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Abstract
A comprehensive metabolomic strategy, integrating '"H NMR and MS-based multi-block modelling in

conjunction with multi-informational molecular networking, has been developed to discriminate sponges of the
order Haplosclerida, well known for being taxonomically contentious. A in house collection of 33 marine sponge
samples belonging to three families (Callyspongiidae, Chalinidae, Petrosiidae) and four different genera
(Callyspongia, Haliclona, Petrosia, Xestospongia) was investigated using LC-MS/MS, molecular networking
and the annotations processes combined with NMR data and multivariate statistical modelling. The combination
of MS and NMR data into supervised multivariate models led to discriminate, out of the four genera, three
groups based on the presence of metabolites, not necessarily previously described in the Haplosclerida order.
Although these metabolomic methods have already been applied separately, it is the first time that a multi-block
untargeted approach using MS and NMR is combined with molecular networking and statistically analyzed,
pointing out the pros and cons of this strategy.

Keywords Haplosclerida Sponges; Mass Spectrometry; Nuclear Magnetic Resonance Spectroscopy; Molecular
Networking; Multivariate Statistical Analyzes

Introduction

Metabolomics, combining multiparametric chemical analysis technique and multivariate statistical analysis, has
been applied to a variety of fields from human health to microbiology. In this perspective, marine biology is
continuously benefiting from the methodological advances for metabolite identification in
chemotaxonomy. Nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) often

coupled with separation techniques, are the two most powerful analytical methods, used in metabolomic
analyzes [1]. They both generate complementary metabolic features from the same sample; hence, their



combination greatly improves the coverage of the metabolome and enhances the accuracy of metabolites
identification [2]. Recently, tremendous efforts have been directed toward the integration of MS and NMR data
through the development of combined chemoinformatics strategies [3, 4]. SUMMIT MS/NMR and NMR/MS
translator illustrate important developments in this field [5-8]. In many cases, the concatenation of MS and NMR
data can potentially improve the reliability and predictive accuracy of statistical methods. In this regard, multi-
block strategies emerged as an appealing approach for biomarker discovery [9-11]. The latter consists of
combining the preprocessed individual blocks at the data level without performing any variable selection prior to
modelling and interpreting the outcome. An interesting manner to unravel the structural identity of those
metabolites could rely on tandem MS/MS molecular networking (MN). This approach constitutes a powerful
strategy to visualize and organize MS/MS data sets and automate database searches for metabolites identification
of marine organisms with the help of in silico generated data for annotation [12-14], especially for sponges for
which several taxonomic issues remain.

Sponges are active filter-feeder animals, which belong to the phylum Porifera. These sessile organisms,
which generally live on hard, or in soft, substrates, ensure their defense and their survival by their capacity to
produce diverse specialized molecules, which provide protective, defense, and ecological roles [15], in addition
to other defense mechanisms such as physical spicule defense. Their classification is, among others, based on the
presence, size and arrangement of calcareous or siliceous skeletal structures called spicules [16]. However, these
characteristic elements are lacking in some species, which reveal only the presence of spongin fibers and fibrillar
collagen, leading to, at times, challenging taxonomic identification. Therefore, a chemical taxonomy
classification was expected to aid with the morphological classification limitations. Nowadays, systematics
associates multiple and complementary sources of data, called integrative taxonomy, combining external
morphology, spicules, embryology, geography, reproduction, genetic sequences, and molecular results [17]. In
this vein, chemotaxonomy investigations of sponges of the order Haplosclerida are still a work in progress (class
Demospongiae). The latter encompasses more than 650 species, which are classified into the families
Calcifibrospongiidae, Callyspongiidae, Chalinidae, Niphatidae, Petrosiidae and Phloeodictyidae, according to
World Porifera Database [18]. The order Haplosclerida is one of the most speciose demosponge orders and, due
to non-monophyletic relationships of its (morphologically defined) families and genera, one of the most
challenging in terms of species identification [19-23]. The phylogeny of this order is the biggest enigma in
sponge systematics due to the paucity of complex morphological features between putative sponge species and
the incongruence between morphological and molecular characters. Marine sponges of the order Haplosclerida
have been chemically widely investigated, leading to the discovery of diverse and varied molecules, mainly
alkyl-piperidine- or alkyl pyridinium-type alkaloids and polyacetylene compounds. However, so far, no chemical
markers were definitively identified, as illustrated with the study of Tribalat et al. [22], which led to the
conclusion that the chemical diversity within the order Haplosclerida does not fit well with the taxonomic
identification [22]. In this study, we applied a metabolomic strategy integrating *H NMR and HRMS-based
multi-block modelling in conjunction with taxonomically informed molecular networking for studying 33
Haplosclerida marine sponge samples of three families (Callyspongiidae, Chalinidae, Petrosiidae) and four
different genera (Callyspongia Duchassaing & Michelotti 1864, Haliclona Grant 1841, Petrosia Vosmaer 1885,
Xestospongia de Laubenfels 1932). The aim of this study was not to identify all key chemical markers of this
order but to select those discriminating the four genera by leveraging the complementary information provided
by MS and NMR data. Although these “omics” approaches have already been explored separately, it is the first
time that a multi-block approach using MS and NMR is combined with molecular networking and statistically
analyzed for the classification of samples of the order Haplosclerida.

Experimental section

Sponge Material

Among our marine sponge collection, 33 samples from the order Haplosclerida within the three Callyspongiidae,
Chalinidae and Petrosiidae families and four different genera (Callyspongia Duchassaing & Michelotti 1864,
Haliclona Grant 1841, Petrosia Vosmaer 1885, Xestospongia de Laubenfels 1932) were selected for statistical
analyses. Samples were mainly collected in Indonesia (off North and South Sulawesi Island) and also in the
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Persian Gulf (off Oman), the Chinese Sea (Vietnam), and in the North Sea (off The Netherlands and France in
Europe). Voucher specimen were deposited at the Naturalis Biodiversity Center.

Within the Callyspongiidae family, 10 samples from the genus Callyspongia were studied, including five
samples from the South Sulawesi Island (Indonesia), which are Callyspongia (Cladochalina) aerizusa SS12 and
SS19, Callyspongia joubini SS28, Callyspongia (Cladochalina) subarmigera SS18 and Callyspongia robusta
SS53, as well as five unidentified Callyspongia species, whose two samples named NS101, NS105 from the
North Sulawesi Island (Indonesia) and three samples from Oman (Persian Gulf) with the code name 1003 and
1028 and 1041.

Within the Chalinidae family, 13 samples from the genus Haliclona have been investigated, including three
North Sulawesi sample Haliclona (Reniera) aff. fascigera NS107, Haliclona (Gellius) amboinesis NS69,
Haliclona (Halichoclona) vanderlandi NS86, and two South Sulawesi samples Haliclona (Reniera) fascigera
SSO06A and SS06B, , as well as two samples from the North Sea off the Netherlands, namely Haliclona
(Soestella) xena NLO1A and NLO1B, three samples from North Sea France collected off Roscoff Haliclona
(Reniera) cinerea FR 17, Haliclona (Haliclona) simulans FR12 and FR60, and three unidentified samples one
from North Sulawesi named NS110 and two from South Sulawesi named SS33 and SS51.

Within the Petrosiidae family, ten samples were studied: four samples were from the genus Petrosia and six
from the genus Xestospongia. The Petrosia samples included one sample Petrosia (Petrosia) hoeksemai NS94
from North Sulawesi and two samples P. hoeksemai SS03 and Petrosia (Petrosia) nigricans SS44 from South
Sulawesi as well as one unidentified sample (VPH) from Vietnam in the Chinese Sea. In addition, six
Xestospongia samples have completed the panel of the family Petrosiidae samples: three samples from South
Sulawesi Xestospongia testudinaria SS09 and SS10, X. viridenigra SS57, as well as three unidentified and most
likely undescribed samples encompassing one from South Sulawesi SS40 and two from North Sulawesi NS66
and NS109. For further details, see Electronic Supplemental Material Table S1.

Sponge Extracts Preparation

The same protocol was used for all samples. Sponge samples (500 g) were cut into small pieces and immediately
immersed in MeOH (1 L) after collection. After filtration, an aliquot of 20 mL was evaporated, and 150 mg of
the obtained crude extract were solubilized in methanol and mixed to 2 g of C18 powder. After evaporation, the
obtained homogeneous dry extract was deposited as a powder on a C18 Sep-Pack cartridge (Phenomenex 200
mg/10 mL) for being eluted firstly with 20 mL H,O in order to eliminate salt and secondly with 20 mL MeOH to
obtain the desalted extracts.

After solvent evaporation, an aliquot of 2 mg of each dried extract was dissolved in 500 pL deuterated DMSO
for NMR analyses and an aliquot of 200 pg dissolved in 200 uL. MeOH was used for mass analyses.

Mass Spectrometry: Data Dependent LC-ESI-HRMS? Analysis and Processing

LC-ESI-HRMS? analyses were achieved using an Agilent LC-MS system comprising an Agilent 1260 infinity
HPLC coupled to an Agilent 6530 Q-TOF-MS (Agilent Technologies, Massy, France) equipped with an ESI
source, operating in positive-ion mode. A Sunfire analytical Cig column (150 x 2.1 mm; i.d. 3.5 um, Waters)
was used, with a flow rate of 250 uL/min and a linear gradient from 5% B (A: H,0O + 0.1% formic acid, B: ACN)
to 100% B in 20 min and then 100% B over 10 min for a total runtime of 30 min. Injection volume was set at 10
pL. Source parameters were set as follows: capillary temperature at 320°C, source voltage at 3500 V, sheath gas
flow rate at 10 L.min™". The divert valve was set to waste for the first 3 min. MS scans were operated in full-scan
mode from m/z 100 to 1,700 (0.1s scan time) with a mass resolution of 11,000 at m/z 922. MS' scan was
followed by MS? scans of the five most intense ions above an absolute threshold of 5,000 counts. Selected parent
ions were fragmented at a collision energy fixed at 45 eV and an isolation window of 1.3 amu. Calibration
solution, containing two internal reference masses (purine, CsHyN4, m/z 121.050873, and HP-921 [hexakis-
(1H,1H,3H-tetrafluoropentoxy)phosphazene], C;gH150sN3sP3F24, m/z 922.0098). A permanent MS/MS exclusion
list criteria was set to prevent oversampling of the internal calibrant. LC-UV and MS data acquisition and
processing were performed using MassHunter Workstation software (Agilent Technologies, Massy, France).



Mass Spectrometry: LC-MS/MS Data Processing

The MS? data files, related to the 33 extracts were converted from the .d (Agilent) standard data-format to
.mzXML format using the MSConvert software, part of the ProteoWizard package [24]. All . mzXML were then
processed using MZmine 2 v52 [25]. The mass detection was realized keeping the noise level at 1.2E3 at MS*
and at 2E1 at MS% The ADAP chromatogram builder was used using a minimum group size of scans of 2, a
group intensity threshold of 2E3, a minimum highest intensity of 2E3 and m/z tolerance of 10 ppm [26]. The
ADAP wavelets deconvolution algorithm was used with the following standard settings: S/N threshold = 100,
minimum feature height = 3000, coefficient/area threshold = 5, Peak duration range 0.02 — 1.5 min, RT wavelet
range 0.02 - 0.2. MS? scans were paired using a m/z tolerance range of 0.02 Da and RT tolerance range of 1.5
min. Isotopes were grouped using the isotopic peaks grouper algorithm with a m/z tolerance of 10 ppm and a RT
tolerance of 1.3 min with the most intense peak. The “identification” module was employed to annotate the peak
list, using the “adduct search” which compiled common charge carriers (H*, Na*, K, Li*, CH;OH", ACN"), and
“complex search”. The resulted peak list was filtered to keep only rows with MS? features corresponding to
pseudo-molecular ions. The .mgf and .csv files were generated using the dedicated “Export/Submit to
GNPS/FBMN” option. A X1 matrix was generated, in which each line is a sponge sample extract and each
column a detected m/z (obtained from the above mentioned .csv file.

Mass Spectrometry: Feature-Based Molecular Networking Parameters

A molecular network was created using the online FBMN workflow [27] (version release_20) at GNPS
(http://gnps.ucsd.edu) with a parent mass tolerance of 0.02 Da and an MS/MS fragment ion tolerance of 0.02 Da.
A network was then created where edges were filtered to have a cosine score above 0.65 and more than 6
matched peaks. Further edges between two nodes were kept in the network if and only if each of the nodes
appeared in each other’s respective top 10 most similar nodes. The spectra in the network were then searched
against GNPS spectral libraries. All matches kept between network spectra and library spectra were required to
have a score above 0.65 and at least 6 matched peaks. The molecular networking data were analyzed and
visualized using Cytoscape (ver. 3.6.0) [28].

Mass Spectrometry: In Silico spectral Data Base of Dictionary Natural Products (ISDB-
DNP) and Taxonomic Weighting Annotation

The clustered spectra of the molecular network were further dereplicated against the ISDB, following the
guidelines suggested by Allard and co-workers [29, 30]. Spectral matching parameters were set as follows:
tolerance = 0.02, score threshold = 0.2, Top K results = 5. A taxonomically informed score (Kingdom = Porifera)
was further applied to the in silico annotated matches. The generated molecular network was visualized using
Cytoscape (ver. 3.6.0) [28] and ChemViz 2 for structure display.

MarinL.it-based Dereplication

Discriminant variables were searched against MarinLit [31] using their deprotonated exact masses (tolerance = +
0.01) and “Haplosclerida” as a taxonomic filter.

NMR Data Acquisition and Processing



Proton spectra were acquired at 600 MHz and 298 K on a Bruker Avance Ill HD spectrometer with a 5 mm
reversed TCI cryoprobe. One-dimensional free induction decays (FID) were acquired with a single 90° pulse
sequence on 32K data points for a 12 ppm spectral width (acquisition time 2.3 sec), a 2 s relaxation delay and
256 scan accumulations. Signal processing was automatically performed in Mnova software including the
Fourier transform with a 0.3 Hz line broadening, baseline correction, chemical shift calibration (DMSO at &4
2.50 ppm), spectral alignment. Spectral phasing was performed manually. The processing method also included
an integral calculation of 0.001 ppm regions from 9.5 to 0 ppm (referred to as bins). The bin size was optimized
considering the modelling results and the loading-plot interpretation (bin resolution v.s. spectral resolution). This
generated an X2 matrix, used for multivariate statistical analysis, in which each line is a spectrum (i.e. a sample
sponge extract) and each column is a bin (labeled with its mean chemical shift). For several specific samples, 2D
experiments were also performed with TOCSY (DIPSI) and HSQC sequences in order to help the identification
of discriminant metabolites.

Multivariate Statistical Analysis

The X1 and X2 matrices were normalized using the probabilistic method according to spectra and the
normalized centered method according to variables. In a first step, PCA and O2PLS analysis were performed for
the MS and the NMR data separately before using the MB methods. In, a second step, multiblock (MB)
statistical analysis was performed using the two X1 (MS data) and X2 (NMR data) according to the method
described by Qannari et al. [32].

The first MB model calculated is a non-supervised principal component analysis (CPCA) [33]. Prior to the
analysis blocks scaling was performed by dividing each block by its variance. Therefore, the result does not
depend on the number of variables in each block. The score plot result aim to demonstrate the homogeneity of
the samples based on the variability of data. PCA reveals possible outliers that may occur in case of technical
bias. PCA may also detect separation between groups. The MBPLS method is a supervised model derived from
CPCA and PLS [33]. Prior to the analysis blocks scaling was performed. A score plot and a loading plot were
computed to illustrate the results of the MBPLS model. The loading plot colors represent the variable weight in
scores building. The intensity also represents the variable weight but rescaled to consider variable standard
deviation. Spectral regions were considered to be discriminating when they corresponded to bins with a weight
higher than the medium value. Each region considered in the Table 2 was checked within the original spectra for
the chemical shift and multiplicity. In such a case, it was considered that the level or relative amount of the
corresponding molecule was modified according to the supervising factor.

The statistical performances of the models (OPLS or MBPLS) were assessed by calculating the R?Y fit
parameter and the QY cross-validated coefficient of determination parameter. R%Y corresponds to the variance
explained by the Y matrix. Q®Y (computed using the “leave-one-out” cross-validation method) estimates the
model’s predictability. R%Y = 1 indicates that the model describes the data perfectly, whereas Q%Y = 1 indicates
perfect predictability.

SMART-based Annotation

'H and *C chemical shifts mined from HSQC spectra corresponding to NMR discriminant variables were
submitted to the online tool SMART 2.1 (https://smart.ucsd.edu/classic) and the substructure proposition with a
cosine higher than 0.9 were taken into consideration.

Results

Workflow

The workflow strategy showing the multiblock-molecular networking-multi-informed annotation is depicted in
Fig.1. For this case study, 33 samples comprising 27 different species were selected in our MNHN sponge
collection. The genera were considered as the main supervising factor for statistical classification. The
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geographical origin was also tested as a classification factor. This sample collection was used for an accurate
investigation into the chemical composition by analyzing the metabolome of 33 marine sponges with a
multiblock approach using *"H NMR and HRMS-based data as well as taxonomically informed molecular
networks (Fig. 1) as a potential complementary tool for the structural annotations of the variables that
discriminate the four sponge genera of this study within the order Haplosclerida.

Multivariate Statistical Analysis of HRMS and *H NMR Data

To perform multivariate statistical analyzes, data were collected into three matrices. The response matrix called
Y contained the designation of the four genera. The X1 matrix contained the MS data and the X2 matrix the
NMR data (see Experimental section for data acquisition and preprocessing). The results of the computed model
were appreciated with two statistical parameters R?Y and QY (see material and methods section).

In the first step HRMS and *H NMR data were analyzed separately. When MS or NMR data were included in a
principal component analysis (PCA) model, no outlier could be detected. In the same time, PCA models were
neither able to separate the samples according to the genera nor the geographical origin. Using the supervised
O2PLS model, both types of data, MS and NMR achieved a computed model according to genera. However, the
statistical parameters, in particular the predictability Q® were too low (0.45 for MS and 0.39 for NMR) to
consider these models.

In a second step, the HRMS and *H NMR data were combined to be analyzed in the multiblock-projection on
latent structure model (MBPLS). The joint data analysis by the mean of MBPLS model improved the statistical
performances as the predictability of the model reached the 0.58 value and the R?Y value of 0.95 for a
calculation of seven components. The score plot obtained is shown in Fig. 2 demonstrating that the first
component discrimates Petrosia and Xestospongia from Haliclona and Callyspongia. The second component
discriminates Haliclona from Callyspongia. It is noteworthy that the two genera Xestospongia and Petrosia
could not be separated in this model, probably this phenomenon decreases the statistical performance of the
method based on classification of four groups. Interestingly, the score plot demonstrates a clear classification of
the sponges according to their family rather than their genera.

The MBPLS classification obtained was based on the calculation of principal components in which the variables
interfere with weights values in relation to their importance in the component equation. The loading plots,
presented in Fig. 3 for the first component, shows the weights of each variable for the calculation of the
component. The variables with the higher weight are considered as discriminating variables (thus m/z or
chemical shifts ). The variables with a positive value along the y axis of the loading plot are increasing when
the predictive axis increases and those with a negative value along y axis are decreasing when the predictive
increases. With such results, it is possible to highlight the variable responsible for discrimination of Petrosia and
Xestospongia from Haliclona and Callyspongia with weight of variables on predictive axis 1 (predl) and
variables responsible for discrimination of Haliclona from Callyspongia with weight of variables on predictive
axis 2 (pred2).
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Fig. 2 Score plot of the Multiblock-PLS model computed with HRMS and *H NMR data. The axes correspond to
the two first component scores of the model (T, and T,). The percentages are the fraction of all data variance
explained by each component. Each dot corresponds to data of a sample colored according to genera.
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Fig. 3 Loading plots associated with the first component score (T). The top chart corresponds to MS data and
the bottom chart to NMR data. The vertical axis represents the rescaled weight of each variable for the
calculation of the T;. Variables presenting a y negative value increase in Petrosia and Xestospongia samples and
those with a positive value increase in Haliclona and Callyspongia. A colored scale is used to highlight the
discriminant variables. For weight over 0.02 (median absolute value of W1), the variable was colored in red.

At first, all variables with relevant weight on pred1 and pred2 were collected as discriminant variables. This first
selection included 175 variables to be assigned to metabolites or chemical structures in the refinement process as
described below.



Beside this statistical classification of the four sponge genera, the four groups were pairwise compared using
MBPLS calculation. The score plots obtained are presented in Fig. 4. These score plots in relation with the Q%Y
values achieved confirmed the result of the first MBPLS calculation. Best models were those comparing
Callyspongia to Xestospongia or Petrosia while those comparing Haliclona to Xestospongia or Petrosia
achieved lower QY values. These models correspond to the classification along the first axis of MBPLS model.
At the same time, classification of Haliclona vs. Callyspongia was not statistically reliable. It is noteworthy that
Petrosia and Xestospongia could not be discriminated due to the low number of samples for these genera.
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FPetrosia

Fig. 4 Score plots of the Multiblock-PLS models computed with the MS and NMR data in order to classify genera
from each other. The axes correspond to the two first component scores of the model (T1 and T2). The percentages
are the fraction of all data variance explained by each component. Each dot corresponds to data of a sample
colored according to genera. A: Haliclona vs. Xestospongia; Q?Y = 0.66. B: Haliclona vs. Callyspongia; Q*Y = 0.395. C:
Callyspongia vs. Xestospongia; Q*Y = 0.764. D: Petrosia vs. Callyspongia; Q¥Y = 0.625. E: Haliclona vs. Petrosia; Q*Y =
0.314. For Petrosia and Xestospongia no model could be computed.

Metabolite Identification by Combining Taxonomically Informed Feature-Based
Molecular Networking and NMR
Data Refinement by Blending Discriminant Variables and Biosources

The discriminant variables from the MS block revealed 175 m/z values. As a way to reduce those variables and
to ascribe them reasonable molecular structure candidates, we applied a filtering strategy that leveraged the
biosource information obtained from the taxonomically informed scoring feature-based molecular networking
workflow [29, 34]. In this regard, the 33 sponge extracts were profiled by LC-HRMS/MS and the resulting
MS/MS data were preprocessed and organized following the Feature-Based Molecular Networking (FBMN)
workflow. Unfortunately, an examination of the Global Natural Product Social Molecular Networking (GNPS)
[35] library hits yielded nonspecific annotations such as nucleotides, diketopiperazines and phosphocholines
(https://gnps.ucsd.edu/ProteoSAFe/result.jsp?task=3012a113c5544344a8e31a156259234f&view=view_all_anno
tations_DB). To further extend the annotation coverage in a reliable manner, we turned toward the potential of
the taxonomical scoring of in silico MS/MS annotations (ISDB-DNP). In brief, this strategy enables the
dereplication of experimental MS/MS data against CFM-ID [36] predicted mass spectrometric data of the
Dictionary of Natural Products. Next, the confidence of the chemical structure annotations can be further
enhanced by integrating taxonomic information (biosource) of the investigated species. Thus, this strategy
allowed to link discriminant variables to molecular structures and biosources. Out of these 175 variables, 105 of




them could be annotated using in silico-DNP (ISDB-DNP). Then, the selection of variables identified as marine
biosource produced a list of 40 annotated m/z with ISDB-DNP, including sponges, bacteria and fungi. Next, this
selection was restrained to sponges as biosource which ended with eight annotated features. At last, four
additional features (belonging to the 175 variables) that could not be annotated by ISDB-DNP were added to the
selection (Table 1).

Annotating MS Block Discriminant Variables with MarinLit and ISDB-DNP

As a way to complement the in silico annotations obtained with ISDB-DNP, the 12 MS block discriminant
variables were searched against MarinLit using their deprotonated exact masses (+0.01) and “Haplosclerida” as a
taxonomic filter. The results of this dereplicative process are detailed in the Table 1 and Figure 5. In case of non-
annotated discriminant variables, the ability of molecular networking in clustering structurally similar ions was
exploited in a way that an annotated analogue belonging to the same “molecular family” was selected instead.
Among, these 12 discriminant variables (Fig. 5), only six were previously identified within sponge genera
investigated in this study, namely, (m/z 463.3609, sarcotride A), (m/z 455.3861, petroformynic acid), (m/z
469.324, petrosianyne A), (m/z 471.3417, 1, 12, 18, 29-triacontatetrayne-3,14,17,28-tetraol) from the genus
Petrosia, and (m/z 449.3439, ingamines A and E), (m/z 455.3861, petrosteryl acetate), previously identified
within the genus Xestospongia.

Confronting Discriminant NMR Chemical Shifts to MS/MS-in silico Annotated,
and MarinL.it-generated Structures

In the NMR block, 10 spectral regions could be observed at the higher rate in Xestospongia and Petrosia than
Callyspongia and Haliclona samples (Table 2). Considering the properties of this spectroscopic method (i.e.,
NMR), these signals can be considered as arising from relatively small molecules and with a relative high
concentration in the final sample (over 50 uM). Among these signals, four chemical shifts at &y 0.82 (green
stars), 3.19 and 3.82 (red stars), and 4.36 ppm (golden stars) matched some steroids, cyclitols, and polyacetylenic
metabolites proposed from the MS-block dereplication (Fig. 5). Accordingly, the latter seemed to discriminate
efficiently Xestospongia and Petrosia from Callyspongia and Haliclona samples. Two additional chemical shifts
increased in Haliclona and Callyspongia samples, respectively at 6y 3.06 (purple stars) and 3.68 ppm (blue
stars), matched sesquiterpene and polyacetylenic metabolites. Contrasting with the observations obtained from
the MS block annotations, some of these compounds were also increased within Xestospongia and Petrosia
samples. Nevertheless, this confrontation of the MS and NMR discriminant data should be considered as
complementary information rather than confirming data.
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Table 1 MS block discriminant variables filtered through biosources criteria with their putative annotations dereplicated against MarinLit and ISDB-DNP.

m/z* Analogue” MarinLit annotation ISDB-DNP annotation ;\Aeséi\fasi Tgr):gz;)erglz ectral ilﬁz)r(:aie:d ilﬁz)r(:aie:d
g (£0.01) (Taxonomy) ¢ (x0.02) (Taxonomy) P P P . .
score score in in
Calyxolane Aor B [37] Calyxolane A or B [37] .
224,999 225.1317 (Calyx podatypa) (Calyx podatypa) 0.34 0.51 Callyspongia
265.2241 251.2005 Fulvgnln 1138] Methyl trangmongcyclofarnesate [39] 0.29 0.44 Xestospongla
(Reniera fulva) (Halichondria panicea) and Petrosia
3052191  305.2157  No hit Cinachylenic acid A [40] 0.30 0.45 Xestospongia
(Cinachyrella australiensis) and Petrosia
Methyl 6-methoxy-3,6-peroxyhexadeca-
325.2043 No hit 4,10,12- trienoate [41] 0.28 0.42 Callyspongia
(Plakortis simplex)
. Plakortide E [42] Xestospongia
351.2594 3512571 Nohit (Plakortis halichondroides 0.27 0.40 and Petrosia
4313518 No hit Styllfsterol A [43] 0.27 0.40 Xestospongla
(Stylissa sp.) and Petrosia
-2-Methyl-2-[(3E,7E,11E)-4,8,12,16-
Ingamine A [44] tetramethylheptadeca-3,7,11,15-
. 0.32 0.478
(Xestospongia ingens)  tetraenyl]chromen-6-ol
Ircinia sp. i
449.3439 (Ircinia sp.) _ Xestospongia
2-Pentaprenylbenzoquinone [46] 0.31 0.476 and Petrosia
Ingamine E [45] (Dysidea pallescens) ' '
(Xestospongia ingens) legr(_)spln_osulm [47] 0.2736 0.41
(Ircinia spinosula)
Sarcotride A [48]
i Petrosia sp.), 0.24 0.48 i
463.3609 463.361 Sarcotrl_de A [48] ( _ p.) Xestospongla
(Petrosia sp.) Sarcotride D [49] 0.216 0.32 and Petrosia

(Sarcotragus sp.)
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Table 1 (following): MS block discriminant variables filtered through biosources criteria with their putative annotations dereplicated against MarinLit and ISDB-DNP

MarinLit annotation
(#0.01) (Taxonomy) °

a

m/z Analogue®

ISDB-DNP annotation
(+0.02) (Taxonomy) *

MS/MS Taxonomic Axis 1: Axis 2:
spectral pondered spectral increased Increased
score score in in

Petrosteryl acetate [50]
(Xestospongia sp.)

455.3861 —
Petroformynic acid [51]

(Petrosia ficiformis)

No hit

Xestospongia
and Petrosia

Petrosianyne A [52]
(Petrosia sp.)
Amphimedoside D [53]
(Amphimedon sp.)

469.324

No hit

Callyspongia

1,12, 18, 29-
Triacontatetrayne-
3,14,17,28-tetraol [54]
(Petrosia sp.)
471.3417 2-Ethoxycarbonyl-2-
hydroxy-A-nor-
ergosta-5,24(28)-dien-
4-one [55]
(Haliclona oculata)

No hit

Xestospongia
and Petrosia

525.2085 No hit

No hit

Xestospongia
and Petrosia

® These values were considered as [M+H]*

®These m/z values are parent masses belonging to the same cluster as the proposed variables referred in the m/z column
¢ Annotation score was assigned Level 4: “Tentative candidate [56]

 Annotation score was assigned Level 5: “Unequivocal molecular formula”’[56]
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Fig. 5 Putative chemical structures obtained from ISDB-DNP (left side) and MarinLit (right side) annotations for MS block discriminant variables obtained with the statistical
MB-PLS model of 33 sponge samples of the order Haplosclerida (see Table 1). The colored stars correspond to NMR block discriminant variable chemical shifts (see Table 2)
(The chemical shifts were often not exactly comparable with the literature because the solvents used were not the same).
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Table 2 Discriminant variables from the NMR block and 2D TOCSY and HSQC correlations relevant
for bis-alkyl pyridinium identification.

Discriminant Increased Discriminant Increased TOCSY HSQC Increased
chemical shift in: chemical shift in: (Oulon) (6uld) in:
on axis 1 (ppm) on axis 2 (ppm)
0.82 Xestospongia 2.94 Haliclona
and Petrosia
3.19 Xestospongia 2.97 Haliclona
and Petrosia
3.82 Xestospongia 3.06 Haliclona
and Petrosia
4.06 Xestospongia 3.11 Haliclona
and Petrosia
Xestospongia .
4.36 and Petrosia 3.68 Callyspongia
46 Xestospongia
' and Petrosia
8.10 Xestospongia 8.00/8.48 807/127.34  cSospongia
and Petrosia and Petrosia
8.50 Xestospongia 0.01/848 848/144.86  coospongia
and Petrosia and Petrosia
9.10 Xestospongia 0.01/8.09 9.01/142.19  estospongia
and Petrosia and Petrosia
Xestospongia
2 .
9.28 and Petrosia
8.02/8.74 8.02/126.50 Petrosia
8.74/8.86 8.75/143.64 Petrosia
8.86/8.02 8.86/144.38 Petrosia

Among those 10 discriminant NMR signals, the deshielded chemical shifts between Jy 8 and 9 ppm (Table 2),
that allowed to discriminate Petrosia and Xestospongia from Haliclona and Callyspongia, attracted our attention.
Owing to their peculiar chemical shifts, we first thought that structures, obtained from the MS block discriminant
variables (Fig. 5), that may match those values will be easily identified. Unfortunately, none of them (Fig. 5)
were compatible with such values. As a way to address this issue, we used the recently introduced tool SMART
[57] to annotate structurally the above-mentioned NMR discriminant variables by acquiring additional HSQC
data. This dereplicative process annotated alkylpyridinium substructure using the values: dy,c [8.07/127.34,
8.48/144.8, 9.01/142.1]. Satisfyingly, this annotation was further confirmed using TOCSY experiment that
highlighted the spin system that encompasses the NMR discriminant variables between 5y 8 and 9 ppm (Table
2).

Discussion

This study reported a unique strategy for combining *H NMR and MS datasets with molecular networking for
discriminating Petrosia and Xestospongia (family Petrosiidae) from Haliclona (family Chalinidae) and
Callyspongia (family Callyspongiidae) sponges. Sponges of the order Haplosclerida of genera Xestospongia,
Petrosia, Callyspongia and Haliclona have been widely chemically investigated; the genus Xestospongia being
the most prolific as illustrated in Electronic Supplementary Material Fig. S2.
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Our first goal was to propose a methodology to discriminate sponges from the same order according to their
genera. Therefore, we have investigated a set of 33 samples obtained from four genera of the order
Haplosclerida. To these samples analyzed with MS and NMR, the multiblock statistical analysis was applied and
these particular multivariate statistics were effective in our set of samples to classify three out of four groups.
Using multiblock bilinear factorization algorithms that capitalize on the availability of blocking information, we
achieved greater levels of model interpretability with the NMR and MS data than available from single-block
PCA and PLS methods.

As a way to annotate MS block discriminant variables, the acquired mass spectra were processed and annotated
following the taxonomically informed feature-based molecular networking workflow. Furthermore, the
biosource data obtained from this workflow enabled to filter the discriminant variables efficiently. We also
demonstrated the combined use of SMART NMR and in silico MS/MS data for the rapid and accurate
identification of discriminant variables. Despite a relatively low number of samples, we were able to statistically
discriminate three groups out of the four genera, revealing molecules not necessarily reported as the most
abundant in the order Haplosclerida. Table 1 merges two levels of interpretation of our data, an experimental one
with the results of the multi-block statistical model and a predicted one with MS/MS-based in silico database
(1SDB-DNP) and MarinLit annotations. As a second goal, the help of molecular networking of MS data and 2D
NMR experiments, allowed a deeper interpretation of data. With the use of the discriminant spectral regions (i.e.
spectral regions having the highest importance in the calculation of the model), we were able to propose putative
structural annotations that may differentiate the three groups. Those molecules, summarized in Table 1 and Fig.
5., highlighted 12 discriminant variables. As shown in Table 1, using MS/MS in silico annotation, all the cosine
scores are lower than 0.34, which is commonly observed in workflows using in silico MS/MS annotation [30,
58]. In addition, the predictability over 0.5 is an acceptable threshold in multivariate statistical analysis. This
value is reasonable taking into account that Petrosia and Xestospongia are definitively not discriminated. On
another hand, the fact that the four samples of the genus Petrosia did not produce a separated cloud ensures that
the model was not over-fitted, as this type of algorithm may be susceptible of over-fitting problems. For clarity,
we decided to exclusively dedicate Table 1 to MS and MS/MS data and Table 2 to NMR data.

According to the compound identification workgroup of the Metabolomics Society, the structures that have been
proposed using ISDB (in silico database), were assigned as level 4 (tentative candidate)[56]. For MarinLit
dereplication results, obtained using HRMS data only, annotation level was assigned as level 5 (unequivocal
molecular formula)[56]. Although Fig. 5 reveals several natural product structures, we must remind that the aim
of this study was not to identify all key chemical markers of the order Haplosclerida but to select those which we
expected to discriminate the four genera by leveraging the complementary information provided by MS and
NMR data. Four out of the 12 discriminate variables, namely sarcotride A, petroformynic acid, petrosianyne A,
1, 12, 18, 29-triacontatetrayne-3,14,17,28-tetracl were previously identified from the genus Petrosia, and three
additional ones, ingamines A and E as well as petrosteryl acetate, were previously identified within the genus
Xestospongia. Surprisingly, calyoxanes A and B, previously reported from Calyx podatypa, a sponge classified
within the Oceanapiidae family in the Haplosclerida order. As this putative discriminant molecule was obtained
from annotation of both databases (i.e., ISDB-DNP and MarinL.it) with the best MS/MS spectral score in ISDB-
DNP, we can be confident about this annotation. On the other hand, the fact that these compounds might have
been found in high quantities in Calyx podatypa, does not mean that they are absent from other sponges. It has to
be kept in mind that with the metabolomic statistical model, the discriminant molecules are not necessarily the
most abundant in the group. It should rather be expressed as “is more frequently found” or “in a higher quantity
in Callyspongia”. Regarding the presence of peroxide derivatives, namely methyl 6-methoxy-3,6-
peroxyhexadeca-4,10,12- trienoate and plakortide E, previously identified from sponges of the order
Homosclerorpha, Plakortis simplex and P. halichondroides, respectively, we must admit that this annotation was
obtained only using the ISDB-DNP (cosine score = 0.28 and 0.27, respectively). Yet, peroxides have already
been reported from Callyspongia sp. [59]. Further analysis of Fig 5 and Table 1 revealed that, on the one hand,
sesquiterpenes, steroids, cyclitols, polyprenyl furans and quinones metabolites seem to discriminate efficiently
Xestospongia and Petrosia from Callyspongia and Haliclona samples. On the other hand, diphenyl butanoids
seem to be characteristic of Callyspongia sponges. Remarkably, according to these MS-based annotations,
polyacetylenic and alkylpyridine compounds failed to discriminate these genera since they were increased in
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Callyspongia, Petrosia and Xestospongia samples. Accordingly, 3-alkylpyridine and 3-alkylpiperidine alkaloids
are compounds typically found across Haplosclerida sponges and are considered as taxon-specific metabolite
class [60]. Concerning polyacetylenic compounds, recent reports suggest that a thorough investigation of these
metabolites found within and outside of Haplosclerida is necessary to evaluate their taxonomic specificity [60].

Conclusions

In this study, the confrontation of MS and NMR block variables allowed us to identify steroids, cyclitols and bis-
alkylpyridinium metabolites that discriminate Xestospongia and Petrosia from Haliclona and Callyspongia. As
Haplosclerida marine sponges encompass a broad diversity of species that produce pharmaceutically valuable
bioactive compounds, metabolomics can allow a better understanding of the phylogeny and diversity within this
group, which is of major importance to understand morphological character evolution in demosponges. The
classification obtained here with two different analytic platforms and a reduced number of Haplosclerida
samples shows that the metabolic and chemical variability making metabolomics a possible tool to facilitate
Haplosclerida classification. However, the variability that may be assigned to associated micro-organisms,
seasonality or life stage aspects could not be investigated with this set of samples. These factors deserve further
experiments to support a definitive taxonomic classification using the workflow proposed in this study. Such an
implemented MBPLS model could help for classification of an unknown Haplosclerida sample. At last, the
strategy described herein may be applied to support others marine organism classification.

Supplementary Materials: Table S1: List of the 33 samples of Haplosclerida marine sponges analyzed
with their reference in our MNHN sponge collection and their geographical localization. Figure S1: (A): *H
spectrum obtained with the Petrosia hoecksemai NS94 sample (DMSO and H,O signals have been withdrawn)
and (B): TOCSY enhancement of the region between 7 and 10 ppm. Figure S2: According to MarinLit database,
number of articles and isolated compounds from Xestospongia, Petrosia, Callyspongia and Haliclona genera
(April, 2022).

Data Availability Statement: The raw data files, and preprocessed peak lists related to the LC-MS/MS
analysis were deposited on the public MassIVE repository under the accession number: MSV000088423. The
molecular network could be accessed on this link:
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=3012a113c5544344a8e31a156259234f
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