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Abstract

Introduction

The study of natural variation of metabolites brings valuable information on
the physiological state of the organisms as well as their phenotypic traits. In
marine organisms, metabolome variability has mostly been addressed through
targeted studies on metabolites of ecological or pharmaceutical interest.
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However, comparative metabolomics has demonstrated its potential to address
the overall and complex metabolic variability of organisms.

Objectives

In this study, the intraspecific (temporal and spatial) variability of two
Mediterranean Haliclona sponges (H. fulva and H. mucosa) was investigated
through an untargeted and then targeted metabolomics approach and further
compared to their interspecific variability.

Methods

Samples of both species were collected monthly during 1 year in the
coralligenous habitat of the Northwestern Mediterranean sae at Marseille and
Nice. Their metabolomic profiles were obtained by UHPLC-QqToF analyses.

Results

Marked variations were noticed in April and May for both species including a
decrease in Shannon’s diversity and concentration in specialized metabolites
together with an increase in fatty acids and lyso-PAF like molecules. Spatial
variations across different sampling sites could also be observed for both
species, however in a lesser extent.

Conclusions

Synchronous metabolic changes possibly triggered by physiological factors
like reproduction and/or environmental factors like an increase in the water
temperature were highlighted for both Mediterranean Haliclona species
inhabiting close habitats but displaying different biosynthetic pathways.
Despite significative intraspecific variations, metabolomic variability remains
minor when compared to interspecific variations for these congenerous
species, therefore suggesting the predominance of genetic information of the
holobiont in the observed metabolome.
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Interspecific variability
Specialized metabolites

Electronic supplementary material

The online version of this article (https://doi.org/10.1007/s11306-018-1401-5)
contains supplementary material, which is available to authorized users.

1. Introduction
Metabolites are the products of metabolic reactions within an organism and their
levels reflect the response of biological systems to physiological and
environmental changes. The metabolome represents a snapshot of the
metabolites present in an organism at a given time and will change according to
different life stages and environmental conditions (Kosmides et al. 2013;
Goulitquer et al. 2012). The variability of the metabolome can bring very useful
information in ecology but also in systems biology. For instance, studying the
natural variation of metabolites proved to be useful in unravelling the evolution
of phenotypic traits in terrestrial plants (Li et al. 2015; Routaboul et al. 2012). In
marine organisms, study of metabolome variability mostly focused on so-called
secondary or specialized metabolites (Kuhlisch and Pohnert 2015), low
molecular weight (< 1500 Da) molecules playing key roles in various ecological
processes (Agrawal et al. 2012; Ferrer and Zimmer 2013, 2012). These
metabolites being involved in chemical mediation between organisms, their
variation does not only affect the resilience of one species but it can have
cascading effects on the networks of interactions (Hay 2014; Bornancin et al.
2017). Intraspecific variation of metabolites with time and space is crucial for
understanding species ecology and ecosystem functioning (Paul et al. 2007;
Glassmire et al. 2016).

In the marine environment, spatial and temporal variations of specialized
metabolites have been studied in algae (Payo et al. 2011; Soares et al. 2015),
cnidarians (Kelman et al. 2000; He et al. 2014; Costa-Lotufo et al. 2018),
tunicates (López-Legentil et al. 2006), bryozoans (Peters et al. 2004) and
sponges (Reverter et al. 2016; Ternon et al. 2017; Sacristan-Soriano et al. 2011).
Spatial variation of metabolites has been mostly related to local adaptation to the
environment and fluctuating parameters such as temperature, light, or
chlorophyll concentrations. In a recent study, Soares et al. (2015) found different
chemotypes of the brown alga Stypopodium zonale in different geographic
locations, probably indicative of genotypic sorting across habitats. Seasonal
changes of specialized metabolites possibly related to changes of environmental
parameters such as temperature have been observed in some marine
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invertebrates (Page et al. 2005; Sacristán-Soriano et al. 2012; Ternon et al.
2017). According to the optimal defence theory (ODT) (Rhoades 1985), the
energy allocated to the biosynthesis of specialized metabolites results from the
continual trade-off with the energy invested in primary functions such as growth
and reproduction. Several studies on marine invertebrates have indeed shown a
decrease in the production of specialized metabolites during reproduction
(López-Legentil et al. 2007; Ivanisevic et al. 2011). However, this phenomenon
may not be universal in all marine invertebrates, and might be related to the
reproduction strategy and associated metabolic cost (Reverter et al. 2016).

Sponges (phylum Porifera) are important components of benthic communities
worldwide where they play major roles in some ecosystem functioning like the
Caribbean Sea or the Central Indo-Pacific (de Goeij et al. 2013; Haas et al.
2016). Sponges are also well known to produce a large diversity of bioactive
specialized metabolites that confer protection against predators and pathogens
and advantage against competitors (Proksch 1994; Hay 2009; Blunt et al. 2017;
Loh and Pawlik 2014). Within the class Demospongiae, several sponges of the
order Haplosclerida are considered as prolific sources of bioactive marine
natural products. In particular, species from the genus Haliclona (family
Chalinidae) have attracted much attention due to the high diversity of species
and the variety of specialized metabolites they contain (Tribalat et al. 2016).
Importantly, the systematics of this genus and more generally the Haplosclerida
group is being revised deeply. Haliclona species are found throughout the
Mediterranean, from intertidal to continental shelf habitats (2 to > 100 m)
(Santín et al. 2017).

In this study we focused on the Mediterranean species Haliclona fulva and
Haliclona mucosa, two sponge species found in shallow waters (10–50 m) in
semi-dark conditions. Haliclona (Halichoclona) fulva is known to produce
several acetylenic compounds (renierins, fulvinol, and fulvynes) and
sesquiterpenes (fulvanins) (Cimino and De Stefano 1977; Casapullo et al. 1993;
Ortega et al. 1996; Nuzzo et al. 2012). Recently, cladocroic acid and the
diastereomer 3-epicladocroic acid were also isolated from H. fulva (Genta-Jouve
and Thomas 2013). H. mucosa (subgenus Soestella) is known to produce
sesquiterpenes hydroquinones from the panicein family (Zubía et al. 1994) and
the bicyclic eicosanoid mucosin (Casapullo et al. 1997). Thus, these two species,
phylogenetically related and living in the same environment, produce totally
different families of specialized metabolites. The objective of this study was (1)
to assess the intra-specific variability (temporal and spatial) of these two species
metabolomes, in order to investigate if despite their different biosynthetic
pathways they display similar patterns of variation and (2) to evaluate which
type of intra-specific variation is more important (spatial or temporal) and their
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relative contribution when compared to inter-specific variation. To reach these
objectives, we first deployed a non-targeted UHPLC-HRMS metabolomics
approach to investigate patterns of metabolome variability.

2. Materials and methods

2.1. Biological material
Specimens of Haliclona fulva and Haliclona mucosa were collected by SCUBA
between 20 and 25 m depth in the Northwestern Mediterranean Sea. For the
temporal variability, 6 individuals of each species were collected monthly at the
Grotte du Lido in the bay of Villefranche-sur-Mer (N43°41′30.0′′, E7°19′11.9′′)
from April 2014 until March 2015. For the spatial variability, H. mucosa was
also sampled in Grotte de Jarre (N43°11′52.0′′, E5°21′53.8′′; n = 4) and Riou
Caramasseigne (N43°10′19.3′′; E5°23′37.4′′; n = 3) near Marseille and H. fulva
in the Grotte de Jarre (Marseille, n = 3) and Monaco (N43°43′34.9′′, E7°25′15.2′
′; n = 4) in August 2014 (Supp. Fig. S1). Samples were immediately frozen at − 
20 °C, freeze-dried and stored dry at − 20 °C until extraction.

Fig. 1

Shannon’s diversity indices of H. fulva and H. mucosa metabolomes sampled at
different months
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2.2. Chemical extraction
The freeze-dried samples were first ground to obtain a homogeneous powder. A
mass of 250 mg of powder was extracted 3 times in 5 mL of a mixture
methanol/dichloromethane (1:1) for 5 min in an ultrasonic bath. The combined
organic extracts were centrifuged 10 min at 2000 rpm and the supernatant was
collected carefully and dried using a Speedvac. The extracts were dissolved in
5 mL of methanol and stored at 4 °C for 24 h. A volume of 0.1 mL of the
supernatant was then filtered through 0.2 µm polytetrafluoroethylene (PTFE)
and diluted with 0.9 methanol for the UHPLC-MS analysis. The quality control
(QC) samples were prepared by pooling small aliquots from all extracts.

2.3. UHPLC-HRMS analyses
UHPLC-HRMS analyses were performed with a UHPLC-DAD equipped with an
Ultimate 3000 (ThermoScientific, MA, USA) connected to a qToF Impact II
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mass spectrometer (Bruker). Chromatographic separation was achieved on a
Nucleodur® Phenyl-hexyl column (100 × 4.6 mm, 1.8 µm, Macherey–Nagel,
Germany) using a linear elution gradient of H O/Acetonitrile both solvents
containing 0.01 M ammonium formate and 0.1% formic acid, from 95:5 (v/v) to
0:100 (v/v) in 12 min followed by 5 min at 100% acetonitrile. Mass spectra were
acquired in positive mode with an elution flow 0.5 mL min  and a constant
column temperature of 40 °C. Injection volume was set to 10 L. The mass
spectrometer analyser parameters were set as follows: nebulizer sheath gas, N
(44 psi); dry gas, N  (12 L/min); capillary temperature, 200 °C; capillary
voltage, 2500 V; collision energy, 4 eV and a full-scan mass window of 50–
1200 m/z. Samples sequence was randomized to reduce systematic error
associated with instrumental drift. QC (pool) and blank (MeOH) samples were
injected at the beginning, the end and equidistantly throughout the sequence.

AQ1

Metabolomics data have been deposited to the EMBL-EBI MetaboLights
database (https://doi.org/10.1093/nar/gks1004. PubMed PMID: 23109552) with
the identifier MTBLS638.

The complete dataset can be accessed here
https://www.ebi.ac.uk/metabolights/MTBLS638.

2.4. Data treatment and statistical analysis
LC–MS raw data files were converted to mzML files using the open-source
msConvert tool from the ProteoWizard library (Kessner et al. 2008). mzML files
were processed using the R package XCMS (R version 3.3.1., XCMS version
1.50.0) to detect, deconvolute and align features (molecular entities with a
unique m/z and a specific retention time). Parameter for XCMS processing were
set as described in Patti et al. (2012) for UPLC-QTOF (high resolution). XCMS
analysis of these data provided a matrix containing the retention time, m/z value
and integrated peak areas of the identified features. Finally, only features with a
coefficient of variation less than 20% among the QC samples were kept for
further data analyses. Data were normalized by log transformation prior to
statistical analysis.

Metabolite diversity of each sample was determined by the Shannon’s diversity
index (H). ANOVA test and Tukey’s HSD post-hoc test were used to detect
temporal and spatial differences in metabolite diversities of both species.
Principal Component Analysis (PCA) was used to visualize the spatial and
temporal (monthly) variability of both sponge metabolomes. Specialized
metabolites were annotated with an in-house library of metabolites from H. fulva
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and H. mucosa, and variation of their expression level tested with Kruskal–
Wallis non parametric analysis and Kruskal post-hoc test (package pgirmess for
R). The multivariate Partial Least Squares Discriminant Analysis (PLS-DA) was
used to select the metabolites driving the spatial and temporal differences
observed. PLS-DA model accuracy was calculated using a two-fold cross-
validation (2CV) and the resulting number of misclassifications (NMC) was
compared to its permutated null distribution (999 permutations) to test for model
significance (P value < 0.05). Variable Importance in Projection (VIP) were
obtained (package RV AideMemoire for R), and features with VIP scores higher
than 1 were retained. Further selection of VIPs was performed based on their
intensities (threshold of 10.000 at least in two replicates). Kruskal–Wallis test
and Kruskal post-hoc test were used to test for significant differences between
the different groups (the two different temporal periods detected: 1: April and
May and 2: the rest of the months). Putative identification of selected VIPs was
performed by searching the exact mass in Metlin (https://metlin.scripps.edu/)
with 5 ppm accuracy, comparing with standards present in our laboratory and
comparing with published literature on sponge lipids.

Finally, a multiple regression tree (package mvpart in R) was used to study the
relative importance of inter-specific variability, temporal and spatial intra-
specific variability of the Haliclona metabolomes. MRT allows ranking of
factors according to their contribution by producing a tree where at each split
data is partitioned into two mutually exclusive groups, each of which is as
homogeneous as possible, displaying this way the major factors determining the
variability (De’ath 2002). Only factors with a contribution higher than 0.1%
were plotted.

3. Results

3.1. Temporal variability
The metabolome diversity (Shannon index, H) of H. fulva decreased
significantly in April and May (P < 0.001) (Fig. 1). A decreased metabolite
diversity was also observed for H. mucosa in April (significantly lower diversity,
P < 0.001, in April than the rest of months but February and May) and May
(significantly lower diversity, P < 0.001, than January, March and September)
(Fig. 1a).

PCA showed significant differences in the metabolome composition of both
Haliclona species between April and May and the rest of the months
(PERMANOVA, P < 0.001) (Fig. 2).
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Fig. 2

Principal components analysis (PCA) score plots of H. fulva (a) and H. mucosa (b)
on the first two components (PC1 and PC2). Shape represents seasons (winter:
Dec, Jan, Feb; spring: Mar, Apr, May; summer: Jun, Jul, Aug; Autumn: Sept, Oct,
Dec) and the colors indicate different months

Our in-house library of specialized metabolites allowed identification of several
features in both sponges based on the comparison between MS spectra and
retention times. A total of 10 known metabolites from H. fulva were assigned:
renierin 1 modified structure (acid 17-bromo-6-hydroxytricosa-16-ene-2,4-
dinoic (Tribalat 2016)), 18-dihydrorenierin 1, cladocroic acid and fulvynes A-G
(found as dicharged ions, see supplementary information). Eight paniceins of our
chemical library (A, A hydroquinone, B2, B3, C, D, F1 and F2) were identified
in H. mucosa extracts (See supplementary information). All identified
metabolites from both sponges significantly decreased in April and May (P < 
0.001) (Fig. 3). We were also able to putatively annotate some families of other
metabolites based on their isotopic profile and/or fragmentation patterns like
lysophospholipids, peptides or fatty acids. However, a clear identification was
not sought as our work is mainly focused on the variability of specialized
metabolites.

Fig. 3
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Identified specialized metabolites in the metabolomes of H. fulva (a) and H.
mucosa (b). Size of bubbles represents the peak area of the feature in the LC-MS
chromatogram obtained by XCMS

The PLS-DA models accurately predicted differences between the metabolomic
profiles of April and May and the rest of the months for both sponge species
(NMC  = 0, P  = 0.001; NMC  = 0, P  = 0.001). After
cleaning the matrix (removal of isotopes and adducts), 133 features in H. fulva
and 202 in H. mucosa were highlighted with a VIP score higher than 1 and
minimum fold-change of 2, and significantly over or under-expressed in April–
May (Kruskal–Wallis, P < 0.001). Putative annotation of metabolites using
Metlin and the in-house built library allowed the assignment of the families of
75 metabolites in H. fulva and 30 in H. mucosa.

A total of 38 metabolites were overexpressed in H. fulva in April and May,
which included 11 brominated non polar compounds (assigned through their
characteristic isotopic pattern), 11 fatty acids and one lysophospholipid (lyso-
PAF like molecule). From the 95 metabolites that significantly decreased in
April and May in H. fulva, 8 were specialized metabolites identified in our
chemical library (6 fulvynes and two renierins), 42 minor doubly charged
metabolites with similar masses and retention times than fulvynes (m/z ~ 400 Da,
RT ~ 500 s), two fatty acids and four peptides (found as triply charged ions with
monoisotopic masses 1600–2000 Da) (Fig. 4A).

H.fulva H.fulva H.mucosa H.mucosa
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Fig. 4

Over-expressed and under-expressed metabolites in each of the sponge species (a:
H. fulva; b: H. mucosa) plotted according to their retention time (x axis) and exact
mass (y axis)

In H. mucosa 35 metabolites were overexpressed, 12 of which were putatively
annotated as lysophospholipids (lyso-PAF derivatives) and 6 as fatty acids. 167
metabolites significantly decreased in April and May, including 8 paniceins
present in our chemical library, one fatty acid and the rest unknowns (Fig. 4b).
Six metabolites were overexpressed in both Haliclona species, 2 of which were
putatively annotated as fatty acids.

3.2. Spatial variability
Metabolomic profiles of H. fulva did not present significant differences between
the studied sites (Marseille, Monaco, and Villefranche-sur-Mer) (Fig. 5a). H.
mucosa samples from Riou Caramasseigne are significantly different from
samples from Villefranche-sur-Mer and Grotte de Jarre (P < 0.001) (Fig. 5a).

Fig. 5
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Shannon’s diversity indices of H. fulva and H. mucosa metabolomes sampled at
different locations (a). Principal components analysis (PCA) score plots of H.
fulva (b) and H. mucosa (c) metabolomes sampled at different locations on the
first two components (PC1 and PC2)

PCA showed significant differences in the metabolome composition of both
Haliclona species sampled at different sites (PERMANOVA, P  = 0.002,
P .  = 0.02) (Fig. 5b, c). However, these differences were not affected by
the geographic distance between the sites. H. fulva samples from Villefranche
and Monaco (9 km distance) were not significantly more similar than samples
from Grotte de Jarre (167 km away from Villefranche). Similarly, H. mucosa
samples from Grotte de Jarre and Riou Caramasseigne (4 km distance) did not
show more similar metabolome compositions than Villefranche.

The PLS-DA model was appropriate to predict metabolite differences in H. fulva
between different sampling sites (NMC  = 0.09, P  = 0.001). However,
it could not predict accurately the metabolite differences in H. mucosa in
different sampling sites (NMC  = 0.33, P  = 0.032). In
consequence, only the VIP from the H. fulva spatial study were obtained. None
of the specialized metabolites identified in neither H. fulva nor H. mucosa
displayed significant differences among the different sampling sites.

3.3.  Intra-specific versus inter-specific variability

A MRT analysis was conducted to assess the relative importance of inter-specific
variability and the two types of intra-specific variability studied (temporal and
spatial) on the variations of the sponges metabolomes. Results show that 97.72%
of the differences observed in the sponge metabolomes are explained by the

H. fulva

H mucosa

H.fulva H. fulva

H.mucosa H.mucosa
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species (H. mucosa and H. fulva). Temporal variability (differences between
April and May and the rest of the months) was the second source of variability in
both sponge species, accounting for 0.2% in H. mucosa and 0.3% in H. fulva
(Fig. 6). Spatial variation accounted for less than 0.1% of the total metabolome
variability and therefore it was not plotted in the MRT.

Fig. 6

Multiple regression tree of the H. fulva and H. mucosa metabolomes (both
temporal and spatial samples) with the % of variance explained by each split

4. Discussion
The use of comparative metabolomics in the study of intra-specific variabilities
provides numerous advantages compared to classical targeted studies (Kuhlisch
and Pohnert 2015). Metabolic responses of organisms are highly complex and
therefore a comprehensive study of the metabolome is required to capture the
whole variability and its biologic implications. So far, most studies on
metabolomic variabilities of marine invertebrates were performed using targeted
approaches (Sacristán-Soriano et al. 2012; Duckworth et al. 2012; Reverter et al.
2016). Although these studies have the advantage of being quantitative, they
explore only a very limited part of the metabolism. Conversely, comparative
metabolomics, has the potential to study and uncover previously unidentified
metabolites with important biological and ecological roles (Kuhlisch and
Pohnert 2015). This study on the spatio-temporal variability of two
Mediterranean Haliclona metabolomes using a comparative LC-MS
metabolomics approach showed significant changes in the metabolomic profiles
of both species occurring in spring (April and May). As highlighted in previous
similar researches on sponge metabolomes (e.g. Ivanisevic et al. 2011), the life
cycle may explain at least part of the detected variation. The life cycle of H.
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fulva has been recently characterised, and a shift from asexual to sexual
reproduction has been reported in early April (Ereskovsky et al. 2017). We
therefore hypothesize that this reproduction shift induces a change in the
metabolite content as reflected for both sponges metabolomes in April and May.
The significant decrease in the specialized metabolites of both species is in
accordance with the ODT theory, indicating an investment towards the start of
the sexual reproduction cycle. For both H. fulva and H. mucosa, this shift occurs
only at the early stages of sexual reproduction when the animal needs to trigger
the development of sexual gametes, and not throughout all the gametogenesis
process, which in H. fulva lasts until September (Ereskovsky et al. 2017). Trade-
off between the production of specialized metabolites and reproduction has been
previously reported in the homoscleromorph sponge Oscarella balibaloi,
however in this case it was observed at the peak of the reproductive effort
(Ivanisevic et al. 2011). The increase in fatty acids and lysophospholipids would
also be concurrent with the start of reproduction. Fatty acids are important for
cell metabolism and are involved in multiple signalling roles in reproduction and
early developmental processes (Vrablik and Watts 2013; Stanley 2000).
Physiological roles of lysophospholipids (LPLs) from marine invertebrates
remain mostly unknown (Sugiura et al. 1992; Nishikawa et al. 2015). Some
studies suggest that LPLs might play a role in invertebrate defence and several
phosphatidylcholines and lyso-PAF (Platelet Activating Factor) derivatives
isolated from sponges display biological activities such as cytotoxicity,
antibacterial, antifungal and antifouling (Müller et al. 2004; Alam et al. 2001;
Shin et al. 1999; Lin et al. 2015; Zhao et al. 2003; Butler et al. 1996).
Interestingly, Ivanišević et al. (2011) also observed that level of two bioactive
LPLs increased in reproductive sponges suggesting that LPLs could play a role
in sponge embryogenesis and morphogenesis.

Sponges are a prolific source of specialized metabolites including rare fatty acid
derivatives such as brominated acetylenic acids (Pham et al. 1999; Aoki et al.
2013; Ohta et al. 2013; Dembitsky et al. 2003). Several brominated fatty acids
were described from Haliclona sponges (Alarif Walied et al. 2013; Aratake et al.
2009) including renierins from H. fulva (Cimino and De Stefano 1977). In this
study, eleven unknown brominated non polar compounds were found over-
expressed in H. fulva in April and May, while the concentrations of most of the
known renierins identified in our chemical library plummeted. Specialized
metabolites can experiment enzymatic bioconversion to best serve the
organism’s physiological and ecological needs. For example, bioconversion of
metabolites into more active ones is well reported in terrestrial and marine
organisms following mechanical damage, which is known as activation of
chemical defenses (Pohnert 2004; Paul and Van Alstyne 1992). Bioconversion of
metabolites in marine invertebrates related to reproduction has not been reported
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to date, although this could have passed unnoticed by targeted studies or
untargeted approaches which failed to characterize the whole chemical diversity.
The decrease of renierins and increase in unknown brominated non polar
compounds with similar retention times could indicate the biotransformation of
renierins. However, correlation between renierins and the brominated non polar
compounds is not well supported. More research is needed to elucidate the
structures of these brominated compounds and understand their biological role in
the sponge, biosynthesis, and putative contribution to reproduction.

Although H. mucosa and H. fulva possess specialized metabolites from different
biosynthethic pathways, we observed similar changes in the composition of the
metabolome, characterized by an overall decrease in the concentration of
specialized metabolites in April and May for both species. Furthermore, both
species experienced an increase in fatty acids and lysophospholipids in this
period of the year, and 6 common metabolites were putatively annotated, two of
them as fatty acids. These similar variation patterns suggest a similar metabolic
response in both species. H. mucosa life cycle has not yet been established, but it
will be interesting to study whether there is a reproduction shift in April and
May as observed in H. fulva. There is still a debate whether changing
environmental conditions such as temperature produces variations in the
production of specialized metabolites. Several studies have found higher
concentrations of specialized metabolites in summer corresponding to maximum
yearly temperatures (Abdo et al. 2007; Ternon et al. 2017; De Caralt et al. 2013)
while other studies failed to find seasonal changes in production of metabolites
(Duckworth et al. 2012; López-Legentil et al. 2006). In this study, a clear
decrease of specialized metabolites occurred in April and May, when
temperature in the Northwestern Mediterranean starts to increase after winter
(http://somlit.mio.univ-amu.fr), but no further variation occurred during the
warmest period (August–October), indicating the fluctuation in the metabolomes
might be due to sponge physiological responses rather than environmental
parameters.

Although spatial variabilities at a scale of 200 km for H. fulva and H. mucosa
metabolomes were significative, they were less intense than temporal variability.
For the spatial study, different samplings were performed for both sponges at the
same time (August 2014) to avoid any temporal bias. Metabolic changes due to
spatial variation have been mostly associated to local adaptation to
environmental conditions or genotypic selection across habitats (Moore et al.
2014). However, parameters driving spatial variability and spatial scales at
which variation is the highest are still uncertain. In this study, we observed
metabolomic differences between sampling sites, which were not dependent on
the geographic scale studied (10 km compared to > 100 km). However, the
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spatial scale studied remains considerably small, and thus larger geographical
scales should be studied to assess distance decay in chemical fingerprint
similarities (Noyer and Becerro 2012; Noyer et al. 2011). Other factors that
could participate to spatial variations are biotic interactions (De Caralt et al.
2013) and the variable part of the sponge metabolome (Borchert et al. 2016;
Schmitt et al. 2012). In a recent study on two zoantharian species collected in the
tropical and temperate Brazilian Atlantic Ocean, intense metabolomic variations
were observed at a large geographical scale (Costa-Lotufo et al. 2018). However,
no clear data were reported for the precise taxonomic identification of the
sampled species therefore questioning the conclusions given. Finally, spatial
variations in the metabolome of marine invertebrate could result from a complex
set of factors linked to environmental parameters of the sampling sites and the
ecosystem structure. We thus suggest that temporal variations observed in
sponge metabolomes would reflect some physiological changes such as the
change in life-stages or stress episodes that affect strongly their metabolism,
whilst spatial variations would be the result of a complex set of factors linked to
the environment and more difficult to unravel.

Haplosclerids are an important group of sponges in terms of diversity and
production of bioactive compounds. However, their taxonomy remains
challenging due to major discrepancies between morphological and molecular
data (Redmond et al. 2011; Tribalat et al. 2016). Molecular data indicates that
many very distant related species have been placed in the genus Haliclona, that
may even be polyphyletic (organisms that do not share a common ancestor), and
re-examination of the systematics of the group Haploscerids is urgently needed
(Tribalat et al. 2016; Redmond et al. 2011). Integrative taxonomy is a concept
that is growing in popularity among taxonomists and consists in a combination
of several independent datasets for the classification of species: morphology,
anatomy, cytology, spicule shapes, reproduction, molecular data, chemical
information etc. (Schlick-Steiner et al. 2009; Boury-Esnault et al. 2013;
Ivanišević et al. 2011). Sponge chemotaxonomy was first proposed by Bergquist
and co-workers in the late 60 s (Bergquist and Hartman 1969) however its
popularity decreased in the last decades due to several pitfalls (Erpenbeck and
van Soest 2006). Variability of metabolites is considered one of the major
pitfalls of chemotaxonomy, since suitable chemotaxonomic markers require
stability in their occurrence (Erpenbeck and van Soest 2006). In our case and
even if we observed very clear patterns of intraspecific variation in both
Haliclona species, contribution of intraspecific variability is much lower than
interspecific variation, confirming the suitability of comparative and targeted
metabolomics as a tool for assisting in the classification of some well groups of
sponges. The main limit of its application for the genus Haliclona could be more
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associated to the correct taxonomic classification of this extremely complex
group rather than to wrong insights from metabolomic analyses.

In conclusion, we found similar metabolic variations in both sponge species in
April and May, suggesting common physiological responses that could be
triggered by changes in environmental factors (e.g. start of reproduction related
to thermal cues). This study draws attention to the importance of knowledge on
the biological cycle as a key to better assess the associated metabolic changes of
marine invertebrates. It also cast lights in production dynamics of specialized
metabolites, which is relevant for marine natural product research and drug
discovery. Finally, we show for the first time that despite marked intraspecific
variations in the metabolomes of both sponge species, these are minor when
compared to interspecific variations, indicating the suitability of using
comparative metabolomics to help in Haliclona classification.
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