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In marine ecosystems, sponges are ubiquitous sessile organisms that contain a
wide range of specialized metabolites. These metabolites point to a diverse range
of biochemical pathways. Some of these compounds are biomarkers that indicate
the presence of bacteria that form symbiotic relationships with a host sponge
(microsymbionts). Sponges hold considerable promise as bioindicators for seawater
quality monitoring, as they are exposed to, and accumulate, significant levels of
anthropogenic contamination in coastal areas. Solid-phase microextraction (SPME) is
a low-invasive and non-exhaustive technique that combines sampling and extraction
into a single step and offers the added benefit of biocompatible extraction phases. We
used different types of SPME devices to extract exometabolites from sponges (genus:
Sarcotragus) in situ. Following extraction, the samples were analyzed via GC- and LC-
MS in order to verify the presence of compounds associated with quorum sensing, as
well as to examine the metabolism of organic pollutants, such as monocyclic aromatic
hydrocarbons (MAHs), polycyclic aromatic hydrocarbons (PAHs), pesticides, and other
bioactive compounds in an untargeted format. As the results demonstrate, when the
extracted metabolites are compared with the background controls, SPME offers a non-
exhaustive approach that can be used in the field to discover novel metabolites deriving
from complex holobionts such as marine sponges.

Keywords: SPME, Porifera, microsymbionts, metabolomics, metabolite identification, LC-HRMS, GC-MS, high-
resolution mass spectrometry

INTRODUCTION

Sponges are sessile filter feeders that are capable of turning over liters of water per day
(Hentschel et al., 2006). They predominately feed on prokaryotic microorganisms, picoeukaryotes,
nanoeukaryotes, and phytoplankton, with prokaryotes comprising the largest portion of their
natural diet (Ribes et al., 1999). As water passes through the sponge, amoeboid archaeocytes in
the sponge’s internal matrix capture and phagocytose the particulate organic matter. These sponge
cells are highly efficient in the uptake of microorganisms, though they are generally perceived as not
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being very selective (Reiswig, 1971; Ribes et al., 1999). In
addition to constituting an important part of a sponge’s diet,
prokaryotic microorganisms are also found in their mesohyl
matrix (Webster et al., 2001; Montalvo et al., 2005). These
bacteria develop a symbiotic relationship with the sponge host,
forming an ecological unit known as a “sponge holobiont”
(Oulhen et al., 2016; Pita et al., 2018). The bacteria in these
sponge holobionts can constitute of 40–60% of a sponge’s total
biomass, their concentration exceeding that of the surrounding
seawater by two to three orders of magnitude (Friedrich
et al., 2001; Webster et al., 2001). The symbiotic bacteria can
consist of host-specific bacteria from the phyla Acidobacteria,
Chloroflexi, Actinobacteria, Poribacteria, and Alpha-, Gamma-,
and Deltaproteobacteria (Wehrl et al., 2007). Along with these
bacteria, archaea, unicellular algae, and facultative anaerobes
also form symbiotic relationships with the sponge host
(Taylor et al., 2007).

Sarcotragus foetidus (Porifera: Demospongiae) is a sponge
species frequently found in shallow-water habitats in the Eastern
Mediterranean Sea and the Aegean Sea (Pansini et al., 2000;
Demir and Okus, 2007; Pavloudi et al., 2016; Gerovasileiou
et al., 2018), including the vicinity of shallow hydrothermal
vents (Pansini et al., 2000). This sponge species is known to
host a number of symbiotic bacteria, such as heterotrophic
bacteria and cyanobacteria (Konstantinou et al., 2018), as well
as various species of fungal Penicillium, Cladosporium, and
Fusarium (Altunok et al., 2015). A recent study found that three
Mediterranean sponge species, Petrosia ficiformis, S. foetidus,
and Aplysina aerophoba, contained higher levels of Guanine–
Cytosine (GC) in their metagenome – including in the genome
of the symbiont microorganisms – than were detected in the
surrounding seawater’s metagenome (Horn et al., 2016). This
finding indicates that the diversity of bacterial species and the
composition of the microbiome within these sponges is distinct
from that of the surrounding seawater. A detailed analysis
of these symbionts’ defense systems against foreign genetic
material, such as those related to viral defense, revealed that
the sponge microbiome features enhanced Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) and Restriction
Modification Systems (RMS) (Horn et al., 2016). These findings
suggest that sponge microbiomes form defense systems against
foreign DNA as a by-product of circulating water to maintain the
symbiotic relationship between bacteria and the sponge host.

The diverse microbiota associated with sponges have
significant importance in the host’s physiology and
environmental chemistry due to their metabolic diversity. The
microorganisms provide the host with secondary metabolites of
important bioactivity, such as drugs that can overcome bacterial
diseases to degradation metabolites of marine pollutants. The use
of untargeted metabolomics profiling can provide insight into
the complex metabolic variability within sponges and promote
research toward the development of novel bioactive compounds
with potential for pharmaceutical and industrial applications
(Bauvais et al., 2017; Sauleau et al., 2017). In addition, this
approach could complement traditional morphological and
genetic approaches to classifying taxa (i.e., chemotaxonomy)
(Ivanišević et al., 2011), as well as analyzing the sponge’s

physiological state and its response to environmental stressors
or fluctuations (Cachet et al., 2015; Reverter et al., 2018).
Metabolomics studies on marine organisms have been primarily
based on the direct extraction of metabolites using solvents,
sampling, and solid-phase extraction (SPE), or by sampling
the microorganism and then extracting bioactive metabolites
in vitro. However, neither of these sample-preparation methods
is optimal when it comes to sampling and extracting short-lived
metabolites, as they require a metabolism quenching step (e.g.,
snap-freezing with liquid nitrogen) or the use of hot or cold
organic solvents in order to completely quench metabolism.
Moreover, these approaches cannot be applied immediately after
sampling underwater, as this would lead to chemical modification
or the dilution of the metabolites (Bojko et al., 2011).

The degradation of marine pollutants and their metabolites
is particularly important, as some of the bacterial species that
form symbiotic relationships with a sponge host are also known
to metabolize marine pollutants. For instance, some bacteria can
be evolved to be capable of metabolizing polycyclic aromatic
hydrocarbons (PAHs) and monocyclic aromatic hydrocarbons
(MAHs), two pollutants that are ubiquitous throughout the
sea, into water-soluble products with smaller molecular weights.
Oligotrophic bacteria have been discovered in certain sponge
species (Arellano et al., 2013; Rubin-Blum et al., 2017),
for example, bacteria belonging to the Cycloclasticus genus
(Proteobacteria phylum), which are obligate marine PAH
degraders that use PAHs as carbon and energy sources (Wang
et al., 2018). This metabolic degradation also reduces the presence
of PAHs in higher members of the food chain that utilize bacteria.

The feeding habits of sponges involve high filtration rates
and the ability to ingest particles with sizes <50 µm, as well as
the ability to capture pollutants efficiently, both in the dissolved
and particulate phases. Past studies have shown that sponges
effectively accumulate organic sea pollutants like PAHs, and can
therefore be used as bioindicators for monitoring environmental
stresses in marine settings. Indeed, symbiotic bacteria within
the sponge holobiont are exposed to a larger amount of PAHs
than other free-floating seawater bacteria; this makes them
highly important microorganisms for the study of metabolomics
pathways and metabolic products, as they can potentially provide
new insights into the bioremediation of PAHs by marine bacteria
(Space Scents, 2002; Demir and Okus, 2007; Kim et al., 2008).
Hitherto, the study of metabolites and marine pollutants in
sponges has been carried out by removing sections of the
sponges and transferring them to the laboratory, where they are
submitted to a multi-step treatment procedure before analysis.
The development of a minimally invasive in situ and in vivo
extraction method is of great interest, as it would eliminate
the need to remove marine organisms from their habitat, and
furthermore allow the elusive portion of the metabolome to be
captured during its interactions with the living and non-living
components of its ecosystem. This would be especially important
when the analytical study of endangered marine species
is aimed.

Solid-phase microextraction (SPME) simplifies the analysis
of metabolites by combining sampling and extraction in one
step and allowing for in situ sampling. In addition, SPME

Frontiers in Marine Science | www.frontiersin.org 2 October 2019 | Volume 6 | Article 632

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00632 October 9, 2019 Time: 17:37 # 3

Bojko et al. SPME on Sponge Holobionts

enables short-lived metabolites to be extracted on site in a
non-exhaustive and low-invasive way (Pawliszyn, 2012a,b) while
providing a balanced metabolite coverage through allowing both
polar and non-polar metabolites get extracted efficiently (Bojko
et al., 2014). Furthermore, SPME devices can be coated with
biocompatible extraction phases specifically designed to restrict
proteins, especially enzymes, which provides an additional
advantage for metabolomics studies. Since enzymes are not
extracted by the polymer coating, the metabolites will not be
prone to quenching and chemical modifications during and after
sampling (Bojko et al., 2011). A detailed review on the merits of
the SPME technique in metabolomics studies has been published
recently (Reyes-Garcés et al., 2018). In the present study, we test
three different SPME devices for their ability to perform in situ
analyte extraction on S. foetidus specimens. The sample analysis
revealed the presence of a wide range of metabolites related to
quorum sensing, mono- and polycyclic aromatic hydrocarbon
degradation, and photosynthetic organisms, as well as a number
of marine pollutants.

MATERIALS AND EQUIPMENT

The primary extraction phase used for the SPME fibers was
a mixed-mode coating consisting of C18 and benzene sulfonic
acid. The fibers were kindly provided by Supelco. ∼30 µm
HLB (hydrophilic lipophilic balance) particles were purchased
from Waters R© (Milford, MA, United States). Divinylbenzene
(DVB) and polyacrylonitrile (PAN) was purchased from Sigma-
Aldrich (St. Louis, MO, United States). Polydimethyl siloxane
(PDMS) was purchased from Dow (Midland, MI, United States).
All solvents were purchased from Sigma-Aldrich (St. Louis,
MO, United States).

For LC-MS analysis, A ThermoAcella autosampler-HPLC
and an Exactive Orbitrap MS (Thermo Fisher Scientific, San
Jose, CA, United States) were used to separate and detect the
untargeted analytes, while chromatographic separations were
performed using a Supelco Discovery pentafluorophenyl (PFP)
HS F5 column (2.1 mm × 100 mm, 3 µm) (Supelco, Millipore-
Sigma, Bellefonte, PA, United States).

FIGURE 1 | Individual Sarcotragus foetidus during in situ extraction with
membrane, blade, and fiber SPME devices.

For GC-MS analysis, Agilent 6890 gas chromatograph
(GC) and a 5973 quadrupole mass spectrometer (MS).
Chromatographic separation was performed by 30 m, HP-5
5% phenyl–methyl siloxane column (Agilent 19091J-433) with
an I.D and thickness of 0.25 mm (Agilent Technologies Inc.,
Santa Clara, CA, United States).

METHODS

Preparation of Thin Film Membranes,
Blades, and Fibers
The TFME blades were prepared by using a flask-type sprayer to
apply a slurry consisting of ∼30 µm HLB particles dispersed in
PAN onto stainless-steel blades. This process has previously been
described by Mirnaghi et al. (2011).

The DVB-PDMS coating was prepared using the methodology
previously described by Jiang and Pawlisyzn (Jiang and
Pawliszyn, 2014). Briefly, the DVB-PDMS membranes were
prepared by dispersing 0.2 g of DVB particles in 10 mL of hexane
followed by vortex agitation. Next, 1.0 g of PDMS elastomer was
added to the mixture, which was then subjected to sonication.
In order to initiate crosslinking and condensation in the PDMS,
0.1 g of curing reagent of a catalyst was added to the mixture.
Finally, the excess hexane was evaporated under N2 gas. Once the
excess hexane had been removed, a thin layer of the final mixture
was applied to the blades using the bar-coating method, and the
crosslinking process was initiated and accelerated via thermal
curing (as described in the aforementioned reference) (Jiang and
Pawliszyn, 2014). Representative images for blades, membranes,
and fibers are displayed in Supplementary Figure S1.

In situ SPME
The selected species, S. foetidus, is a ubiquitous sponge in Eastern
Mediterranean coastal habitats. Its shape approximates a globular
form and its body volume can often exceed 5 l. Its surface hosts
an array of evenly distributed exhalant pores (oscula) which are
well-defined, their openings reaching a diameter of 5 mm.

Sampled sponges were located in Souda Bay, which is the
largest bay in the island of Crete, located on its northwest coast.
The bay’s geographical orientation protects it from the cyclonic
and anticyclonic eddies that characterize the island’s nearby
seawater circulation patterns. The bay is home to a large civilian
port that features a daily ferryboat service to and from Piraeus,
and it also occasionally hosts large cruise ships. Souda Bay is also
the site of the Crete Naval Base, which serves as a major naval
base for the Hellenic Navy and NATO. In situ SPME was carried
out via SCUBA diving at depths ranging from 2.4 to 3.3 m at a
site in Souda Bay close to Marathi beach (35.5034◦N/E24.1709◦E)
featuring natural populations of S. foetidus. Three sufficiently
sized sponges separated by several meters of distance were
selected as replicates for the experiment. Extractions were
performed on different parts of each sponge’s body using three
different SPME devices (membranes, blades, and fibers) in order
to test each geometry’s relative efficacy for producing extraction
profiles of various analytes. Figure 1 shows a Sarcotragus
sponge during extraction using three different SPME devices.
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For the extraction protocols, the devices were separated into two
groups: the “experimental group” and the “control group.” The
experimental group extractions were performed by suspending
the membranes several millimeters above exhalant pores (oscula)
on the sponge’s surface. For extractions using blades, the
devices were partially (approximately 2–4 mm) inserted into
the openings of larger exhalant canals. Sampling via fibers was
conducted by puncturing the tissue in order to penetrate into
the mesohyl. Care was taken during this step to ensure that the
coated surface was not sampling hollow cavities, such as the
canals or subdermal lacunae characteristic of Irciniid sponges.
For the “control group” extractions, replicates of each SPME
device (membranes, needles and fibers) were left to float adjacent
to the sea bottom several meters away from the sponges and
any other macroorganism. Two to four replicates of each type
of SPME device were used for each sponge in the “experimental
group,” as well as in the “control group.” The extraction duration
for each sample was 420 ± 60 s. Table 1 provides the codes
for the individual SPME devices along with the depth of the
individual sponges.

After the sampling, the SPME devices were stored in vials in
dry ice and delivered to the laboratory in University of Waterloo.
The membranes were cut into half to be desorbed for LC-MS and
GC-MS analysis separately. For LC-MS experimental protocols,
all devices were rinsed with HPLC-grade water for 10 s and
then immersed into 300 µL of 80:20 acetonitrile (ACN):H2O for
the desorption of the analytes. The desorption was carried out
through 1000 rpm benchtop vortexing for 1 h. A scheme that
represents this protocol is given in Supplementary Figure S2.

Analysis of Extracts via Mass
Spectrometry
LC-MS Analysis
The LC-MS conditions were such that the mobile phase was
pumped at a flow rate of 5 µL sec−1, and gradient elution was
performed using a 2 component system consisting of Mobile
Phase A, which consisted of a water: formic acid mixture
(99.9:0.1, v:v), and mobile phase B, which consisted of a
acetonitrile: formic acid mixture (99.9:0.1, v:v). The initial mobile
phase conditions for the PFP column separation were 100%
A from 0 to 180.0 s and decreased along a linear gradient to
10% A from 180 to 1500 s. After 1500 s, the mobile phase was
placed on an isocratic hold at 10% A until 2040 s. The total
run time was 2400 s per sample, including a 360 s column
re-equilibration period.

TABLE 1 | Extraction durations and number of installed SPME devices (fibers,
blades, and membranes) for each of the three replicate Sarcotragus foetidus
specimens and the control group.

Fibers code
(n)

Blades code
(n)

Membrane
code (n)

Remarks (m
depth)

Control (O) 00 (3) 0 (2) 0 (3) 2.5

Sponge 1 01 (4) 1 (3) 1 (2) 2.4

Sponge 2 02 (3) 2 (3) 2 (3) 3.3

Sponge 3 03 (4) 3 (3) – 3.2

Analysis was performed using positive electrospray ionization
(ESI) via the PFP-HPLC method described above. The
injection volume for all methods was 10 µL, and samples
were stored at 4◦C on the autosampler while awaiting
injection. All samples were run in randomized order, and
both instrument QCs and pooled QCs were run periodically to
verify instrument performance. MS acquisition was performed
with AGC = balanced (1 000 000 ions) and a 50 000 resolution
at 2 Hz. The injection time onto the C-trap was 100 ms. Sheath
gas (arbitrary units), auxiliary gas (arbitrary units), sweep
gas (arbitrary units), ESI voltage (kV), capillary temperature
(◦C), and vaporizer temperature (◦C) were (i) 30, 10, 5,
4.0 (−2.9 negative mode), 300, and 300, respectively, with
an acquisition range of 100–1000 m/z for the positive and
negative ESI reversed-phase methods. External instrument mass
calibration was performed every 48 h to ensure that it was within
2 ppm for all ions.

GC-MS Analysis
Before GC-MS analysis, the DVB–PDMS membranes were cut
into two equal parts. One half of the membrane was desorbed
in solvent and subjected to LC-HRMS, while the other half was
subjected to GC-MS using an Agilent 6890 gas chromatograph
(GC) and a 5973 quadrupole mass spectrometer (MS). For GC-
MS, the membrane was inserted into the thermal desorption
unit (TDU) liner, where the analytes were thermally desorbed
into GC by via TDU coupled to a cooled injection system (CIS)
(GERSTEL GmbH, Mullheim, Germany). In this case, the CIS
served three functions: first, as an interface between the column
inlet and the TDU; second, as a cryo-focusing trap; and third, as
a temperature-programed GC inlet.

Desorption of analytes from the membrane was performed
with the TDU in splitless mode and the CIS in solvent vent
mode, with a TDU transfer-line temperature of 300◦C. Upon
introducing a membrane into the TDU, the temperature was
increased from 30 to 250◦C at a rate of 1◦C sec−1; the TDU
was then held at 250◦C for 180 s. in order to ensure that
all of the extracted compounds were completely desorbed. As
the TDU temperature increased, the analytes were desorbed
from the membrane and cryo-focused in the CIS injector,
which was maintained at −100◦C during TDU desorption. The
temperature was then increased to 280◦C at a rate of 12◦C s−1,
where it was held for 600 s. After desorption, the membrane
was retained at 220◦C in the injector until the end of the
chromatographic run.

Helium was used as carrier gas at a flow rate of 16.66 µL sec−1

in the GC column. The initial column temperature was set to
40◦C and held for 1 min before being increased to 160◦C at a
rate of 0.08◦C sec−1. Next, the column temperature was further
increased to 200◦C at a rate of 0.05◦C sec−1 and then raised again
to 250◦C, where it was kept for 600 s. Finally, the temperature
was increased to 300◦C at 0.17◦C sec−1. The MSD transfer-
line temperature was set at 300◦C, while the MS Quad and MS
source temperatures were set at 150 and 230◦C, respectively.
The MS system was operated in electron ionization (EI) mode
under 70 eV of ionization voltage, with ions being collected in
the m/z 35–400 range.
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Data Processing, Statistical Analysis,
and Metabolite Identification
The LC-MS data was processed by first converting the raw data
files to an mzXML format using the free Proteowizard software,
MSconvert (Chambers et al., 2012). The software parameters
were set as follows: mz level = 1 filter, 64-bit binary-encoding
precision, and write index option. The converted files were then
imported to MZmine 2 software for furthering peak filtering and
detection (Olivon et al., 2017). After being imported, scan-by-
scan filtering was performed on the data using a 5 data point
Savitzky–Golay filter. A mass peak list was then generated using
exact mass detection with an m/z range of 99–1000 m/z and a
mass tolerance of 5.0 ppm. Once the mass list had been generated,
chromatogram builder was used with a minimum peak height
of 10 000 (arbitrary) and a minimum width of 1 s. The rebuilt
chromatograms were then deconvoluted using a Savitzky–Golay
filter with a minimum peak height of 10 000 (arbitrary) and
peak-width setting of 1–60.0 s. The generated peak list was then
filtered using an m/z-range of 99–1000, a retention time (RT)
range of 48–2100 s, and peak width of 1–60 s. A compiled
aligned peak-list table was then generated using 5 ppm, mass
tolerance, 5% retention time tolerance, and weighting values of
10 and 20 (arbitrary) for RT and m/z, respectively. Finally, once
the peaks associated with the instrument and sampler blanks
had been manually removed, the peak list rows filter was again
used on the compiled aligned peak list, only this time with
the minimum peaks per row set to 3. This secondary filtering
removed erroneous single detections, which was considered
statistically prudent as there were always 5–6 replicates per
sample. The processed-aligned peak list was then exported as
a.csv file, which was then imported into SIMCA-14 multivariate
data processing software. Principal component analysis (PCA)
was then performed using Pareto scaling in order to determine
significant features and to test the data fit for the various samples
run. Partial least squares-discriminant analysis (PLS-DA) and
orthogonal partial least squares-discriminant analysis (OPLS-
DA) were further performed to show the effects of supervised
group separation.

Next, additional statistical analysis was carried out using
XCMS (Tautenhahn et al., 2012) to identify features that
significantly differed between the experimental groups (i.e., each
SPME device) and their corresponding control groups. m/z peaks
with very low intensity and abnormal shapes were discarded.
ANOVA was then used to conduct statistical significance tests on
the data obtained from the experimental and control groups.

Chromatographic separation and tandem MS analysis were
carried out on the QCs of each experimental sample and a single
mixture of standard compounds (100 ppb each) in order to obtain
information about the fragment patterns of the significantly
different features of the two groups. This analysis was conducted
using a high-resolution Exactive Thermo Orbitrap and an
Q-Exactive Thermo Orbitrap MS (Thermo Fisher Scientific, San
Jose, CA, United States) with the same column, methodology, and
mobile phases described above. MS acquisition was performed
through parallel reaction monitoring (PRM), with a resolution
of 70 000, an isolation window of 1.6 m/z, normalized collision

energies (dimensionless) of 20 and 40 eV, AGC = balanced
(1 000 000 ions) at 2 Hz, and a C-trap injection time of
100 ms. The positive ESI reversed-phase methodology employed
an acquisition range of 70–1000 m/z, and sheath gas (arbitrary
units), auxiliary gas (arbitrary units), sweep gas (arbitrary units),
capillary temperature (◦C), and vaporizer temperature (◦C)
values of (i) 35, 5, 300, and 280, respectively. External instrument
mass calibration was performed every 48 h to ensure it remained
within 2 ppm for all ions. The PRM was carried out on a list of
MS1 m/z values that corresponded to all m/z values of VIP > 1,
which were determined by the SIMCA software.

To predict compounds through their fragmentation patterns,
the fragmentation spectra (MS/MS, or MS2) corresponding to
each parent ion’s (MS1) m/z on target-retention time points were
exported as.prm files from MZmine. The exported.prm files were
then imported to Sirius 4.0.1 software, which had been configured
to mirror the settings for ESI mode and MS2 (20 and 40 eV,
respectively). The computation of each feature was performed
by Sirius with the settings, Orbitrap, 5 ppm, 10 candidates, and
all PubChem formulas. The software’s predictions were only
considered if at least three possible peaks were generated. Next,
a CSI:FingerID search (Dührkop et al., 2015) was performed, and
the results were compared with the MS1 METLIN annotations.
Following this, the four highest peaks on the MS/MS spectra
were input into the Fragment Similarity function of the METLIN
database (Smith et al., 2005) in order to supplement the
fragmentation pathway analysis. METLIN database fragment ion
predictions that matched to the compound groups predicted
by MS1 were chosen as our final annotation. If the METLIN
database could not produce a sufficient fragment prediction,
the molecular formula predicted by the Sirius software was
used as our final annotation (Böcker et al., 2009; Dührkop and
Böcker, 2015; Dührkop et al., 2015). Standards of compounds
were assessed by comparing their fragmentation patterns to
their specific retention time points. If the fragmentation patterns
matched the time points, the compound was considered verified,
and the spectra was not further analyzed through METLIN
or Sirius. As can be seen in the Supporting Information, M
denotes compounds identified by METLIN, and S denotes
compounds identified by Sirius. Identified compounds were
further searched on the KEGG database to further determine the
biochemical pathways they are involved in Kanehisa (2006) and
Kanehisa et al. (2017).

XCMS software was used to prepare the fold change in the
peak areas of the experimental and control groups. Specifically,
the average peak area of the experimental group’s m/z values was
divided by the average peak area of the control group’s m/z values,
with the resultant figure then being used to prepare a heat map.
As seen in Supplementary Table S1, areas with higher intensities
of red correspond to the induction of a compound, while areas
with varying intensities of green correspond to the suppression
of the compound (Supplementary Table S1).

As part of GC-MS analysis, the peaks in the chromatograms
were identified and compared, particularly those peaks that were
unique to each experimental group. The analytes associated
with these unique peaks were then singled out and searched
within the NIST database (Linstrom and Mallard, 2014).
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Supplementary Table S2 provides the percentage predictions for
the top three identified compounds.

RESULTS AND DISCUSSION

Three distinct SPME geometries were applied to different
sections of sponges in situ and in vivo in order to test their
ability to extract metabolites. Specifically (i) membranes were
used to sample the seawater in close proximity to the sponge’s
surface and its exhalant openings, where metabolites could
be released into the environment; (ii) blades were used to
sample water released by the sponge, which is rich in metabolic
products; and (iii) fibers were used to sample the internal parts
of the sponge’s undifferentiated mesohyl matrix. A schematic
representation of the sponge and SPME devices is given
in Figure 2.

The results of our LC-MS runs were analyzed through SIMCA,
with the results being used to plot PCA graphs. As the PCA
graph in Figure 3 shows, while each SPME device had a
different extraction profile, the replicates tended to be tightly
clustered, which indicates good inter-device reproducibility.
Furthermore, given the differences in surface area, solvent
volumes used for desorption, and placement of the SPME
devices, variations between the devices was to be expected.
However, a secondary explanation for the variation in recovery
rates is based on differences in the polymeric materials that
constitute the thin-film coating, or the volume of extraction phase
applied to each device.

Solid-phase microextraction is a flexible technology that can
be tailored to suit the application while still providing high
sensitivity. For instance, SPME fibers are minimally invasive,
which makes them ideal for sampling living tissue, as they do
not harm the organism being sampled, in this case, a sponge.

FIGURE 2 | Basic schematic of a sponge’s anatomy, displaying the placement
of the three different types of SPME devices during in situ extraction.

Similarly, thin-film (TF) devices can be used in a relatively low-
invasive manner while still providing highly sensitive results;
in this research, TF devices inserted into the inhalant pore
enabled high-sensitivity sampling of compounds entering and
exiting the sponge.

As shown in the PCA graphs in Figure 4 (membranes, blades,
and fibers) and the OPLS-DA (membranes and blades) and PLS-
DA graphs (fibers) in Supplementary Figure S3, the membrane-
and blade-based SPME devices were clearly discriminated from
the control groups when they were used for analyte extraction.
However, the PCA graph does not show a clear separation of
the experimental and control groups in the case of the fibers
(Figure 4). In addition, while it was not possible to perform
OPLS-DA using SIMCA, we were able to perform PLS-DA. As
can be seen in Supplementary Figure S3, the resulting plot shows
poor separation between the experimental and control groups,
and a significantly lower number of different features. Indeed,
the membranes were able to detect 168 significantly different
features, while the blades were able to detect 57. In contrast, the
fibers were only able to detect two significant features.

There could be two possible reasons for this result: The
first potential explanation is related with the surface area. Since
blades and membranes have much larger surface areas, they
naturally contain a greater volume of extraction phase, which
allows them to extract more analytes than a fiber. The second
possible reason is related to the area of application. Namely,
the fibers were inserted directly into the sponge’s tissue, which
has a comparatively lower level of water flow than the areas
sampled by the blades and membranes. As such, the fibers
would have been exposed to less material than the blades or
the membranes. It is also possible that the fibers were unable to
extract a significant volume of metabolites due to them being
bound to the biological matrix in the sponge and, thus, being
low in free concentrations. The range of detected analytes was
dominated by those in the ambient seawater and the seawater
that passed through the sponge, with the number of analytes
coming from the sponge’s tissue being minute. Since the blades
and membranes were constantly subjected to the water flow
maintained by the sponge, they would have been exposed to a
much larger range of compounds.

The supervised analysis (OPLS-DA and PLS-DA) plots
displayed similar results to the PCA plots, with membranes
and blades showing clear separation and fibers not doing so
(Supplementary Figure S3).

Identification of the Extracted
Compounds
Supplementary Table S1 displays the information for the
extracted compounds, which were identified using the m/z of
their parent ions and fragmentation patterns. The significantly
different features (m/z peaks) were tentatively identified using
the free online database, METLIN (Smith et al., 2005), taking
5 ppm accuracy as the maximum limit in m/z error. However,
in most cases, the high-accuracy m/z values corresponded to
tens of possible identified compounds or metabolites. Previous
researchers have attempted to tackle this problem by predicting
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FIGURE 3 | Principal component analysis plot showing the separation of the features obtained by three different SPME devices: blades, fibers, and membranes, as
well as the control (water sample).

the retention times of the analytes via liquid chromatography
(Cao et al., 2015; Bruderer et al., 2017). Unfortunately, these
predicted retention times are unsuitable for some metabolomics
studies, as the logP values of some compounds may not be
included in databases, or the predicted logP values of different
compounds may be highly similar. This makes it harder to
annotate the analytes because their retention times in the LC
column may be very similar. It is possible that all of the analytes
extracted during this research were derived from the sponge
cells, symbiotic microorganisms, or other possible compounds,
including toxicants and pollutants within the seawater passing
through the sponge matrix. For this reason, predicting the
metabolites by cross-referencing free online databases would not
have been the correct approach, as it may have led to many
false-positive identifications.

When it comes to confirming compounds, the only current
option for untargeted metabolomics is to synthesize or isolate
the predicted compounds. However, considering the immense
number of possible metabolites predicted by free online
databases, purchasing compounds or isolating them from
biological sources would be very costly and potentially time-
consuming. One method of minimizing the number of tentatively
predicted compounds, and by extension, the risk of false-
positive identifications, would be through fragmenting the parent
ions (MS/MS) and comparing the m/z values of daughter
ions with those reported on free online databases, such as
METLIN. However, processing the data through this method
has two disadvantages. The first disadvantage is that the MS1

data are from experiments conducted all over the world using
very different instruments, whereas the MS/MS (MS2) data on
free online databases are low and mostly predicted in silico.
The second disadvantage is that most of the MS/MS data on
these databases are produced using Q-TOF instruments. This is
potentially problematic because the design of the collision cell
and the ion detection mechanism differ between Q-Exactive and
Q-TOF instruments. As such, the collision energies produced by
the fragmentation of the parent ion would be variable, resulting
in different relative intensities for daughter (fragment) ions
(Tang et al., 2016).

Given the limited usefulness of online databases for correctly
determining compounds, we further investigated the MS/MS
spectra using Sirius software. This software, which was designed
by bioinformaticians at the University of Jena, determines
the molecular formula of analytes by analyzing daughter ions
that correspond to possible molecular formulas after certain
losses, such as H2O or CO (Dührkop and Böcker, 2015).
To further assist with the identification of molecules, Sirius
uses CSI:FingerID software, which uses fragmentation tree
computation and machine learning to search for molecular
structures in public databases such as KEGG and PubChem
(Dührkop et al., 2015). Since PubChem includes a database of
previously characterized chemical compounds – rather than all
possible chemical formulas – we elected to use it to search our
predicted molecular formulas. During this stage, we searched
for compounds predicted by the METLIN database rather than
simply relying on the top molecular identification provided by
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FIGURE 4 | Principal component analysis plots showing the separation of the features of the analytes extracted via membranes, blades, and fibers in both the
experimental and control groups. Membrane devices show clear separation, while the fiber-based devices show poor separation.

CSI:FingerID. If the CSI:FingerID list included one or more
compounds listed in the METLIN database, we finalized our
identification and recorded the compound name. If the METLIN
database failed to return any predictions corresponding to the
formula identified by Sirius, we displayed the formula that best
matched the fragmentation pattern and the m/z value of the
parent ion. Supplementary Figure S4 provides LC-MS spectra
for some of the Sirius-annotated features (that correspond to m/z
values 137.0599, 149.06, 251.1641, and 340.2846), as well as the
in silico predicted fragment ions and fragmentation pathways.
All of the compounds discussed in the section “Results and
Discussion” were identified using this methodology.

An online search of the KEGG database (Kanehisa, 2006;
Kanehisa et al., 2017) was performed once the identification
stage was completed to determine whether specific biochemical
pathways for these metabolites had been reported.

Extracted Analytes Display Compounds
Related With Microbial Quorum Sensing
The presence of symbiotic bacteria in Sarcotragus and other
Irciniid sponge species has been well documented (Hardoim
and Costa, 2014; Horn et al., 2016; Saurav et al., 2016; Thomas
et al., 2016). Since bacteria are also food sources for these filter-
feeding metazoans, they rely on signaling activity to coordinate
their cooperative activities in order to maintain their symbiotic

relationship with the sponges, thus ensuring their survival.
Signaling activity among bacteria, which is broadly referred to
as “quorum sensing,” involves the release of autoinducers, the
activation of signal transduction cascades, and the induction
of gene expression regulation (Churchill and Chen, 2011).
Quorum sensing plays an important role in the development
of bacterial biofilm and how attractive these biofilms are
to higher-order marine organisms (Huang et al., 2007). The
first remarkable finding from the analysis of the extracted
analytes was the presence of acyl-homoserine lactones. Acyl-
homoserine lactones (ACLs) are signaling molecules generally
related to cell-to-cell communication and quorum sensing
among Gram-negative bacteria. These autoinducing chemical
compounds coordinate diverse, often cooperative activities, such
as bioluminescence, biofilm formation, and exoenzyme secretion
(Schaefer et al., 2008; Schuster et al., 2013). The presence
of ACL-related quorum-sensing activity among Alpha- and
Gammaproteobacteria, which are microsymbionts of sponge
species, has been previously reported (Taylor et al., 2004; Schupp
et al., 2005). ACL-related quorum sensing is a key component
in initiating the transfer of bacteria from a free-living state to
a host-associated, symbiotic state (Parsek and Greenberg, 2000;
Majerczyk et al., 2013; Schuster et al., 2013).

The extractions performed by placing the blades in the
sponge’s exhalent pores would be likely to collect signaling
molecules associated with quorum sensing, as bacteria routinely
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release these molecules into their surroundings. It is also possible
that the surrounding water that was continuously pumped
by these individual sponges contained the quorum-sensing
compounds, however, the fold-increase in the intensity of the m/z
peaks we acquired through high-resolution LC-MS was always
higher in our experimental groups, compared to the controls.
One of the analytes extracted via thin-film blades was N-3-
oxo-hexadec-11(Z)-enoyl-L-Homoserine lactone (m/z 352.2467,
[M+H]+), which is a C16 homoserine lactone derivative. Long-
chain AHLs are common in Sarcotragus sp., and prior research
has shown that they are often released by Paracoccus sp., which
are known to have flexible associations, for example, either being
free-living or host-associated (Saurav et al., 2016).

Two probable identifications of AHLs were N-pentadecanoyl-
L-Homoserine lactone (m/z 326.2685, [M + H]+) and
N-hexadecanoyl-L-Homoserine lactone (m/z 340.2846,
[M + H]+). These AHLs possess varying carbon chains,
and prior reports have noted their synthesis by Burkholderia sp.
(Proteobacteria) and Pseudomonas sp. Furthermore, previous
studies have found that Burkholderia sp. is the dominant
microbial species in the metagenome of the endemic marine
sponge, Arerosclera brasiliensis (Trindade-Silva et al., 2012).
Our findings were consistent with this prior research, as
our extractions also showed a biomarker for the presence of
Burkholderia sp. among the microbiome.

Metabolism of MAHs and PAHs by
Symbiotic Bacteria
Monocyclic aromatic hydrocarbons, such as benzene, toluene,
ethyl benzene, and xylene (BTEX), and PAHs, such as
naphthalene, phenanthrene, and pyrene, are compounds
possessing aromatic rings that are commonly released as
industrial and urban waste into marine ecosystems, causing
ecotoxicity (Weissenfels et al., 1990; Oberoi et al., 2015).
Although MAHs and PAHs tend to mostly be present in
shallow waters (coastal water, estuaries, etc.) (Fernandes et al.,
1997; Baumard et al., 1998), aromatic hydrocarbons such as
polybrominated and polychlorinated biphenyls can reach the
deepest parts of the ocean after adsorbing to particulate matter
(Jamieson et al., 2017). Fortunately, the microorganisms of these
ecosystems possess the ability to either degrade or utilize these
aromatic hydrocarbon pollutants. Bacterial metabolic pathways
are one of the predominant ways in which these compounds
are degraded, particularly pathways related to bacteria from
the genus Sphingomonas, Micrococcus, Streptomyces, Bacillus,
Pseudomonas, and Burkholderia (Desai et al., 2008; Jegan et al.,
2010; Lin et al., 2010; Andreolli et al., 2011; Oberoi et al., 2015).

Among the notable annotated GC-MS analytes
(Supplementary Table S2) extracted via the thin-film
membranes were those related to the metabolism of MAHs.
Biphenyl, which is a metabolite related to the degradation of
dioxins, was extracted from sponge #1, but was not detected
by the devices in the control group. Similarly, propyl benzene,
which is a degradation product of toluene (as reported by the
KEGG database), was extracted from sponge #2 in significantly
higher amounts than in the control (Supplementary Figure S5,

peak areas of ion chromatograms). One reason for the presence
of these compounds among our analytes may have to do with the
fact that many species of sponges are known to contain MAH-
and PAH-utilizing bacteria, such as Cycloclasticus pugetii and
Burkholderia sp. (Rehmann and Daugulis, 2006, 2007; Kim et al.,
2011) These results further support our finding that Sarcotragus
sp. forms a symbiotic relationship with Burkholderia sp.

The most notable metabolite detected during LC-MS analysis
of the SPME blades was 3-isochromanone (or one of its isomers)
(m/z 149.06, [M + H]+), which is a metabolite associated with
PAH degradation. 3-isochromanone is a metabolite related to
fluorene or fluorene-related compounds (Mrozik et al., 2003),
and it is also present as one of the metabolic compounds
of Pseudomonas sp., Sphingomonas sp., and Burkholderia sp.
(Weissenfels et al., 1990; Wattiau et al., 2001; Andreolli et al.,
2011) Toluate (or vinycathecol) (m/z 137.0599, [M + H]+),
which is an intermediate product of xylene (or styrene)
degradation, was also extracted using the thin film membranes.

The findings of the present research demonstrate the
metabolism of MAH and PAH by bacteria through identifying
the presence of metabolites related to these compounds
among the analytes detected via LC-MS and GC-MS analysis
(Supplementary Tables S1, S2).

Metabolites Related With Photosynthetic
Organisms
Our method was also able to detect a selection of metabolites that
may play important roles in the metabolism of photosynthetic
organisms, such as methyl cinnamate (m/z 163.0755, [M+H]+),
dihydroconiferyl alcohol (m/z 183.1017, [M + H]+), tecostanine
(m/z 184.1697, [M + H]+), apiole (m/z 223.0966, [M + H]+),
and 12-hydroxyjasmonic acid (m/z 227.1279, [M + H]+). For
example, methyl cinnamate is an active compound found in
many plant-based essential oils (Viña and Murillo, 2003; Chen
Y.Y. et al., 2012). Similarly, apiole is also common in essential
oils and has been found to have anti-cancer properties against
colon-cancer cells (Wei et al., 2012). At present, it is unknown
whether these compounds are produced by photosynthetic
microorganisms, such as cyanobacteria, which could potentially
be associated with sponges. However, the presence of some of
these compounds, such as methyl cinnamate (Supplementary
Table S1), in our samples can be possibly attributed to their
uptake from the surrounding seawater and subsequent release.

Secondary Metabolites of Sponges With
Diverse Bioactivities
Sponges are a great source of secondary metabolites related to
terpene and terpenoid, such as monoterpenoids, diterpenoids,
and sesquiterpenoids (Faulkner, 2001). These sponge-, or sponge-
holobiont sourced terpenoids could have diverse bioactivities,
such as cytotoxicity, or antimicrobial, antiviral, anti-cancer, and
anti-inflammatory features (Ebada et al., 2010; Gordaliza, 2010;
Chen W. et al., 2012). As demonstrated in Supplementary Table
S1, terpenoids comprised a very large portion of the compounds
extracted via SPME. Sarcotragus sp. is a source of terpenoids
with cytotoxic and antimicrobial activities (Wang et al., 2008).
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Moreover, this species has also been found to contain terpenes
with cytotoxic effects against cancer cells (Liu et al., 2001)
and possible antitumor activities, which is a finding that
should be confirmed through further study (Abed et al., 2011).
In addition, other sponge-derived terpenoids could possess
anti-inflammatory properties. For example, the sesquiterpene-
quinones of the Dysidea cf. cristagalli species could potentially
be harnessed by humans for their potential anti-inflammatory
effects (McNamara et al., 2005).

The extractions also revealed the presence of metabolite irone
(m/z 207.1745, [M + H]+), which could be an exometabolite
of fungi using sponges as hosts (Zhao et al., 2010). Abscisic
alcohol (m/z 251.1641, [M + H]+) is an intermediate metabolite
in the synthesis of abscisic acid (ABA), which is produced
by sponges in response to heat stress (Bassaganya-Riera et al.,
2010). Although ABA concentrations were higher in the control
samples, this result may have been due to the sponges releasing
this compound in high concentrations prior to SPME sampling.
Triterpene glycosides, which are known secondary metabolites of
the Caribbean reef sponge, Erylus formossus, perform a defensive
function, protecting their host sponge species from predatory
fishes. As such, their related terpene glycosides could be
important metabolites with defensive properties against animals
(Kubanek et al., 2000). The unidentified functions of some of
the terpenes and terpenoids listed in Supplementary Table S1
could possibly be related to defensive roles or indicate medicinal
properties, which should further be examined in future studies.

Accumulation of Pesticides and Drugs in
the Marine Environment
As we went through our annotated list of compounds, we
observed that the extracted analytes also contained pesticides
and drugs, with some of these compounds being present in
higher amounts in the sponge experimental groups than the
controls. This finding was likely due to the fact that sponges are
constantly pumping and taking in large amounts of surrounding
seawater, thus accumulating pollutants (Gentric et al., 2016).
Among the drugs and bioactive organic chemicals that were
extracted, those with potential therapeutic applications included
ligustilide (a phthalide), 3-Dimethylallyl-4-hydroxybenzaldehyde
(m/z 191.1066, [M + H]+), S-carboxymethyl-L-cysteine (m/z
202.0137, [M + Na]+), primidone (m/z 219.112, [M + H]+),
cimbuterol (m/z 234.162, [M + H]+), piroglirida (m/z 271.1973,
[M+H]+), N-pelargonoyl dopamine (m/z 294.2093, [M+H]+),
isopropyl dodecylphosphonofluoridate (IDFP) (m/z 295.2197,
[M + H]+), and impulsin (m/z 300.2896, [M + H]+).
2,4-xylidine (m/z 122.0965, [M + H]+) is a carcinogenic
compound that was detected in higher concentrations among our
control groups.

CONCLUSION

Sponges are organisms that are ubiquitous in coastal marine
habitats. These organisms are well-known for hosting and
forming symbiotic relationships with an array of bacterial
genera, with the resulting sponge holobionts displaying a

wide range of biomarkers that can be involved in several
biochemical pathways. SPME is a non-exhaustive method that
uses biocompatible materials, which prevent bioactivity in the
sponge or its microbiome. As such, SPME is a highly suitable
approach for extracting short-lived metabolites in situ. This
work documents the capacity of SPME to extract a wide
spectrum of metabolites from the S. foetidus holobiont. The
extracted metabolites were largely related to functions such as
quorum sensing, mono- and polycyclic aromatic hydrocarbon
degradation, and the retention of other pollutants by the
sponges. This in situ SPME approach, with its non-invasive and
biocompatible properties, provides advantages that cannot be
offered by other sampling methods. Most notable among these
advantages is its ability to enable sampling without affecting
endangered or threatened organisms, such as rare or endangered
sponge species. This is significant, as it enables researchers
to directly monitor how sponges respond to environmental
fluctuations and stressors without endangering the well-being
of the organism.
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