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Human-mediated dispersal of alien species in new biogeographic realms is one of the
major drivers of biodiversity change in marine ecosystems. Among others, ascidians are
invasive species spreading worldwide, thus causing ecological and economic harms in
the recipient environments. An integrated taxonomic approach on selected samples
allowed the identification of Botrylloides niger Herdman 1886 as a non-indigenous
ascidian forming large aggregates and outcompeting native species in the Fusaro Lake
(central-western Mediterranean Sea). This led to the opportunity to investigate in deep its
metabolome for the first time. Untargeted mass spectrometry-based metabolomics
unveiled B. niger to be a source of nutraceuticals and bioactive natural products, such
as lysophospholipids, sulfonolipids, polyunsaturated fatty acids, sphingolipids,
monoacylglycerols, and alkaloids. Even if causing ecosystem alterations, our results
suggest that B. niger could be exploited for nutritional and/or pharmaceutical purposes,
thereby turning a treat in a resource.

Keywords: alien ascidians, fouling communities, lipids, alkaloids, mass spectrometry, molecular networking,
natural products
1 INTRODUCTION

Ascidians (Tunicata) are important members of marine benthic communities, with over 3000
species described worldwide inhabiting polar, tropical, and temperate environments, either in
shallow or deeper habitats (Shenkar and Swalla, 2011). Their phylogenetic relatedness to
vertebrates, coupled with a somehow fast and easy development in vitro, has attracted the
attention of developmental biologists since centuries (Corbo et al., 2001; Dehal et al., 2002; Imai
et al., 2006). In the last decades, ascidians also generally raised additional interest as potential
alternative food sources in human consumption due to the presence of compounds with high
nutritive content, such as proteins, amino acids, lipids, and secondary metabolites (Zhao and Li,
2016; Palanisamy et al., 2017; Watters, 2018; Dou and Dong, 2019), and examples of wide
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phenotypic and environmental plasticity, which is turn reflected
in a high invasive potential (Bullard and Carman, 2009; Zhan
et al., 2015; Rocha et al., 2019; Atalah et al., 2021). Moreover, they
are source of a variety of bioactive chemical compounds, which
include peptides, alkaloids, polyethers, macrolides, terpenes, and
polysulfides (Palanisamy et al., 2017; Imperatore et al., 2019).
Finally, ascidians are also emerging as model organisms for several
studies including immunobiology, allorecognition, angiogenesis
and whole-body regeneration, and their extensive regenerative
capacity is developing huge interests in regenerative medicine and
ageing research (Ballarin et al., 2001; Rinkevich et al., 2007;
Gasparini et al., 2008; Franchi et al., 2011; Lauzon et al., 2013;
Rinkevich et al., 2013; Voskoboynik and Weissman, 2015).

Noteworthy, these variegate interests of the scientific
biological community also often merge in target species. Just to
mention, the Korean common sea squirt Halocynthia roretzi
(Drasche, 1884), reared and exploited as a commercial seafood in
Japan and Korea (Oh et al., 1997; Hirose et al., 2009), possesses
lipids that positively affected the health of diabetic/obese KK-Ay
mice (Mikami et al., 2010) and ingestion of its plasmalogen
enhances and keeps cognitive function through induction of
neuronal growth and neuroprotective effects (Watanabe et al.,
2020). The clubbed tunicate Styela clava Herdman, 1881, widely
cultured in Asian countries (Ko et al., 2012), is in turn not only
invading the Mediterranean Sea and nearby areas (Davis and
Davis, 2010), but also possesses important compounds with
variegate properties, including ACE (angiotensin-converting
enzyme) inhibition (Ko et al., 2012) and antioxidant,
immunomodulatory, and anticancer activities (Kim, 2011; Ju
et al., 2014). Finally, specimens of the Ciona intestinalis
(Linnaeus, 1767) species complex, although often reported as a
sea pests in several countries worldwide, leading to conspicuous
economic losses (Zhan et al., 2010; Bouchemousse et al., 2016),
possess abundant phospholipids and polyunsaturated fatty acids
(PUFAs) with importance to human health, thus suggesting that
they could become an excellent alternative source of n-3 fatty
acids (Zhao et al., 2015). Moreover, natural products (NPs)
derived from ascidians have also led to the production of
promising drugs already marketed for the treatment of specific
cancers, such as ecteinascidine 743 or Trabectedin (Yondelis®)
from Ecteinascidia turbinata Herdman, 1880 and the peptide
dehydrodidemnin B or Plitidepsin (Aplidin®) from Aplidium
albicans (Milne Edwards, 1841) (Ramesh et al., 2021).

Interest about ascidians is somehow eased by their ecology, as
species are often abundant in shallow waters of enclosed and semi-
enclosed basins such as ports, marinas, and lagoons, where they
settle on artificial substrates and form high biomasses in a short
time-frame (Bullard et al., 2007; Lambert, 2009; Lambert, 2019).
Although this on one hand makes them a possible threat to local
communities due to physical substrate dominance and release of
secondary metabolites that can harm benthic assemblages (Prado
et al., 2004; Minchin and Sides, 2006; Lengyel et al., 2009; Watters,
2018), on the other it guarantees easy rearing and harvesting
(Davis, 1995; Manrıq́uez and Castilla, 2007).

In this context, investigation of compounds extracted from
alien ascidians may help shedding light not only in their
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ecological role in localities where they are introduced, but also
in a possible practical use as nutritional or bioactive compounds,
thus turning a treat in a resource. Charting metabolic diversity of
complex natural extracts and identify novel compounds at an
early stage of the research, is high challenging. Metabolomics and
dereplication (i.e., early identification of already known NPs),
have become more routine in the fields of NP discovery (Caso
et al., 2019), environmental research (Teta et al., 2021), and
ecotoxicology (De Marco et al., 2022), and may rely upon
advanced and sensitive spectroscopic techniques (NMR, mass
spectrometry) (Cappello, 2020). High resolution liquid
chromatography coupled with tandem mass spectrometry (LC-
HRMS/MS) represents a well-suited untargeted methodology to
capture the entire metabolome (i.e., the chemical profile of low
molecular weight metabolites) within a heterogeneous mixture,
thus enabling a deep and sensitive dereplication. Indeed, high
resolution metadata and acquisition of fragmentation spectra are
useful in that they provide “fingerprints” of detected metabolites,
thereby facilitating their identification. Many bioinformatic tools
are currently available for handling such amount of metadata
and provide a bird’s eye perspective of the chemical profile of a
certain extract. Among these tools, to explore large MS data sets,
the Feature-Based Molecular Networking represents a suitable
means for fast detection, annotation and visualization of known
compounds and their novel analogues as well as for discovery of
completely new NPs (Nothias et al., 2020).

Herein for the first time, as far of our knowledge, we assessed
the metabolome of the colonial ascidian Botrylloides niger
Herdman, 1886, a renown tropical invader which already
expanded its distributional range from tropical Western
Atlantic to Eastern and Western Pacific (Sheets et al., 2016;
Rocha et al., 2019; Nydam et al., 2021) and is now emerging as an
invasive species also in the Mediterranean Sea.
2 MATERIAL AND METHODS

2.1 Study Area and Field Work
The Fusaro Lake (Bacoli, central Tyrrhenian Sea, central-western
Mediterranean Sea) is a brackish water body situated within the
Campi Flegrei Regional Park (https://www.parcodeicampiflegrei.
it/) and the biggest of the four Phlegraean lagoons. The lake is
connected to the Tyrrhenian Sea by three channels, although
only the middle one is operative, and therefore it constitutes the
only source of water exchange with the sea. During fieldwork
held in June 2020 and aimed to investigate the fouling biota of
the local dock wall (40.8229 N, 14.0498 E), several unidentified
botryllid colonies were sampled from 0 to 2 meters. Samples were
first photographed in situ (Figure 1) with a Olympus Em1 mkII
camera equipped with a Zuiko 60 mm f 2.8, then scraped from
hard substrates with the help of underwater knives, placed in
single plastic bags filled with seawater, and brought to the
Laboratory of Benthos of the Stazione Zoologica Anton Dohrn
(SZN, Naples, Italy), where they were cleaned from possible
contaminants (algae and other organisms adhering them) for
further laboratory work.
April 2022 | Volume 9 | Article 865751
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2.2 Identification of the Colonies
The examination of the colonies external morphology with the
help of a Zeiss Axio Zoom.V16 (Germany) microscope yielded
an identification to genus level (see below). Then, since
morphological identification of botryllid taxa could be
deceiving, often resulting in high misidentification rates even
when carried out by ascidian specialists (see discussions in
Brunetti, 2009; Rocha et al., 2019; Viard et al., 2019), five
colonies were randomly selected for DNA barcoding. After
dissection, total genomic DNA was extracted from single
zooids using the DNeasy® Blood & Tissue kit (Qiagen, Hilden,
Germany), following the protocol as in Crocetta et al. (2020).
Samples were then fixed in ethanol 99.9% and preserved in the
collection of the Laboratory of Benthos, SZN (SZN-B-
809ASC11A–813ASC11E). Partial sequences of the Cytochrome
c Oxidase subunit I (COI) gene were amplified from each DNA
sample using the primers designed by Folmer et al. (1994).
Polymerase chain reactions (PCRs) were conducted in 25 µL
volume reaction as in Tanduo et al. (2021). Amplification was
performed with an initial denaturation at 95°C (5 min), followed
by 39 cycles of denaturation at 95°C (1 min), annealing at 45°C
(1 min), extension at 72°C (1 min), with a final extension at 72°C
Frontiers in Marine Science | www.frontiersin.org 3
(5 min). The PCR products were purified and Sanger sequenced
at the Molecular Biology and Sequencing Service of SZN through
an Automated Capillary Electrophoresis Sequencer 3730 DNA
Analyzer (Applied Biosystems, CA, USA), using the BigDye®

Terminator v3.1 Cycle Sequencing Kit (Life Technologies, UK).
Chromatograms for each sequence were then quality checked,
assembled, and edited using Sequencher v.5.0.1 (GeneCodes, MI,
USA). The identity of sequences obtained was finally checked
through the Basic Local Alignment Search Tool (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) (Morgulis et al., 2008).

2.3 Phylogenetic Analyses
Since the BLAST results mostly reported high similarity (see
below) with several sequences deposited as Botrylloides niger [or
incorrectly as B. nigrum: see discussions in Ryland (2015) on
Botrylloides being a masculine gender], a barely-reported alien
species in the Mediterranean Sea, unpublished sequences
obtained here were also included in a small phylogenetic
framework as to further confirm the identification of the
samples and to eventually compare them with sequences
coming from other worldwide localities.

The NCBI data mining revealed the presence of twenty-eight
COI partial sequences of B. niger/nigrum. However, the analysis
of seven of them (MH367290, MH367289, KX650766,
KX138503, KX138502, KT693199, and MH235543) revealed
the presence of gaps producing misalignment, and thus they
were excluded a priori. Then, by subsequently deleting identical
sequences (MW858360, MT637961, MW817940, LR828514,
MT232728, MT232723, KT693201, KT693200, KT693198,
MW278779, KP254541, and HF548559/NC_021467), only nine
sequences of B. niger were used for the subsequent phylogenetic
analyses (Table 1). In addition, four sequences of Botrylloides
diegensis Ritter & Forsyth, 1917 and one single sequence each of
Symplegma brakenhielmi (Michaelsen, 1904) and Symplegma
viride Herdman, 1886 were also added to our alignment
(Table 1). Botrylloides diegensis is a species often misidentified
in the Mediterranean as Botrylloides leachii (Savigny, 1816) and
is known to be the sister taxon of B. niger (Nydam et al., 2021).
Symplegma Herdman, 1886 taxa were chosen as outgroup of
botryllids in view of recent phylogenetic studies (Perez-Portela
et al., 2009; Viard et al., 2019; Nydam et al., 2021).

Sequences were aligned using ClustalW (2.1) on the CIPRES
Science Gateway (Miller et al., 2010), using default parameters.
The alignment was trimmed and then used to infer phylogenies
through maximum likelihood (ML) and Bayesian Inference (BI)
methods. The GTR+I evolutionary model was selected through
the AICc (corrected Akaike Information Criterion) algorithm,
implemented in JModelTest 2 v.0.1.10 (Darriba et al., 2012), as
the best-fit model for the alignment produced.

ML analysis was performed using RAxML v.2.0 (Edler et al.,
2021), using 1000 rapid bootstrap pseudo-replicates under the
aforementioned evolutionary model. BI was instead performed
using MrBayes v.3.2.5 (Huelsenbeck and Ronquist, 2001) for 10
million generations, a sampling interval every 1000 generations,
and discarding 25% of the produced trees. Tracer v1.7.1
(Rambaut et al., 2018) was used to check the convergence of
Markov chain Monte Carlo (MCMC) runs. The trees obtained
FIGURE 1 | Botrylloides niger Herdman, 1886 from the Fusaro Lake channel
(Bacoli, central Tyrrhenian Sea, Mediterranan Sea). (A) Colony forming an
aggregate on the dock wall. (B) Colony overgrowing a specimen of Styela
plicata (Lesueur, 1823). (C) Colony growing amidst serpulids and other
tunicates. (D) A close-up showing zooids placement and atrial openings.
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were checked by eye in FigTree v.1.4.4 (Rambaut, 2018) and
edited in Adobe Illustrator 2019 23.1.1 (Adobe, USA).

2.4 Preparation of Crude Extract
Approximately 30 g of sample was defrosted for the extraction, cut
into small pieces, and left in water (1:20 w/v) overnight (O/N) at 20°
C for removing salts. Then, the sample was extracted with methanol
(1:20 w/v), O/N at 20°C. The organic phase was dried under
vacuum at the rotary evaporator (R-100, BUCHI, Flawil,
Switzerland) to afford about 250 mg of crude extract. The extract
was fractionated by reversed-phase (RP18) column chroma
tography, eluted with a linear gradient of H2O/MeOH (v/v, from
50:50 to 0:100 over 1 h) yielding three fractions (50-75-100%
MeOH), which were then chemically characterized by molecular
networking analysis of tandem MS data. Moreover, two additional
samples of B. niger, collected in different areas of the Fusaro Lake
channel, were subjected to methanol extraction for qualitative
assessment of reproducibility in the metabolite composition.
Crude extracts from the three replicates were shown to contain a
similar chemical profile by LC-HRMS/MS analysis.

2.5 Liquid Chromatography - High
Resolution Tandem Mass Spectrometry
(LC-HRMS2)
The RP18 eluted fractions were dissolved in methanol at a
concentration of 1 mg/mL for LC-HRMS2 analyses. MS
experiments were performed using a Thermo LTQ Orbitrap
XL high-resolution ESI mass spectrometer equipped with a
Thermo U3000 HPLC system (Thermo Fisher Scientific,
Waltham, MA, USA), which included a solvent reservoir, in-
line degasser, binary pump, and refrigerated autosampler. A 5-
mm Kinetex C18 column (50 × 2.10 mm), maintained at room
temperature, was eluted at 200 mL·min−1 with H2O
(supplemented with 0.1% HCOOH) and CH3OH, using a
gradient elution. The gradient program was set as follows: 30%
Frontiers in Marine Science | www.frontiersin.org 4
CH3OH 1 min, 30%−100% CH3OH over 30 min, 100% CH3OH
10 min. Mass spectra were acquired in the positive ion detection
mode. MS parameters were as follows: a spray voltage of 4.8 kV, a
capillary temperature of 285°C, a sheath gas rate of 32 units N2

(ca. 150 mL/min), and an auxiliary gas rate of 15 units N2 (ca. 50
mL/min). Data were collected in the data-dependent acquisition
mode, in which the five most intense ions of a full-scan mass
spectrum were subjected to HRMS2 analysis. The m/z range for
data dependent acquisition was set between 100 and 2000 amu.
HRMS2 scans were obtained with CID fragmentation, an
isolation width of 2.0, normalized collision energy of 35,
activation Q of 0.250, and an activation time of 30 ms. HPLC
profiles of the RP18 eluted fractions have been reported in the
Supplementary Material (Figures S7–S13).

2.6 LC-HRMS2 Data Processing and
Molecular Networking
LC-HRMS2 data from RP18 eluted fractions were processed
together to generate a unique molecular network, using a
previously reported method (Della Sala et al., 2020). MS raw files
were imported into MZmine 2.53 (Pluskal et al., 2010). Mass
detection was performed on .mzXML data and centroided masses
with mass level 1 andmass level 2, by keeping the noise level at 1000
and 100, respectively. The ADAP chromatogram algorithm was
used to build chromatograms setting a minimum height of 1000
andm/z tolerance of 0.05 (or 20 ppm). As it regards chromatogram
deconvolution, the baseline cut-off algorithm was employed with
the following settings: minimum height peak = 1000, peak duration
range = 0.0–10.0 min, baseline level = 100,m/z range forMS2 scan =
0.05, retention time range = 0.5 min. Chromatogram peaks were
aligned by using the Join aligner algorithm (m/z tolerance at 0.05 or
20 ppm, absolute RT tolerance at 0.5 min). [M+Na–H], [M+K–H],
[M+Mg−2H], [M+NH3], [M-Na+NH4], [M+1, 13C] adducts were
filtered out by setting the maximum relative height at 100%. Peaks
without associated MS2 spectra were filtered out from the peak list.
TABLE 1 | GenBank COI partial sequences of Botrylloides and Symplegma species used in the molecular analyses and associated accession numbers and voucher
data (localities obtained from GenBank and/or relevant paper/s).

Taxon Deposited as Voucher/Haplotype GenBank Locality Reference

Botrylloides diegensis
[see Viard et al. (2019)]

Botrylloides leachii BA-TR HG931921 Taranto Gulf, Italy Griggio et al. (2014)

Botrylloides diegensis Botrylloides diegensis IC3/BDH1 MW579604 Incheon, South Korea Lee and Shin (2021)
Botrylloides diegensis Botrylloides diegensis YP5/BDH2 MW579605 Yangpo, South Korea Lee and Shin (2021)
Botrylloides diegensis
[see Viard et al. (2019)]

Botrylloides leachii P11 LR828517 Mar Piccolo, Taranto, Italy Salonna et al. (2021)

Botrylloides niger Botrylloides niger SZN-B-809ASC11A–813ASC11E OM866151 Fusaro Lake, Bacoli, Naples, Italy This study
Botrylloides niger Botrylloides niger 11Mar19-2-20 MT637960 Puerto Rico, USA Streit et al. (2021)
Botrylloides niger Botrylloides nigrum IRAR2/COI-A KU711782 Florida, USA Sheets et al. (2016)
Botrylloides niger Botrylloides nigrum IRC30/COI-B KU711783 Florida, USA Sheets et al. (2016)
Botrylloides niger Botrylloides nigrum PR12/COI-C KU711784 San Juan, Puerto Rico Sheets et al. (2016)
Botrylloides niger Botrylloides nigrum PR11/COI-D KU711785 San Juan, Puerto Rico Sheets et al. (2016)
Botrylloides niger Botrylloides nigrum MXA05/COI-E KU711786 Veracruz, Mexico Sheets et al. (2016)
Botrylloides niger Botrylloides nigrum BZ1/COI-F KU711787 Twin Cayes, Belize Sheets et al. (2016)
Botrylloides niger Botrylloides nigrum VZ6/COI-G KU711788 Margarita, Venezuela Sheets et al. (2016)
Botrylloides niger Botrylloides nigrum HI19/COI-H KU711789 Hawaii, USA Sheets et al. (2016)
Symplegma brakenhielmi Symplegma brakenhielmi MUZAC6326 LS992554 Olbia, Sardinia, Italy Mastrototaro et al. (2019)
Symplegma viride Symplegma viride 11Mar1911 MT637979 Puerto Rico Streit et al. (2021)
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Processed mass data were exported to .mgf file for GNPS and the
relevant chromatographic information (retention times and peak
areas) were exported to a .csv file in order to generate the molecular
network displayed in Figure 3, by using the Feature Based
Molecular Networking (FBMN) tool (Nothias et al., 2020). FBMN
parameters were set as follows: precursor ion mass tolerance = 0.02,
fragment ion mass tolerances = 0.1 Da, cosine score ≥ 0.7,
minimum matched fragment ions = 4. The following GNPS
databases have been selected for the spectral library search:
CCMS_ProteomeDatabases, CCMS_School_2019, CCMS_
SpectralLibraries, RMSV000000248, and speclibs. The molecular
network was visualized and analyzed in Cytoscape version 3.7.2.
Chromatographic data in the .csv file were mapped to the relevant
nodes in the generated network (available at https://gnps.ucsd.edu/
ProteoSAFe/status.jsp?task=85d850e022d043c29ec013db633c5e91,
accessed on 27/10/2021). MS tandem spectra of all compounds
reported in the molecular network can be found by accessing the
GNPS link.
3 RESULTS

3.1 Morphological and Molecular Analysis
of the Samples
The colonies showed morphological features peculiar to the
genus Botrylloides Milne Edwards, 1841. The zooids were
closely placed to each other, jointed anteriorly by elongated
dorsal lip margins which created the typical zooids succession
(Figure 1). The cloacal openings were present at the end of each
cloacal canal, which were formed by several single atrial openings
of each zooids, hence lacking atrial siphons. On the contrary, in
the genus Botryllus Gaertner, 1774, the cloacal opening is formed
by the jointed atrial siphons projections of each zooids which
surround the opening, giving a star-shaped morphology which is
typical of the genus (see Brunetti, 2009).

A 602 base pairs (bp) partial sequence of the COI gene was
obtained from the five colonies, with all sequences resulting
identical each other. They were deposited in GenBank under the
single accession number OM866151. The sequences shared high
similarity with 28 sequences deposited as Botrylloides niger
(96.04–100%), including one of a specimen (NC_021467:
99.83%) from the eastern Mediterranean Sea (Achziv, Israel)
formerly deposited as Botrylloides aff. leachii (Rubinstein et al.,
2013; Griggio et al., 2014), that was also subsequently declared by
Salonna et al. (2021) (Table 1) to be identical to specimens from
Italy (Mar Piccolo, Taranto). However, it also showed high
similarity with two sequences deposited as Botryllus schlosseri
(Pallas, 1766) from India (KT693191: 100%; MH367291:
97.01%), and a single sequence (MG009579: 99.36%) deposited
as Botrylloides aff. leachii, again from the Mediterranean coast of
Israel (Reem et al., 2017). High similarities also include all
worldwide sequences of B. niger deposited by Sheets et al.
(2016), including two haplotypes also found in the eastern
Mediterranean coast of Israel (COI-A: KU711782; COI-B:
KU711783), the former of which perfectly matches (once
trimmed to the same length) both HF548559/NC_021467 and
Frontiers in Marine Science | www.frontiersin.org 5
our sequences. All the other taxa deposited in GenBank showed
lower similarities (≤90.53%), thus excluding conspecificity.
However, concerning the two mismatches listed above, there
are solid morphological and molecular evidences to discriminate
the two genera Botrylloides and Botryllus, suggesting that the two
Indian specimens mentioned above were misidentified (see also
Brunetti et al., 2017; Reem et al., 2018), whereas the paper by
Reem et al. (2017) suffers of various taxonomic uncertainties,
only partially solved by other authors (Viard et al., 2019; Nydam
et al., 2021).

After trimming, the final alignment used for phylogenetic
analyses consisted of 16 sequences of 529 bp (Supplementary
Data Sheet). The ML (−lnL = 1587.16) and BI (−lnL = 1731.83
for run 1; −lnL = 1731.78 for run 2) analyses produced congruent
tree topologies (Figure 2). Sequences obtained in this study fell
(bootstrap, bs = 92, posterior probabilities, pp = 1) within all the
B. niger haplotypes found by Sheets et al. (2016) and colleagues,
and in particular clustered within the haplotypes COI-A, COI-F,
and COI-H, whereas the remaining haplotypes (COI-B–COI-E,
COI-G) formed an internal clade, although with a low support
(bs = 56, pp = 0.98). Present results further confirm the
identification of our samples as B. niger and are in agreement
with the low haplotype divergence reported by Sheets
et al. (2016).

3.2 MS-Based Molecular Networking
Analysis of Botrylloides niger Metabolome
A sample of the marine tunicate B. niger was extracted with
MeOH to yield the crude organic extract, which was then
purified using a reversed-phase column chromatography on
RP-18 silica gel.

Aiming to gain a comprehensive metabolome analysis, RP-18
eluted fractions, rather than the whole organic extract, were
analysed individually by LC-HRMS2 as this approach allows to
reduce the number of co-eluting metabolites and improve the
quality of MS tandem spectra when untargeted fragmentation is
used (Scarpato et al., 2020). After each full MS scan, the five most
intense ions in the spectrum were fragmented in subsequent MS2

scans to generate data for the construction of a unique molecular
network (Figure 3), representative of all RP-18 fractions, by
using the FBMN tool, available on the online platform GNPS
(Nothias et al., 2020). Mass spectra were acquired in the positive
ion detection mode (mass accuracy ≤ 3 ppm). Based upon
similarity of the MS fragmentation patterns, FBMN allows to
i) group molecules with a similar chemical architecture into
molecular families (molecular clusters), ii) associate these
clusters with compounds reported in public available
databases, and iii) identify substructures within a given
molecule through detection of molecular fragments shared
with known metabolites, thereby providing useful hints for
structural elucidation of compounds.

Merging molecular networking data with an in-depth
investigation of MS2 spectra, led to the structural prediction of
almost 70 metabolites from the organic extract of B. niger, which
were assigned to nine chemical classes, namely glycero
phosphocholines, glycerophosphoethanolamines, glyco
April 2022 | Volume 9 | Article 865751
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sphingolipids, sphingoid bases, sulfonolipids, fatty acids and
derivatives, monoacylglycerols, indole alkaloids, and alkyl purines.
In the network (Figure 3), the colour of each node is mapped to the
relevant chemical class of the metabolite, and the size of the node is
proportional to the spectral peak area of the metabolite for a visual
relative quantification. Only six nodes could be annotated by
comparison with the GNPS spectral database and are represented
as diamonds in the network. Overall, most clusters have been shown
to be related to glycerophospholipids, including lyso-
glycerophosphocholines (see par 3.2.1.1), lyso-phospha
tidylethanolamines (see par 3.2.1.2), and fatty acids and derivatives
(see par 3.2.4). Nodes (highlighted in grey in the network) associated
neitherwithknownNPsnorwith compoundspredicted in this study,
may indicate the presence of novel compounds, which deserve
further studies to be isolated and structurally elucidated.

3.2.1 Glycerophospholipids
3.2.1.1 Lyso-Glycerophosphocholines (Lyso-GPCs)
Lyso-GPCs are a class of lipids featuring a glycerophosphocholine
backbone, with one free hydroxyl function, at either the sn-1 or the
sn-2 position. While the sn-2 position is usually esterified with a
long chain fatty acid (monoacyl GPCs), the OH at the sn-1 position
may bear either a long chain acyl (monoacyl GPCs) or alkyl/alkenyl
group (monoalkyl/alkenyl GPCs).
Frontiers in Marine Science | www.frontiersin.org 6
The product ion spectra generated from the [M+H]+ ions
of lyso-glycerophosphocholines appeared to be dominated by
the presence of a) the [M+H-H2O]

+ fragment ion, derived from
the neutral loss of a water molecule from the glycerol unit
or the phosphate group and b) the diagnostic phosphocholine
ion at m/z 184.0733 (C5H15O4NP+) (Figures 4 and S1A).
Additional ions giving structural information were of low
abundance but still useful for structural characterization.
Fragment ions arisen from trimethylamine loss [M+H-59.0730]+

or sequential losses of water and trimethylamine [M+H-H2O-
59.0730]+, were indicative of the choline moiety. Moreover, ions
generated by fragmentation of the phosphocholine [M+H-
183.0655]+, revealed the acyl-, alkyl, or -alkenyl glycerol
backbone (Figure 4).

In monoacyl GPCs, also known as lysophosphatidylcholines,
fatty acyl substituents could be also indirectly inferred from the
presence of the glycerylphosphorylcholine fragment ion at m/z
258.1101 (C8H21O6NP

+) and the corresponding dehydrated ion,
as resulting from losses of the fatty acid groups as ketene and
carboxylic acid, respectively (Figure 4).

Among lyso-GPCs, putative octadecenoyl GPC and
octadecenyl GPC hydroperoxides were identified, as revealed
by a neutral loss of 34.0055 Da, arising from fragmentation of the
hydroperoxy group (Table 2).
FIGURE 2 | COI phylogenetic tree obtained from the alignment of 16 terminals. Numbers above/below branches represent bootstrap values (bs) and bayesian
posterior probabilities (pp). Specimens sequenced in this study highlighted in bold.
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https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Della Sala et al. Identification and Metabolomics of Botrylloides niger
3.2.1.2 Lyso-Phosphatidylethanolamines (Lyso-PEs)
Lyso-PEs, also known as monoacylglycerophosphoethanolamines
(monoacyl PEs), have a glycerophosphoethanolamine moiety with a
long chain fatty acid, usually located at the sn-1 position.

Mass tandem spectra of the [M+H]+ ions of lyso-PEs displayed
two abundant fragment ions, including a) the ion deriving from
water loss, following the same pathway as for lyso-GPCs and b) the
ion [M+H-141.0191]+ generated by elimination of the
Frontiers in Marine Science | www.frontiersin.org 7
phosphoethanolamine head group via the phosphoester bond
cleavage (Figure 5). Rearrangement processes leading to
formation of the fragment ions a) [M+H-43.0422]+ following loss
of aziridine (C2H5N), b) [M+H-61.0528]+ following loss of
ethanolamine (C2H7NO), c) [M+H-59.0371]+, following loss of
aminoacetaldehyde (C2H5NO) and d) [M+H-97.9769]+ and
[M+H-172.0137]+ from internal losses of phosphoric acid
(H3PO4) and glycerophosphophoric acid (C3H9O6P), respectively,
FIGURE 3 | Molecular network of the organic extract from Botrylloides niger. Nodes are labelled with parent mass and the colour of each node is mapped to
chemical class assigned by integration of molecular networking data with extensive analysis of MS tandem spectra of the metabolites. Nodes annotated by the
GNPS reference database are represented as diamonds. Edge thickness reflects cosine score similarity and node size is related to metabolite amounts (peak area).
A

C

B

FIGURE 4 | The fragmentation patterns of lyso-glycerophosphocholines (A). Chemical structure of a representative lyso-glycerophosphocholine from Botrylloides
niger, namely 1-myristoyl-sn-glycero-3-phosphatidylcholine (LPC 14:0) (B) and HR ESI-MS2 spectrum of the relevant [M+H]+ adduct (C).
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were suggestive of the glycerophosphoethanolamine moiety and
diagnostic of PEs (Figure 5) (Hsu and Turk, 2009). Differently from
lyso-GPCs, acylium ions [RCO]+, together with the relevant
dehydrated ions, were clearly observed in product ion spectra of
lyso-PEs and were useful to characterize the fatty acyl substituents.
The fragment ion at m/z 198.0531 (C5H13NO5P

+), arising from the
elimination of the intact carboxylic acid, was another diagnostic ion
in mass tandem spectra of the [M+H]+ ions of lyso-PEs (Figure
S1B). Notably, nine oxidized lyso-PEs could be detected in the
Frontiers in Marine Science | www.frontiersin.org 8
organic extract of B. niger, featuring hydroxy and/or methoxy and/
or oxo fatty acyl substituents (Table 3).

3.2.2 Sphingolipids
DereplicationoftheorganicextractofB.nigerallowedtheidentification
of nine compounds belonging to the sphingolipid class, including
sphingoid bases (SPBs) and lyso-glycosphingolipids (Table 4).

Sharing similarity with previous reported ESI-MS tandem
spectra (Shaner et al., 2009), the product ion spectrum of
TABLE 2 | Lyso-glycerophosphocholines identified in the organic extract from Botrylloides niger.

Compound Rt (min.) [M+H]+ m/z Relative Abundance (%)

Monoacyl GPCs LPC 11:0 21.1 C19H41O7NP 426.2625 0.4
LPC 16:1;Oa 21.2 C24H49O8NP 510.3199 0.8
LPC18:4 25.5 C26H47O7NP 516.3091 0.3
LPC14:0 26.4 C22H47O7NP 468.3091 16.2
LPC 18:3 26.7 C26H49O7NP 518.3250 1.2
LPC 20:5 26.9 C28H49O7NP 542.3249 7.1
LPC 22:6 28.1 C30H51O7NP 568.3407 1.4
LPC 18:2 28.1 C26H51O7NP 520.3404 2.3
LPC 16:1 28.3 C24H49O7NP 494.3249 4.3
LPC 16:0 29.0 C24H51O7NP 496.3405 12.7
LPC 18:1 29.5 C26H53O7NP 522.3562 6.0
LPC 21:1;Ob 30.4 C29H59O8NP 580.3985 0.4
LPC 18:0 30.9 C26H55O7NP 524.3692 1.0

Monoalkyl GPCs LPC O-14:0 27.8 C22H49O6NP 454.32991 7.3
LPC O-16:0 30.0 C24H53O6NP 482.3610 22.9
LPC O-17:0 31.1 C25H55O6NP 496.3770 8.0
LPC O-18:0 31.9 C26H57O6NP 510.3926 6.4

Lyso-GPCs hydroperoxides LPC 18:1;O2 24.1 C26H53O9NP 554.3462 1.2
LPC O-18:1;O2 25.3 C26H55O8NP 540.3666 0.2
April 2022 |
aMonoacyl GPC with a hydroxyhexadecenoic acid as fatty acyl substituent.
bMonoacyl GPC with a putative oxidized heneicosanoic acid as fatty acyl substituent.
LPC, lysoglicerophosphocholine.
Compounds are referred to by the LIPID MAPS abbreviations (Fahy et al., 2009).
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B

FIGURE 5 | The fragmentation patterns of lyso-phosphatidylethanolamines (A). Chemical structure of a representative lyso-phosphatidylethanolamine from
Botrylloides niger, namely 1-(5Z,8Z,11Z,14Z,17Z-eicosapentaenoyl)-glycero-3-phosphoethanolamine (LPE 20:5) (B) and HR ESI-MS2 spectrum of the relevant
[M+H]+ adduct (C).
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sphingosine (SPB 18:2; O2) unveiled the presence of fragments
arising from losses of water, formaldehyde, water and ammonia,
water and formaldehyde, and 2 water molecules and ammonia,
together with minor rearrangement ions (Figure 6A). The
fragmentation patterns of sphingadienine (SPB 18:2; O2) and
hydroxysphinganine (SPB 18:0; O3) were quite similar to that of
sphingosine, with the protonated hydroxysphinganine displaying
an additional elimination of water, as expected. Interestingly, a
putative novel sphingoid base, corresponding to the molecular
formula C18H35O4N, was detected. As sharing almost the same
fragmentation pathways with SPBs and clustering together with
hydroxysphinganine in the molecular network (Figure 3), this
compound (SPB 18:2; O4), has been tentatively identified as an
oxidized analogue of hydroxysphinganine, featuring two degrees
of unsaturation.

Lyso-glycosphingolipids (lyso-GSLs) are SPBs with the
primary OH group linked to a saccharidic head group (usually
made up of glucose and/or galactose monomers) via a glycosidic
bond, but lacking the N-acyl substituent as compared to intact
glycosphingolipids (Merrill, 2011). Structural prediction of lyso-
Frontiers in Marine Science | www.frontiersin.org 9
GSLs from B. niger led to the detection of two monohexosyl and
three dihexosyl lyso-GSLs. Overall, the tandem mass spectra of
lyso-GSL adducts contained fragment ions reflecting the long
chain sphingoid base and the sugar constituents of the molecules,
arising primarily from the glycosidic bond cleavage.

Fragmentations g, d, and ϵ indicated in Figure 6B permitted to
assemble unequivocally the structures of the two monohexyl lyso-
GSLs, which were shown to differ from each other as bearing a C16
and a C17 hydroxysphinganine as long chain base, respectively. In
addition, the presence of the sugar unit was also suggested by
fragment ions generated by a typical retro-Diels-Alder mechanism
(Figure S2) involved in the fragmentation of the sugar moiety in
glycosylated natural products (Demarque et al., 2016).

MS/MS spectra of the three dihexosyl lyso-GSLs displayed
sequential losses of C7H12O5 (176.0679 Da) and C6H10O5

(162.0523 Da), which were consistent with a disaccharide unit
composed of a putative O-methylated hexosyl starter unit linked
to a hexose ring (Figure 6C). As shown in Table 4, the dihexosyl
lyso-GSLs differ in degree of unsaturation and oxidation of the
C18 sphingoid base.
TABLE 3 | Lyso-phosphatidylethanolamines identified in the organic extract from Botrylloides niger.

Compound Rt (min.) [M+H]+ m/z Relative Abundance (%)

Monoacyl PEs LPE11:0 21.2 C16H35O7NP 384.2155 2.7
LPE 20:6 22.7 C25H41O7NP 498.2623 4.8
LPE 20:5 26.9 C25H43O7NP 500.2779 19.2
LPE 16:1 - Z isomera 27.2 C21H43O7NP 452.2781 9.7
LPE 15:0 27.4 C20H43O7NP 440.278 3.3
LPE 20:4 28.1 C25H45O7NP 502.2935 4.7
LPE 16:1 - E isomera 28.3 C21H43O7NP 452.2781 18.2
LPE 18:1 29.5 C23H47O7NP 480.3092 2.7

Oxidized Monoacyl PEs LPE 10:3;O 1.9 C15H27O8NP 380.1477 9.7
LPE 11:1;O2 11.1 C16H33O9NP 414.1896 0.4
LPE 12:1;O2 14.5 C17H35O9NP 428.2054 0.6
LPE 20:4;O3 15.6 C25H45O10NP 550.2785 1.0
LPE 17:3;O3 16.3 C22H41O10NP 510.2470 5.6
LPE 13:1;O2 17.1 C18H37O9NP 442.2208 3.3
LPE 21:4;O3 18 C26H47O10NP 564.2942 0.1
LPE 18:3;O3 18.5 C23H43O10NP 524.2624 4.8
LPE 22:4;O3 19.8 C27H49O10NP 578.3098 8.2
LPE 16:1;O 20.3 C21H41O8NP 466.2567 2.9
April 2022 |
aIsomers were identified based upon retention times as reported by Creer and Gross, 1985.
LPE, lysophosphatidylethanolamine.
Compounds are referred to by the LIPID MAPS abbreviations (Fahy et al., 2009).
TABLE 4 | Sphingolipids identified in the organic extract from Botrylloides niger.

Compound Rt (min.) [M+H]+ m/z Relative Abundance (%)

Sphingoid bases SPB 18:2;O4 13.1 C18H36O4N 330.2646 1.4
sphingadienine or SPB 18:2;O2 25.0 C18H36O2N 298.2747 22.7
hydroxysphinganine or SPB 18:0;O3 25.8 C18H40O3N 318.3009 18.0
sphingosine or SPB 18:1;O2 26.2 C18H38O2N 300.2904 22.8

Lyso-GSLs dihexosyl-SPB 18:3;O4 17.8 C31H56O14N 666.3708 5.8
hexosyl-C16 hydroxysphinganine 22.0 C22H46O8N 452.3226 12.0
dihexosyl-sphyngadienine 23.4 C31H58O12N 636.3965 3.9
hexosyl-C17 hydroxysphinganine 23.5 C23H48O8N 466.3382 5.9
dihexosyl-sphyngosine 24.6 C31H60O12N 638.4123 7.5
SPB, sphingoid base.
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3.2.3 Sulfonolipids
The crude extract of B. niger was shown to contain two
sulfonolipids, as indicated by a) high-resolution (HR) ESI-MS
spectra of their sodium adducts showing 4% intense M + 1.9957
isotope peaks suggestive of a sulphur atom and accounting for
the molecular formula annotated in Table 5 and b) MS tandem
spectra unveiling fragments arising from neutral losses of sulfuric
Frontiers in Marine Science | www.frontiersin.org 10
and sulfurous acids. Molecular formula as well as HR MS2

spectrum of the 352-Da sulfonolipid (Figure 7A) were
consistent with the structure of IOR-1 (Woznica et al., 2016),
composed of a sulfonic acid head group and a C17 branched
alkyl chain bearing two hydroxy groups. Acquisition of negative
HR ESI-MS spectra provided more informative clues to confirm
the identity of IOR-1, as displaying fragment ions at m/z
A

B

C

FIGURE 6 | Fragmentation patterns and HR ESI-MS2 spectra of [M+H]+ ions of sphingosine (SPB 18:1;O2) (A), hexosyl-C16 hydroxysphinganine (B) and dihexosyl-
sphyngosine (C) from Botrylloides niger.
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255.2305 and m/z 225.2203 arising from the neutral losses of
methanesulfonic and hydroxyethanesulfonic acids, respectively
(Figures 7A and S3). In the light of these findings, the 324-Da
sulfonolipid, which was detected for the first time to the best of
our knowledge, was tentatively identified as an inferior
homologue of IOR-1, featuring a C15 alkyl chain and,
therefore, indicated as C15 IOR-1 (Figure 7B). While the
positive MS2 spectra were similar for both sulfonolipids,
fragmentation patterns in the negative ion mode were
somehow different. The ESI-MS2 spectrum of the [M-H]- ion
of C15 IOR-1 unveiled the presence of the methanesulfonate
fragment anion, which was consistent with a favoured
fragmentation assisted by a b-hydroxy group and, therefore,
indicative of the same hydroxyethylsulfonate head group as in
IOR-1. However, a) the fragmentation leading to neutral loss of
acetone (Figures 7B and S3) as well as b) the lack of a fragment
ion homologue to the d’ fragment in IOR-1 (Figure 7A), imply a
Frontiers in Marine Science | www.frontiersin.org 11
different position for the second OH group in C15 IOR-1, which
was predicted to be located on the terminal isopropyl group as
shown in Figure 7B.

3.2.4 Monoacylglycerols and Fatty Acids and
Derivatives
Monoacylglycerols (MGs) are glycerol esters, in which one
hydroxy function is esterified with a long chain fatty acid, at
the sn-1 (or sn-3) or the sn-2 position. However, it is widely
recognised that 2-monoacylglycerols may undergo spontaneous
isomerization to the corresponding 1-(or 3-) monoacyl isomers.
Molecular networking analysis of MS2 data from the extract of B.
niger led to the annotation of 5 monoacylglycerols (Table 6).
Fragmentation spectra of the pseudomolecular ion [M+H]+of
MGs was dominated by the acylium ion [RCO]+ resulting from
neutral loss of glycerol (C3H8O3, 92.0473 Da), due to inductive
cleavage of the ester bond assisted by the adjacent carbonyl
TABLE 5 | Sulfonolipids identified in the organic extract from Botrylloides niger.

Compound Rt (min.) [M+Na]+ (m/z) [M-H]- (m/z) Relative Abundance (%)

Sulfonolipids
C15 IOR-1 24.9 C15H32O5NaS (347.1870) C15H31O5S (323.1865) 9.0
IOR-1 27.2 C17H36O5NaS (375.2183) C17H35O5S (351.2177) 91.0
April 2022 |
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FIGURE 7 | HR ESI-MS2 spectrum of the [M+Na]+ (left panel) and [M-H]- (right panel) ions of the putative sulfonolipid from Botrylloides niger annotated as IOR-1 (A).
Predicted structure and HR ESI-MS2 spectrum of the [M+Na]+ (left panel) and [M-H]- (right panel) ions of the putative sulfonolipid C15 IOR-1 (B).
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function (Figure 8A). Moreover, the carbonyl group likely
removes a proton from the terminal primary OH, thereby
facilitating elimination of a lactone ring and formation of
another diagnostic fragment, i.e. [M+H-C3H6O2]

+ (Figure S3).
MS/MS spectra of MGs were also characterized by the presence
of the dehydrated ions of [M+H]+and [M+H-C3H8O3]

+

fragments (Figure 8A). Notably, two MGs from B. niger
displayed unusual polyunsaturated fatty acyl substituents, i.e.
putative docosaheptaenoic and eicosahexaenoic acids (Table 6).

Eleven nodes in the molecular network (Figure 3) were
annotated as fatty acids and derivatives, including a) a small
cluster of five PUFAs, b) three fatty acid methyl ester derivatives
(putative artefacts originating during extraction with methanol),
c) 13Z-docosenamide (AM 22:1), and d) docosanoylcarnitine
(CAR 22:0) (Table 6). Among these compounds, the 11-
hydroxy-5Z,8Z,12E,14Z,17Z-eicosapentaenoic acid (FA 20:5;O),
AM 22:1, and CAR 22:0 were identified by comparing their mass
spectra with the GNPS spectral database (Figures 8B–D).
Overall, the diagnostic product ion observed in MS/MS spectra
of [M+H]+ adducts of PUFA (and [M+H-H2O]

+for OH-PUFA)
was the acylium ion, which in turn underwent water loss during
fragmentation (Figure 8B). A series of unsaturated hydrocarbon
ions with lower intensities occurred during ESI MS/MS of PUFA,
due to extensive hydride shifts, thereby hampering unambiguous
localization of the double bonds (Figure 8B). As it regards fatty
acid methyl esters (FAMEs), mass fragmentation showed [M+H-
32.0262]+ as the base peak, corresponding to the ion arising from
the loss of CH3OH.

3.2.5 Indole and Purine Alkaloids
TheHR ESImass spectra of the [M+H]+ ion peaks atm/z 422.8711
(Rt = 10.9 min) and m/z 438.8659 (Rt = 12.1 min) defined the
molecular formulas of these metabolites as C12H13Br3N2 and
C12H13Br3N2O, respectively, as suggested by the observed isotope
pattern peculiar of tribrominated compounds, showing four peaks
(each separated by twomass units) of approximate intensity 1:4:4:1.
Frontiers in Marine Science | www.frontiersin.org 12
In the light of these findings, the 422 Da- and 438-Da compounds
were identified as 2,5,6-tribromo-1-methylgramine and the
relevant N-oxide derivative, as their MS/MS spectra were exactly
the same and characterized by the fragment ion [C10H7Br3]

+,
generated by elimination of dimethylamine (45.0578 Da) and
dimethylhydroxylamine (61.0528 Da), respectively (Figure 9). In
addition, the fragment [C10H7NBr3]

+ undergoes a) loss of a radical
bromine and b) loss of molecular bromine, thus giving the
[C10H7NBr2]

•+ radical cation at m/z 298.8950 and the
[C10H7NBr]+ ion at m/z 219.9763, likely due to homolytic
cleavage of carbon-bromine bonds (radical fragmentation)
(Figures 9 and S4). Even if being unusual in CID (collision-
induced dissociation)-type fragmentations, generation of odd-
electron species may occur when a) unpaired electrons can
occupy a delocalized antibonding orbital and b) chemical bonds
are hard to be cleaved (Levsen et al., 2007), such in the case of the
high conjugated indole ring in gramine alkaloids.

Finally, three nodes in the network appeared to be related to
unknown alkyl purine alkaloids (Figure S6). Analysis of the mass
tandem spectra of these molecules unveiled a diagnostic
fragment at m/z 150.0780 (C6H8N

+
5 ) corresponding to the

methyladenine ion, together with its related fragments deriving
from NH3 and HCN losses (Figure S6). Therefore, these
metabolites were predicted to be methyladenine derivatives
bearing different alkyl/acyl substituents. However, their
structures remain unsolved and require further studies to
be elucidated.
4 DISCUSSION

Human-mediated introduction of alien species in new
biogeographic realms is a phenomenon that dates back centuries
(Branch and Steffani, 2004; Provan et al., 2008). However, this
seems to be furthermore amplified in the recent decades, with
many ascidians spreading worldwide and interfering with native
TABLE 6 | Monoacylglycerols and fatty acids and derivatives identified in the organic extract from B. niger.

Compound Rt (min.) [M+H]+ m/z Relative Abundance (%)

Monoacylglycerols MG 16:2 23.0 C19H35O4 327.2537 6.7
MG 20:6 23.9 C23H35O4 375.2539 10.3
MG 22:7 25.3 C25H37O4 401.2695 2.2
MG 14:0 27.9 C17H33O3

a 285.2431 5.5
MG 16:1 28.6 C19H37O4 329.2693 13.9

Fatty acids FA 20:7 19.8 C20H27O2
b 299.2013 <0.1

FA 20:7 20.3 C20H27O2
b 299.2013 <0.1

FA 20:7 21.0 C20H27O2
b 299.2013 <0.1

FA18:4;O 23.3 C18H27O2
a 275.2012 1.8

FA 20:5;O 25.2 C20H29O2
a 301.2169 16.9

FA 18:2;O 26.3 C18H33O3 297.2432 <0.1
Fatty esters FAME 20:6;O 22.9 C21H31O3 331.2275 33.1

FAME 20:6 27.4 C21H31O2 315.2325 <0.1
FAME 18:2 28.8 C19H35O2 295.2639 6.1
CAR 22:0 32.1 C29H58O4N 484.4368 2.7

Fatty amides AM 22:1 33.3 C22H44ON 338.3428 0.7
April 2022 |
a[M+H-H2O]
+.

bPutative isomers differing for unsaturation position/configuration.
MG, monoacylglycerol; FA, fatty acid; FAME, fatty acid methyl ester; CAR, fatty acyl carnitine; AM, fatty amide.
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benthic communities and habitats by creating consistent
environmental and even economic damages (Lambert and
Lambert, 1998; Zhan et al., 2015). In the present case, when B.
niger was locally discovered, it already formed large aggregates in
the investigated channel, and its presence was also noted in
additional lagoons of the area (Virgili et al., 2022). This suggests
that the early eradication phase, often highlighted to limit the
spread of alien species (Willan et al., 2000; Giakoumi et al., 2019), is
already far to be potentially applied, and that local communities are
Frontiers in Marine Science | www.frontiersin.org 13
presumably enriched by the presence of B. niger since at least years.
Absence of field studies but mostly taxonomic impediments may
be at the basis of such a result. Indeed, contrary to other localities
where the presence of B. niger is well acknowledged (Rocha et al.,
2012; Sheets et al., 2016; Streit et al., 2021), the arrival of this
colonial ascidian in the area, but in general in the Mediterranean
Sea, was presumably overlooked due to rarefaction of studies in
zoology and confusion with the congeneric species B. leachii (see
Griggio et al., 2014; Virgili et al., 2022). No certainties also occur
A

B
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D

FIGURE 8 | Fragmentation patterns and HR ESI-MS2 spectrum of the [M+H]+ ion of 1-(9Z-octadecenoyl)-sn-glycerol (MG 16:1) (A), the [M+H-H2O]
+ ion of 11-hydroxy-

5Z,8Z,12E,14Z,17Z-eicosapentaenoic acid (FA 20:5;O) (B), the [M+H]+ ion of 13Z-docosenamide (AM 22:1) (C), and the [M+H]+ ion of the docosanoylcarnitine (CAR 22:0) (D).
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regarding a possible pathway of arrival in the area. The Fusaro Lake
is already known as a hub for the introduction of alien species of
different phyla (e.g. Bianchi, 1983; Villani and Martinez, 1993;
Crocetta et al., 2012; Crocetta et al., 2013; Hanson et al., 2013), and
it also hosts a conspicuous mussel farm that may constitute the
most likely source of introduction for this species in the lake. This
seems to be in agreement with other studies worldwide, that
suggested a species spread at a small scale based on recruitment
preferences for mussel beds (Sheets et al., 2016; Rocha et al., 2019).
However, another possibility is that this species is spreading locally
favoured by the natural currents that exchange the lake waters
through the channel, and most likely coming from the nearby
Miseno Lake, an area recently acknowledged as a hotspot of non-
indigenous species (NIS) ascidians, including B. niger (Virgili
et al., 2022).

Although the dominance observed during sampling activities
is worrying from an ecological point of view, our results confirm
the interest of these alien species as they represent today a
potential huge biological resource for nutritional or functional
purposes, reducing, in this way, the economic losses caused by
these invasive organisms.

Recent studies have shown that ascidians, in particular parts
of their inner body tissues, are used to flavour foods intended for
human consumption. In fact, all inner body tissues are rich in
proteins, mainly collagens with a high essential amino acid index
and high delicious amino acid (DAA) content. Moreover, they
can supply the body with essential lipid components, including
high contents of good-quality fatty acids (Zhao and Li, 2016).
Lipids are a class of biomolecules involved in a huge number of
different functions in biological systems, which make them
fundamental for development and growth, and act as powerful
signalling agents during metabolic disruption due to diseases,
such as neurological disorders, autoimmune diseases, and cancer
Frontiers in Marine Science | www.frontiersin.org 14
(Wymann and Schneiter, 2008; Cheng et al., 2016; Brown
et al., 2017).

In this work, the employment of the Molecular Networking
approach followed by a careful manual curation of HR ESI-MS2

data allowed us to study the metabolome of the alien species B.
niger for the first time, and shed light on the presence of novel
NPs, several of them remaining still unknown. FBMNwas shown
to be an efficient tool for fast dereplication of complex organic
mixtures and support LC-MS2 data analysis for high-confidence
structural prediction of detected metabolites.

Our results showed the presence of different classes of
indispensable lipids, namely glycerophospholipids, glycerolipids,
sphingolipids, fatty acids and derivatives, and sulfonolipids.

Among them, glycerophospholipids were the most
represented lipid class, including lyso-glycerophosphocholines
and lyso-phosphatidylethanolamines.

Similarly, Hou et al. (2021) recently reported the
characterization of the lipid profile of C. intestinalis, H. roretzi,
and S. clava, and, among the thirteen major lipid subclasses
identified, glycerophospholipids and glycerolipids were the
dominant components (66.30–90.60% of total lipids).

Lyso-GPCs and lyso-PEs are representatives of a class of
mono-acylated/alkylated glycerophospholipids, commonly
referred to as lysophospholipids, playing a key role as structural
lipid constituents of cellular membranes and biological signalling
molecules in eukaryotes and bacteria, including marine species.
Lysophospholipids may regulate fundamental cellular functions
such as cell growth, differentiation, survival, migration, adhesion,
invasion, and morphogenesis, by interacting with their cognate
receptors and/or modelling composition and fluidity of lipid rafts.
Indeed, lysophospholipids have been reported to regulate cell
motility in budding tunicates (Arai et al., 2004) as well as to
enhance multicellular development in the choanoflagellate
FIGURE 9 | HR ESI-MS2 spectrum of the fragment ion at m/z 377.8134, generated by neutral loss of dimethylamine and dimethylhydroxylamine from 2,5,6-
tribromo-1-methylgramine and 2,5,6-tribromo-1-methylgramine N-oxide, respectively.
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Salpingoeca rosetta Dayel et al., 2011 (Woznica et al., 2016). In the
latter case, lyso-PEs and the sulfonolipids RIFs and IOR-1 are
produced by the choanoflagellate endosymbiont Algoriphagus
machipongonensis Alegado et al., 2013 and proposed as actors of
a metabolic interplay in which multiple bacterial cues regulate the
cellular growth of S. rosetta. Considering that a) lysophospholipids
and sulfonolipids (IOR-1 and C15 IOR-1) co-occur in the organic
extract of B. niger and that b) bacteria live in symbiosis with several
Botrylloides species, the notion that a network of bacterial lipids
regulate multicellular development and cell motility can be
extended to B. niger, which is expected to orchestrate a complex
signalling network to control seasonal dynamics of its blooms
(Rinkevich et al., 1993; Oricchio and Muniz Dias, 2020;
Ramalhosa et al., 2021).

To date, there has been a growing interest in studying the
biological functions and metabolism of lysophospholipids,
because they could represent a good starting point for the
development of new therapeutics for several diseases (Varandas
et al., 2019). Indeed, these molecules can affect many biological
processes, such as neurogenesis, angiogenesis, wound healing,
immunity, and carcinogenesis (Ishii et al., 2004).

Noteworthy, our results showed that B. niger contains also
lyso-GPCs and lyso-PEs bearing PUFAs [including
eicosapentaenoic acid (C20:5n-3, EPA), and docosahexaenoic
acid (C22:6n-3, DHA)], which accounted for the 40% of the
detec t ed lyso-g lycerophosphol ip ids . In teres t ing ly ,
glycerophospholipids enriched in PUFAs were also mainly
present in the inner body tissues of different ascidians,
indicating that these marine organisms could potentially be used
for health-promoting food for humans (Hou et al., 2021). Marine
sources containing EPA/DHA-enriched glycerophospholipids are
receiving increasing attention thanks to their emerging health
benefit (as reviewed in Zhang et al., 2019 and Ahmmed et al.,
2020). Zhou and collaborators showed that different fatty acids
composition of glycerophospholipids were involved in decreasing
cognitive decline and biological damage and in brain protection,
and these beneficial effects were partly enhanced in presence of
EPA and DHA (Zhou et al., 2016).

In addition, unusual PUFAs (Table 6) either linked to the
glycerol backbone in monoacylglycerols or as free fatty acids and
methyl ester derivatives, were also identified by molecular
networking analysis of tandem MS data from B. niger crude
extract. In tunicates unsaturated fatty acids, including PUFAs,
have been shown to exert mitogenic activity and promote cell
proliferation (Arai et al., 2004). Moreover, PUFAs have attracted
great attention due to their enormous benefits. They can reduce
or prevent the severity of several diseases, such as
hyperlipidemia, diabetes, cancers, inflammation and heart and
neurodegenerative diseases (reviewed in Zhang et al., 2019).

Therefore, similarly to other marine organisms, B. niger could
potentially be used for health-promoting food for humans.

Dereplication of the organic extract from B. niger shed light
on the presence of lyso-glycosphingolipids and free sphingoid
bases. Over the years, several sphingolipids have been identified
from natural sources, including microorganisms, tunicates,
sponges, corals and algae. In the past, they were merely
Frontiers in Marine Science | www.frontiersin.org 15
considered as components of cellular membranes, but they
demonstrated to be involved in several cellular phases (Morales
et al., 2007; Ponnusamy et al., 2010), and to be effective as
antiproliferative drugs against different tumors (Schmelz et al.,
2000; Garcıá-Barros et al., 2014; Rethna Priya et al., 2019).

Besides the presence of different lipid classes, our findings
unveiled B. niger to be a source of indole and purine alkaloids. In
fact, ascidians are prolific sources of nitrogenated metabolites, and
more than 300 alkaloids have been reported from these organisms
(Nathani et al., 2020) till now.Noteworthy,many of these have been
shown to have important activities, including antimicrobial,
anticancer, and antiviral, whereby several therapeutics have been
isolated or inspired from tunicates-derived NPs.

Among the 12 marine-derived NPs approved by the FDA to
date, 2 molecules are native to tunicates, including the alkaloid
ecteinascidine (Yondelis®) from E. turbinata and its synthetic
derivative Lurbinectedin (Zepsyre®) (Phase III) used to treat
different types of cancer (Della Sala et al., 2018; McCauley et al.,
2020; Ramesh et al., 2021).

Particularly, two brominated indole derivatives were identified in
B. niger and predicted as 2,5,6-tribromo-1-methylgramine and itsN-
oxide analogue.Even if ascidianshavebeen largely acknowledgedas a
reservoir of brominated alkaloids, these two metabolites have never
been described in tunicates before, as being only isolated from the
marine bryozoan Amathia verticillata (delle Chiaje, 1822).
Particularly, 2,5,6-tribromo-1-methylgramine was found to exert
antifouling activity against the barnacle Amphibalanus amphitrite
(Darwin, 1854) and the blue mussel Mytilus edulis Linnaeus, 1758
(Sato and Fenical, 1983; Kon-Ya et al., 1994). In addition, three novel
purine alkaloids, i.e. methyladenine derivatives, were found in the
metabolome of B. niger, thus their structures remaining unsolved.
Alkyl purines as well as brominated indoles play a key role in the
antifouling mechanism of marine organisms. Detection of such
bioactive molecules could at least partially explain the invasiveness
of B. niger, which is able to prevent larvae of othermarine organisms
from settlement and growing on its bodies (Hiebert et al., 2019).

Indeed, by competing for space and food, a congener of B.
niger, namely Botrylloides violaceus Oka, 1927, is known to
displace other fouling organisms (Berman et al., 1992),
including native and introduced tunicates (Dijkstra et al.,
2007), bryozoans, barnacles, and mussels (Dijkstra and Harris,
2009), indicating strong competitive ability (Lambert and
Lambert, 2003).

In conclusion, the alien species B. niger represents a prolific
source of several valuable bioactive compounds, probably
developed to adapt and compete with native species. It is also
rich of a huge variety of lipid species that improve human health,
including lipids rarely found in other foods as PUFAs. The
presence of these molecules can undoubtedly transform this
alien species from damage to the ecosystem into a precious
bio-resource, easily available. Therefore, B. niger together with
other invasive ascidians, although concerned from an ecological
point of view, could find an important economic role to benefit
society, including good opportunities in the food and
pharmaceutical industry for the development of functional
products based on ascidians.
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