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peaks observed in the MS data were used to guide the search for KEYWORDS

new metabolites, leading to the isolation of two new compounds, Marine sponge; Petrosia;
ficiformylenes A (1) and B (2). Their structures were elucidated by LC/MS; metabolomics;
spectroscopic analyses, including 1D and 2D NMR and ESIMS/MS polyacetylene
experiments, as well as ESIMS analysis of the products obtained by

ozonolysis. These results demonstrate the utility of LC/MS-based

comparative analysis of marine sponge secondary metabolites as

an effective strategy for the discovery of novel natural products.
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1. Introduction

Marine-derived natural products are an important source of compounds that exhibit
unique chemical structures and potent biological activities (Blunt et al. 2018). However,
with the progress of natural product discovery, the rediscovery of known compounds
and the increasing costs associated with isolation and structure elucidation have
become major challenges, highlighting the need for methodologies that improve the
efficiency of discovering new compounds (Newman and Cragg 2007, 2012, 2016,
2020; Gaudéncio et al. 2023).

Marine sponges can show quantitative and qualitative variation in
secondary-metabolite profiles even among conspecific or closely related taxa, not
only across geographically distinct habitats but also at more local scales and among
individual specimens (Noyer et al. 2011; Rohde et al. 2012; De Caralt et al. 2013). This
property—namely, that organisms that are taxonomically identical (or similar) can be
chemically distinct—makes it difficult to decide which samples or fractions should
be prioritised in natural product discovery. At the same time, if comparative study
designs are appropriately constructed, such differences can serve as useful clues for
efficiently reaching previously unknown components.

Sponges of the genus Petrosia are widely distributed from tropical to temperate
regions and across habitats ranging from intertidal zones to deep waters, and a
diverse array of secondary metabolites has been reported from this genus, including
polyacetylenes and sterols (Lee et al. 2021). Therefore, a framework that compares
sets of closely related specimens, including Petrosia spp., and extracts candidate novel
compounds based on differences in chemical profiles is considered a promising
approach for improving the efficiency of new-compound discovery.

In this study, we focus on LC/MS, which enables sensitive acquisition of chemical
information at an early stage of the extraction process. Using multiple sponge sam-
ples, including Petrosia spp., we examine a practical workflow in which multivariate
analysis is applied to feature sets defined by retention time (RT) and m/z values to
visualise inter-sample differences and enable the extraction of candidate novel com-
pounds. This approach is expected to reduce redundant re-identification of known
compounds and rationalise investment in isolation and structure elucidation, thereby
improving the efficiency of sponge-derived natural product discovery.

2. Results and discussion
2.1. LC/MS-based metabolomics

This study was conducted on eight sponge specimens collected from Italy and Japan.
Six specimens belonged to the genus Petrosia, comprising three specimens of P.
ushitsuensis (Japan) and three specimens of P. ficiformis (Italy), which were selected
to investigate the similarity and variability of metabolite profiles within the genus
across geographically distant populations. In addition, Chondrilla oxyastera (Japan)
and Chondrosia reniformis (Italy) were included as phylogenetically distinct non-Petrosia
sponge species to provide a comparative reference for evaluating whether the metab-
olite profiles observed were characteristic of the genus Petrosia rather than general
features shared among marine sponges (S| Figures S1 and S2). Each sample was kept
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frozen until it was analysed. Approximately 5g of tissue from each sample was
extracted with CH;OH. The methanolic extracts were concentrated and partitioned
between H,0 and CHCl;. The CHCI, layer was desalted using a reversed-phase ODS
(octadecylsilyl) column, and the methanol-eluting fractions were analysed by LC/MS
(positive ion mode). The resulting LC/MS data were analysed using the multivariate
analysis software Reifycs Signpost MS™. After excluding 159 peaks detected in the
CH,OH blank, a total of 3,012 peaks (alignment ID: 1-3,350) were aligned based on
a combination of RTs and m/z values (Sl Table S1 and Alignment Results). The number
of unique ion peaks for each sample is listed in Sl Table S1. In total, out of the 3,012
detected peaks, approximately two-thirds (2,020) were unique to individual samples.
Additionally, 76 ion peaks were shared exclusively among the three P. ushitsuensis
specimens (S| Table S1), whereas 33 ion peaks were exclusive to the three P. ficiformis
specimens. Notably, only six ion peaks were shared among all six Petrosia specimens
and were undetected in the Chondrilla and Chondrosia specimens. Based on the above
results, it was concluded that each sponge sample produced a greater number of
unique compounds than compounds commonly shared within the same genus or
species. Although many ion peaks were unique to individual samples, principal com-
ponent analysis (PCA) based on RTs and m/z values was performed to assess the
overall similarity in metabolite profiles (Sl Figure S3 and S4). Interestingly, peak clusters
from the three P. ficiformis and three P. ushitsuensis specimens were localised in pos-
itive regions of both the first and second principal components (PC1 and PC2, SI
Figure S3), suggesting that the metabolite compositions of the six Petrosia specimens
were similar. Moreover, comparison of the ion peak distributions between P. ushitsuensis
and P. ficiformis revealed that their score plots were closely clustered, indicating a
high degree of similarity in RTs and m/z values among respective species. Consistent
with the PCA results, hierarchical clustering analysis visualised as a heatmap (SI Figure
S5) also demonstrated strong similarities among samples from the same species or
genus. In contrast, Chondrilla oxyastera and Chondrosia reniformis were clearly sepa-
rated from the six Petrosia specimens, supporting their role as comparative references
for assessing genus-level metabolic relationships.

Further detailed analysis of the LC/MS data revealed four characteristic ion peaks
(Sl Table S2). To prioritise metabolites for isolation and structural characterisation, ion
peaks were comprehensively evaluated based on their occurrence patterns among
sponge specimens, LC/MS signal intensities, and potential novelty inferred from their
molecular formulae. The ion peaks with alignment IDs 2,508 and 2,339 were prioritised
because their estimated molecular formulae did not correspond to any metabolites
previously reported from marine sponges of the genus Petrosia, suggesting that they
might represent new compounds. In contrast, alignment IDs 1,076 and 1,109 were
selected because they exhibited relatively high LC/MS signal intensities and showed
large loading values in the PCA loading plot [ID 1,109: (PC1, PC2) = (0.0169, 0.0222);
ID 1,076: (PC1, PC2) = (0.0137, 0.0204)], indicating that they contributed substantially
to the metabolomic characteristics of the genus Petrosia.

The ion peak of alignment ID 2,508 (RT: 19.135 min, m/z: 399.3260, 1) was detected
in two P. ficiformis samples (514105 and S14111). Based on the chemical formula
C,;H,,0, (calcd for C,,H,50,%, 399.3258) estimated from the m/z value, it was highly
likely to be a compound that has not been reported from marine sponges of the
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genus Petrosia. The ion peak of alignment ID 2,339 (RT: 19.154min, m/z: 371.2947, 2)
was commonly detected in three of the P. ficiformis samples (514105, S14111, and
S$14112), and the putative chemical formula C,sH;,0, (calcd for C,cH;,0,*, 371.2945)
has also not been reported previously.

The ion peak of alignment ID 1,076 (RT: 22.488 min, m/z: 677.5244, 3), which was
estimated to be C,H,,0, (calcd for C,H,,O,Na*, 677.5268), was a common ion peak
detected in the three Japanese P. ushitsuensis samples (514006, S14023, and S14025).
Several C-46 linear acetylene compounds have been reported from Petrosia samples
collected around Japan (Lee et al. 2021). Therefore, this ion peak may be attributable
to one of them. Hierarchical clustering analysis revealed that the ion peak of align-
ment ID 1,109 (RT: 11.560min, m/z: 275.1678, 4) was detected in five Petrosia sp.
samples (514006, S14023, S14025, S14111, and S14112). Extracted ion chromatograms
(m/z 275.168 £0.005) prepared from the LC/MS raw data detected the same ion peak
at approximately 11.48 min in the remaining Petrosia sample (5S14105) (SI Figure S6).
Therefore, the compound giving this peak, with an estimated formula of C,;H,,0,
(caled for C;5H,,0;Na*, 275.1618), was present in all six Petrosia samples.

Based on these observations, compounds 1-4, responsible for the four ion peaks,
were isolated, and their structures were determined by ESIMS/MS analysis (Figure 1).
Compounds 1 and 2 were isolated from P. ficiformis (S14105), whereas compounds 3
and 4 were isolated from P. ushitsuensis (514023). After performing spectroscopic
analyses (NMR and MS experiments, S| Figures S7-S15 and S17-525), compounds 1
and 2 were identified as new compounds and named ficiformylenes A and B,
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Figure 1. Structures of ficiformylenes A (1) and B (2), petrocortyne A (3), and petroraspailyne A1 (4).
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respectively. Compounds 3 and 4 were identified as petrocortyne A (3) (Seo et al.
1998) and petroraspailyne A1 (4) (Seo et al. 1999), respectively, based on comparison
with literature data (SI Figure S27-530).

2.2, Structure elucidation of ficiformylenes A (1) and B (2)

Ficiformylene A (1) was obtained as a white amorphous solid. The molecular formula was
established as C,,H,,0, by HRESIMS analysis: m/z 399.3256 [M+H]* (calcd for C,,H,;0,%,
399.3258), m/z 397.3082 [M - HJ (calcd for C,,H,,0,, 397.3112) and m/z 421.3080 [M+Na]*
(calcd for C,,H,,0,Na*, 421.3077). The 'H NMR spectrum of ficiformylene A (1) measured
in CD,0D exhibited signals of four olefin protons [§, 6.00, 5.45, 5.34 (2H)], one terminal
alkyne proton (8, 3.41), and several aliphatic methylene protons (5, 1.25-1.40). The 3C
spectrum (in CD,0D) revealed the existence of one carbonyl carbon (6. 162.4) and four
olefin carbons [6. 146.6, 131.0 (2C), 109.5]. Analysis of 2D 'H-"H COSY,'H-'*C HMQC and
'H-3C HMBC spectra identified three substructures a (C-1-C-6), b (C-12-C-17), and ¢
(C-22-C-27) (Sl Figure S31). The geometry at A%* was determined to be Z based on the
coupling constant between H-24 and H-25 (11.0Hz). The allyl positions (C-13 and C-16)
were more shielded (5. 28.30 and 28.24, respectively) than the aliphatic methylene car-
bons (5. 29.6-31.3), indicating that the geometry at A was Z (Sl Figure S31).

The number of methylene carbons among the substructures a—c was revealed by
the ESIMS/MS experiment (positive mode, precursor ion: m/z 399.3 [M+H]*) (Sl Figure
S32). Fragment ions at m/z 135.1164, and 149.1325 were observed, reflecting the
presence of a C=C double bond between C-14 and C-15. The location of this double
bond was further confirmed by oxidative ozonolysis of 1, followed by ESIMS analysis
in the negative mode, which gave characteristic product ions at m/z 201.1121 and
229.1434 (Sl Figure S15) (Seo et al. 1998). According to the results above, ficiformylene
A (1) is a new acetylene compound as expected.

Ficiformylene B (2) was obtained as a white amorphous solid. The molecular formula
was established as C,H;30, by HRESIMS [m/z 371.2945 [M+H]* (calcd for C,5H340,7,
371.2945), m/z 369.2777 [M - HI (calcd for C,cH;,0,, 369.2799) and m/z 393.2766
[M+Na]J*, (calcd for C,sH;g0,Nat, 393.2764)]. The 'TH NMR spectrum of ficiformylene
B (2) (in CD,0D) was almost superimposable to that of 1, indicating that 2 shares
the same substructures as 1; however, the length of the carbon chain differs. The
position of the C=C double band was determined to be between C-14 and C-15 on
the basis of the ESIMS/MS experiments (positive mode, precursor ion: m/z 371.3
[M+H]*), which showed characteristic fragment ions at m/z 107.0847, 121.1008, and
175.1469, and was further confirmed by oxidative ozonolysis, followed by ESIMS
analysis (negative mode) of the degradation products, which showed characteristic
ions at m/z 173.08 and 229.14 (Sl Figure S24 and S25) (Seo et al. 1998). Based on
this observation, the overall structure of ficiformylene B (2) was elucidated.

2.3. Cytotoxicity of ficiformylenes A (1) and B (2) against HeLa and P388 cells

Ficiformylenes A (1) and B (2) were tested for cytotoxicity against HeLa and P388
cells, and 1 showed weak cytotoxicity against P388 cells (IC;, = 11.2uM), whereas 2
was non-cytotoxic.
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3. Experimental

See Supplementary Material.

4. Conclusions

In this study, an LC/MS-guided targeted search enabled the isolation of four acetylene
compounds from a sponge extract, including two new metabolites, ficiformylenes A
(1) and B (2). This outcome highlights the utility of LC/MS-driven prioritisation for
capturing structurally distinctive, low-abundance constituents that may be missed by
conventional workflows. Ficiformylenes A (1) and B (2) showed only weak cytotoxicity
and were obtained in very low yields; therefore, their ecological or biological roles
remain unclear based on the present data. Considering that sponges function as
holobionts, and that sponge-derived specialised metabolites have been proposed to
participate in host-microbe and microbe-microbe interactions, these compounds may
warrant further investigation in a holobiont context (Taylor et al. 2007; Pita et al.
2018). However, such possible roles, including effects on symbiotic microorganisms
or community structure, remain speculative and require experimental validation in
future studies.
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