + H]+ and a second
one atm/z 69.0696 [C5H8 +H]+ with a neutral loss ofΔ17.0269
(NH3) in a similar manner than A8. Based on the structural
knowledge acquired for A8, compound A12 was annotated as a
bromo-spiroisoxazoline derivative of A8 harboring an additional
methylene on the aliphatic chain. Compound A6, M496T12.05
(monoisotopic m/z 494.0283 [C17H25Br2N3O4 + H]+), was
found to be closely related to A12 (cosine score of 0.81). In
addition to the characteristic fragments of the spiroisoxazoline

moiety, the MS2 spectrum of A6 reveals two major fragments:
one at m/z 157.1336 for [C8H16N2O + H]+ and the other at
m/z 114.1277 corresponding to [C7H15N + H]+. These MS2
fragments suggested a structure similar to A12 but harboring an
aliphatic chain containing two additional methylene
(Δ 28.0317) on the aliphatic amino side chain. Both A6 and
A12 were present in trace amounts and could not be purified
from the sponge crude extract in reasonable quantities to further
confirm their structural identity by NMR. Following our MS-
based analyses, and according to Schymanski et al.,62 the
confidence levels of identification for A6 and A12, methylene
congeners of A8, were set at level 2b.
The second spectral family of interest includes A2,

M205T1.64 (m/z 204.0203 calculated for [C15H24Br2N2O +
2H]2+), connected to three other nodes corresponding to
metabolites only detected in the sponge biomass (Figure 5A).
The molecular formula matches with the compound aplysin-
amine 1 (PubChem CID 362025) previously isolated from
sponge species of the Verongiida order.37,40 Further observation
of its MS2 spectrum revealed a fragment at m/z 322.9341
(monoisotopic m/z 320.9357 [C10H12Br2NO + H]+) cor-
responding to aplysamine-1 without itsN-dimethylpropylamine
side chain, one abundant fragment at m/z 58.0651 [C3H7N +
H]+ corresponding to the trimethylamine ion, and a smaller
fragment at m/z 86.0963 [C5H11N + H]+ confirming the
presence of N-dimethylpropylamine, as previously described,68

and in agreement with the proposed structure. Using the CFM-
ID spectra prediction module, we also obtained a predicted MS2
spectrum similar to the acquired one at 40 eV.69 Accordingly,A2
was annotated aplysinamine 1 in this study with a level 2b of
confidence.62

The third brominated spectral family (Figure 5B) includes the
MS2 spectra of A11 (M340T4.66, monoisotopic m/z 337.9022
[C9H9Br2NO3 + H]+), whose calculated exact mass and
molecular formula match aeroplysinin-1. Analysis of the MS2
fragmentation pattern using MetFrag and interrogating several
databases (e.g., COCONUT,70 ChEBI71) also suggested
aeroplysinin-1 for A11, along with two other isomers: 3,5-
dibromo-L-tyrosine and 3,5-dibromo-2-hydroxy-4-methoxy-
phenylacetamide. Both of them were already recorded in other
Verongiida sponges.72−76 Hence, aeroplysinin-1 and 3,5-
dibromo-L-tyrosine were purchased to determine their MS2
spectra and retention time under our analytical conditions.
The MS2 spectrum of purchased 3,5-dibromo-L-tyrosine did not

Figure 6. Concentration of the four most abundant bromo-spiroisoxazolines in the EM extracts for each set of reproduced experiments (n = 3 for
CAPT1 and CAPT2) compared to their concentration in the sponge crude extract. The results are expressed as the proportion of weight/weight
(w/w) in ppm and in percentage of dried sponge biomass for EM and crude, respectively. The quantities of all four metabolites in their respective
extract are expressed in % w/w, below each bar graph.
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match those recorded within the spectral family. On the other
hand, both the retention time and MS2 spectrum of the
commercial aeroplysinin-1 matched those of A11, whose
structural identity was therefore confirmed. Uniquely present
in the sponge EM, the closely related structure B1
(M 3 4 0T 1 5 . 8 0 : m o n o i s o t o p i c m / z 3 3 7 . 9 0 1 7
[C9H9Br2NO3 + H]+) has the same molecular formula and a
nearly identical MS2-fragmentation pattern than A11. The log P
of 3,5-dibromo-2-hydroxy-4-methoxyphenylacetamide (log P:
2.2 at 25 °C, ACD/Labs) suggested a higher hydrophobicity
with a higher retention time than aeroplysinin-1 A11 (log P 1.0
at 25 °C, ACD/Labs). Moreover, the MS2 spectrum of such an
isomer was expected to share nearly identical fragment ions
compared to those observed for A11, in particular, at
m/z 292.8824 corresponding to the neutral loss Δ 45.0193
(CONH3, loss of acetamide moiety) from the parent ion.
Accordingly, the identity of B1 (RT 15.8 min) was putatively
attributed to 3,5-dibromo-2-hydroxy-4-methoxyphenylaceta-
mide (CAS: 28495-12-7). This metabolite could be a
“degradation” product of aeroplysinin-1 through nitrile
hydration as previously reported.39 Metabolite B1 has also
been detected in several Verongiida sponges such as Aplysina
thiona,75A. aerophoba,76 Psammoposilla purpurea,73 and Suberea
mollis,74 supporting the proposed annotation with a level 2b of
confidence.62

Quantification of the Most Abundant Bromo-Spiro-
isoxazoline Exometabolites. Our last objective was to
determine the concentration of the most abundant reproducibly
detected EMs in the enriched seawater extract compared to their
respective concentration within the sponge biomass. The most
abundant and reproducibly detected EMs are A1, A3, A4, and
A8. Quantitative analysis, using calibration curves generated
with purified metabolites, was performed on all of the EM
replicates for CAPT1 and CAPT2 and on the sponge crude
extract (Figures 6 and S13). Calculated quantification results
were corrected by the purity of each metabolite determined by
qHNMR.77 The proportion between metabolites within the EM
extracts remained constant but was found to differ from that in
the crude extract. Hence, the composition of the four
metabolites in EM extracts differed from their composition in
the sponge crude extract. Aerothionin A3 remained the most
abundant metabolite both in EM and crude extracts. The sum of
all four quantified exometabolites represented between 0.4 and
1.0% w/w of the recovered seawater extract.
As expected, those metabolites were found to be ∼25 times

more concentrated in the sponge crude extract than they were in
the concentrated seawater extract. Nevertheless, such seawater
extract was collected around the sponge without touching its
biomass or affecting its viability. Overall, the quantitative results,
presented herein, are essential to help further optimizing the
techniques for concentrating sponge EMs more efficiently.
Repetitive or continuous EM captures/concentrations over
time, on more sponge specimens, with the addition of external
stimulations (e.g., touching/milking),25 are expected to lead to
higher levels of specializedmetabolites in the recovered seawater
extract.

■ CONCLUSIONS
This study has demonstrated that the chemical composition of
the exometabolome from A. cavernicola comprises brominated
specialized metabolites, representing altogether 12% of the
seawater recovered chemical signals. Those signals corres-
ponded to a total of 13 bromotyrosine alkaloids reproducibly

detected as EM, including one brominated alkaloid structurally
related to aeroplysinin-1 and uniquely found in seawater.
Aerothionin, purealidin L, aerophobin 1, and the newly
described aplysine 1 were found to be the most abundant
EMs. Hence, using a passive method of adsorption on XAD
resins, we were able to reproducibly access 15% of the sponge-
specialized metabolites, four of them accounting for 1.0% w/w
of the total collected seawater extract. The data collected herein
will guide future in situ field works and the development of
sustainable methods focusing on concentrating specialized
metabolites released not only by A. cavernicola but also by
other marine species within their ecosystem. We herein
observed that the proportion of the four most abundant
metabolites in seawater around the sponge differs from the one
measured in the sponge biomass. Such results will contribute to
design experiments aiming to evaluate whether those specialized
brominated EMs play a role in marine chemical mediation and
the functioning of ecosystems. With a total of 127 brominated
alkaloids detected in the set of crude extracts, our metabolomic
analyses also highlighted the large reservoir of potentially new
bromotyrosine spiroisoxazoline derivatives yet to be described
from A. cavernicola. The present work underlines the potential of
sponge’s exometabolomes as a source of molecules that could be
collected from seawater, enriched, and later be screened for their
biological properties with minimal to no impact on marine
biodiversity.

■ EXPERIMENTAL SECTION
General Experimental Procedures. All UHPLC-MS-

grade solvents (methanol [MeOH], acetonitrile [MeCN], and
water) were purchased from Carlo Erba. The Amberlite XAD
resins XAD-7 (Alfa Aesar), as well as the C-18 silica powder
(Polygoprep 60-50, Macherey-Nagel) were purchased from
VWR (VWR International, LLC). C18 SPE cartridges (Strata
C18-E, 70 Å, 500mg/6 mL) were purchased from Phenomenex.
The commercial standards 3,5-dibromo-L-tyrosine (CAS: 300-
38-9, MW 338.98 g/mol, molecular formula C8H9Br2NO3) and
(+) aeroplysinin-1 (CAS: 28656-91-9, MW 338.98 g/mol,
molecular formula C9H9Br2NO3) were purchased fromToronto
Research Chemicals and Cayman Chemical Company,
respectively. UHPLC-MS analyses were performed on a Luna
Omega Polar C18, 1.6 μm 100 Å column (150 mm × 2.1 mm,
Phenomenex) using a Thermo Scientific Dionex Ultimate 3000
UHPLC system equipped with a diode array detector and
connected to an electrospray-ionisation-quadrupole time-of-
flight (ESI-Q-TOF) IMPACT II mass spectrometer (software
Bruker Otof Control version 4.1). LC-MS data processing was
performed on the Compass DataAnalysis software (Bruker
Version 5.0) and with Mzmine 2 (version 2.53). Preparative
HPLC was performed on a GILSON PLC 2020 instrument
(Gilson Inc.) using a Luna Omega Polar C18 column 5 μm (250
mm × 21.2 mm, Phenomenex). NMR analyses were performed
on a Bruker Avance II+ spectrometer at 600MHz equipped with
a TCI Cryoprobe at 300 K. The acquired spectra were processed
using Topspin 4.1.1 NMR software package (Bruker BioSpin).
Iterative full spin analyses were performed with the β version of
Cosmic Truth (CT) (https://ctb.nmrsolutions.fi). ECD spectra
were measured on a JASCO J-815 spectropolarimeter equipped
with a JASCO Peltier cell holder PTC-423 at 20 °C in quartz
cells of 1 mm path length. Fourier-transform infrared spectros-
copy (FTIR) spectra were collected on a Bruker VERTEX70
FTIR spectrometer equipped with a Bruker A222 attenuated
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total reflection (ATR) from pure samples deposited on diamond
crystals at 25 °C.
Sponge Collection and Identification. Samples of

A. cavernicola were collected, fixed on their rocky substrate by
Scuba diving in the bay of Marseille, at the entrance of the
submarine cave (43°12′634 N/5°19′968 E), where this species
is dominant, in November 2020 and May 2021. These samples
were collected in agreement with the Nagoya Protocol with
the French National Declaration under the receipt
TREL2022990S I 392 and the Internationally Recognized
Certificate of Compliance (IRCC) Number ABSCH-IRCC-FR-
253848-1 available to the Access and Benefit-sharing Clearing-
House (https://absch.cbd.int/about/). All collected sponge
specimens were transported in hermetic jars of seawater without
exposure to air. Upon arrival at the laboratory, sponges (∼100
cm3) were transferred in 50 L aquaria with constant renewal of
filtered seawater maintained at 16 °C. Specimens were inspected
after the 24-h acclimation period and before starting each
experiment to assess their health status (maintenance of the
biomass yellow coloration, opening of oscula) and check the
absence of possible epibiosis, white bacterial veil, or dark spots of
tissue necrosis. Animals were not manipulated or touched
during the entire duration of the experiments in aquaria.
Continuous Adsorption of Exometabolites. For each

aquarium (50 L), the adsorption of dissolved and diluted
metabolites on polymeric XAD-7 resin was performed over a 16-
h period in a closed water circuit. The seawater temperature was
maintained at 16 °C. The resin XAD-7 (50 g) was filled in a
cartridge connected to an immersible pump (flow rate 5500 L/h,
NewJet NJ 600). After each 16-h adsorption, the water was
completely renewed in the aquarium for at least 8 h. Sponge
health was checked during the entire course of the experiment as
described above. In parallel, to adsorb seawater metabolites that
will serve as analytical control, the same setup was performed in
another 50 L aquarium without any sponges but filled with the
same seawater. Each cycle of adsorption experiment was
repeated three times for each sponge sample collected in
November 2020 (CAPT1) and May 2021 (CAPT2). After each
cycle of adsorption, the collected XAD-7 resin was washed with
three bed volumes of ultrapure water to remove sea salts. The
resin was eluted with three bed volumes of MeOH and one bed
volume of 50% MeOH in water to recover all adsorbed
metabolites. Extracts obtained from the elution of XAD-7 resins
associated with the aquarium containing sponges were called
exo-metabolite (EM) extracts, whereas extracts obtained from
the elution of XAD-7 in the aquarium without sponges were
identified as controls. Both EM extracts and controls were
further desalted by solid-phase extraction (SPE) on Strata C18-
E cartridges following the same protocol described for the
sponge crude extract. The final weights of each recovered extract
were as follows for CAPT1: EM1 20.1 mg, EM2 12.1 mg, EM3
18.2 mg, control1 7.2 mg, control2 5.8 mg, and control3 4.4 mg.
For CAPT2, the final recovered extract weights were EM1 10.5
mg, EM2 6.1 mg, EM3 12.4 mg, control1 6.2 mg, control2 3.9
mg, and control3 4.4 mg. All samples were diluted in an MS-
grade solvent and prepared at 0.5 mg/mL.
Preparation of Sponge Crude Extracts. At the end of the

capture experiments, A. cavernicola sponges were flash frozen in
liquid nitrogen, stored at -80 °C, and then freeze-dried for 48-h
(Heto PowerDry PL3000 Freeze Dryer, Thermo). The dried
sponge biomass was reduced to a thin powder with a knife mill
(M20, IKA-WERKE) yielding 42.4 g for CAPT1 and 46.0 g for
CAPT2. Approximately one gram of sponge powder was mixed

with 10 mL of MeOH LC-grade, sonicated for 5 min (J.P
SELECTA, 50/60 Hz), followed by a 30 min maceration at
room temperature. The mixture was filtered under vacuum, and
the remaining sponge powder was rinsed with 10 mL of MeOH.
Crude extracts adsorbed on 100mg of C18 powder (Polygoprep
60-50, MN) 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 A. cavernicola crude extracts, with a calculated
extraction yield of 13.6% w/w (weight extract/weight dried
sponge biomass) for CAPT1 and 14.8% w/w for CAPT2. Crude
extracts were prepared at 0.5 mg/mL in MS-grade MeOH.
UHPLC-UV HR-MS Acquisitions. All samples prepared in

100% of MS-grade MeOH were filtered on PTFE luer-lock
filters (0.22 μm, cat#26142, Restek) prior to injection.
Chromatographic separations were achieved on a Luna
Omega Polar C-18 UHPLC column, 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 32.5% (B) at 15 min, then to 70%
(B) at 17 min, and during 3 min (flow rate 0.45 mL/min,
injection volume 2 μL). Mass spectrometry detection (Bruker
Impact II qTOF) parameters in ESI positive mode were set as
follows: nebulizer gas N2 at 3.5 bars; 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 4 Hz (full scan 50−
1200m/z) and a mixed collision energy 20−40 eV (50% time at
each collision energy, stepping mode). A sodium formate/
acetate solution forming clusters on the studied mass range was
used as calibrant and automatically injected before each sample
for internal mass calibration, ensuring a precision of m/z lower
than 2 ppm on 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.
UHPLC-MS Data Processing. Following their calibration,

the acquired MS data were converted to the open format
*.mzXML and further processed on MZmine 2.5355 for feature
detection as follows: (1) mass detection (centroid, MS1, noise
level 1E3, and MS2 noise level 1E2), (2) ADAP chromatogram
builder78 (two scans, group intensity threshold 3E2, minimum
highest intensity 3E2, m/z tolerance 10 ppm), (3) chromato-
gram deconvolution (algorithm baseline cut-off: minimum peak
height 2E3, peak duration range 0.01−2.00 min, baseline level
1E3, range for MS2 scan pairing 0.02 Da, and RT range for MS2
scan pairing 0.03 min), (4) isotope peak grouper (m/z tolerance
10 ppm, RT tolerance 0.2 min, monotonic shape, representative
isotope: most intense), (5) join aligner (m/z tolerance 10 ppm,
weight form/z 75%, RT tolerance 0.2 min, weight for RT 25%),
and (6) feature list rows filter (RT 1.00−20.00 min and keeping
only peaks with MS2 scans). Features detected only in MeOH
were deleted. The MS1 aligned feature list contained 2508
detected signals, and theMS2 feature list contained 2411 signals.
Multivariate Data Analysis. The MS1 feature list exported

as .csv file was processed on the MetaboAnalyst 5.0 web
application (https://www.metaboanalyst.ca/home.xhtml) as
follows: data integrity check was set as default, log-transformed,
and normalized by Pareto scaling. The selection of main
chemical features related to brominated metabolites between
the three groups (EM, crude, and control) was achieved by
selecting the first 30 variable importance in projection (VIP) for
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component 1 (19.9% of variance) of the Partial Least-Square
Discriminant Analysis (PLS-DA) plots. A permutation test (999
permutations, PPLSDA models) based on a double cross-
validation followed by pairwise post-hoc permutational test was
performed for the differentiation of each group of chemical
fingerprints. The classification error rate (CER, 0−1) was
calculated to estimate the strength of the generated models,
using R software (version 4.1.0.) with the RVAideMemoire
(version 0.9-80) package.
Feature-Based Molecular Networking. The feature

quantification table and the corresponding list of MS2 spectra
linked to the MS1 features (.mgf file format) were exported from
MZmine 2.53 for feature-based molecular networking on the
GNPS platform (https://gnps.ucsd.edu).43 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 six matched peaks between MS2 spectra.
Further, edges between two nodes were only kept in the network
if each of the nodes appeared in each other’s respective top 10
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 MS2 spectra in the network
were then searched against GNPS spectral libraries.57 The
resulting network was visualized and interpreted using Cyto-
scape 3.8.56

Computational Analysis of Exometabolite Molecular
Diversity. A total of 83 non-brominated chemical signals
detected in all exometabolite (EM) extracts from CAPT1 and
CAPT2 were analyzed in SIRIUS computational annotation
tools (version 4.9.9).28 De novo molecular formulas were
computed with SIRIUS by matching the experimental and
predicted isotopic patterns and following analysis of the
fragmentation trees. Parameters were set as follows: molecular
formula candidates retained = 10, profile (Q-TOF), m/z
maximum deviation = 10 ppm, all adducts were considered,
Sirius score threshold = 100, and all databases and fallback
adducts were selected for CSI/FingerID structure elucidation.
CANOPUS module was also selected enabling the assignment
of exometabolites in different structural classes.53 A total of 42
exometabolite features were excluded from the analysis due to
noisy MS2 fragmentation spectra.
Purification and Identification of Bromotyrosine

Metabolites. A. cavernicola crude extract (6.14 g) was
partitioned on C18 polygoprep (45 g) by vacuum liquid
chromatography (VLC) with a 25% elution gradient ranging
from 100% water to 100% MeOH and finally to 100%
dichloromethane thereby leading to nine fractions of 100 mL
each. Fraction 2 (169 mg, 25% MeOH in water) and fraction 3
(230 mg, 50% MeOH in water) were further submitted to
preparative chromatography using a Luna Omega Polar C18
5 μm 100 Å (250 mm × 21.2 mm). The chromatographic
elution was performed with ultrapure water (A) and HPLC-
grade MeCN (B) both buffered with 0.1% v/v formic acid and
10 mM triethylamine (HiPerSolv Chromanorm, VWR chem-
icals) with the following gradient: from 15% B during 2.5 min up
to 30% in 30 min. The applied flow rate was 20 mL/min, and
350−500 μL of fractions at ∼50 mg/mL were injected each
time. Aplysine 1 (1 mg) eluted at 19 min, closely followed by
aerophobin 1 (0.9 mg), purealidin J (1.4 mg) at 22.5 min,
purealidin L (4.2 mg) at 24 min, aerophobin 2 (3.8 mg) at 25.5
min, and aplysinamisine I (2.5 mg) at 27 min (Figure S5).

Likewise, aerothionin (4.1 mg) was purified by preparative
HPLC from VLC fraction four. The identity of each purified
bromo-spiroisoxazoline alkaloid derivative was confirmed by
corroborating NMR (1D, 2D) and MS2 data to previously
published studies.34,37,58−61 The structural characterization of
aplysine 1 was performed by 1D NMR (1H, 13C) as well as 2D
NMR analyses using nonuniform sampling pulses (2D gCOSY,
gHSQC, and gHMBC) under quantitative conditions on a
Bruker Avance II+ 600 MHz equipped with TCI Cryoprobe.
Aplysine 1 (1 mg) was exactly weighed and diluted in 85 μL of
deuterated MeOH (CD3OD 99.96%-d, Eurisotop Cambridge
Isotope Laboratories, Inc. #D048T) and then transferred in 2
mm o.d. NMR tubes (Bruker # 67539). 1H and 13C chemical
shifts (δ) were expressed in ppm with reference to the residual
solvent signal.
Computational Analysis for the Determination of

Aplysine 1 Absolute Configuration. For the calculation of
the UV-ECD spectra, conformational analyses of aplysine 1 were
performed using annealing as implemented in AMPAC11 and
density functional theory (DFT) with Gaussian 16. The
geometries of the retained conformations were optimized at
the SMD(acetonitrile)/B3LYP/6-311G(d,p) level where SMD
is an IEF-PCM implicit solvation model.79 Average UV-ECD
spectra were calculated by averaging spectra of each selected
conformation, weighted by its Boltzmann population. Further
experimental details with calculated UV-ECD spectra are
available in Supporting Information S8. Quantum mechanical
calculations of 13C NMR chemical shift were computed using
gauge-independent atomic orbital (GIAO)NMR inGaussian 16
and DP4+ probability calculations to determine the best fit to
the experimental data from the diastereomeric models, as
previously described.65 The GIAO shielding constants of the
major conformers (Boltzmann weight more than 1%) of each
isomer were computed at the B3LYP/6-31+G(d,p) level in
methanol and then averaged based on Boltzmann distribution.
Due to spin−orbit coupling effects, poor calculated results could
be produced for Br-substituted carbons, so they were excluded
from DP4+ analysis.80 Further experimental details and DP4+
results are available in Supporting Information S9.
LC-MS Quantification of Bromo-spiroisoxazoline Exo-

metabolites. A calibration solution was prepared with each
isolated metabolite as follows: purealidin L (purity: 79% w/w)
and aerothionin (purity: 85% w/w) were added to a mixture of
aplysine 1 and aerophobin 1 (purity ratio 35/48% w/w) to
constitute a stock solution of the four isolated compounds from
which serial dilutions were prepared. The concentration of each
isolated metabolite was corrected by its purity determined by
quantitative 1H NMR using the 100% method as previously
described77 (calculation spreadsheet available at https://gfp.
people.uic.edu/qnmr/content/qnmrcalculations/index.html).
The calibration solutions, as well as the EM and crude extracts,
were analyzed in triplicate within the same sequence of analysis
and using UHPLC-ESI-MS acquisition parameters and
chromatographic elution as described above. Logarithmic
calibration curves were established by measuring the area
under the curves of extracted ions chromatogram (EIC) for each
of the nine concentrations ranging from 0.024 mg/mL to 0.094
μg/mL for aplysine 1, from 0.033 mg/mL to 0.13 μg/mL for
aerophobin 1, from 9.87 to 0.038 μg/mL for purealidin L, and
from 0.12 mg/mL to 0.46 μg/mL for aerothionin (Figure S12).
The limits of detection (LOD) and quantitation (LOQ) were
determined at a signal-to-noise ratio superior or equal to 3 and
10, respectively.
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Aplysine 1. White amorphous powder; ECD (c 0.22 mM,
MeCN) λmax (Δε) 194 (-12.7), 241 (+8.17), 288 (+6.3) nm;UV
(c 0.22 mM, MeCN) λmax (log ε) 194 (4.46), 220 (4.24), and
292 (3.69); IR (ATR, diamond) νmax 3269, 2959, 2918, 2851,
1674, 1647, 1458, 1364, 1323, 1161, 824, 743, 675 cm−1; HR-
MS (ESI-qTOF) m/z 451.9821 [M + H]+ (calcd for
C14H20Br2N3O4, 451.9815), MS2 fragments acquired at CE:
20−40 eV, see Table 1. 1H and 13C NMR data (in CD3OD), see
Table 2.
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(53) Dührkop, K.; Nothias, L.-F.; Fleischauer, M.; Reher, R.; Ludwig,
M.; Hoffmann,M. A.; Petras, D.; Gerwick, W. H.; Rousu, J.; Dorrestein,
P. C.; Böcker, S. Systematic Classification of Unknown Metabolites
Using High-Resolution Fragmentation Mass Spectra. Nat. Biotechnol.
2021, 39, 462−471.
(54) Pawlik, J. R.; McMurray, S. E. The Emerging Ecological and
Biogeochemical Importance of Sponges on Coral Reefs. Annu. Rev.
Mar. Sci. 2020, 12, 315−337.
(55) Pluskal, T.; Castillo, S.; Villar-Briones, A.; Oresǐc,̌ M. MZmine 2:
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