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Metabolite profiling of marine invertebrates, such as bivalve mollusks, may not only
provide insights into the health state of an individual holobiont, but also the pollution
levels of their environment Here, we combined 1H nuclear magnetic responance (NMR)
spectroscopy and mass spectrometry (MS)-based metabolomics techniques to
investigate the organ-specific metabolomic profiles of Tridacna maxima giant clams.
Clams were collected from across-shelf gradient in the Red Sea, from inshore to off-shore.
We unequivocally profiled 306 metabolites and observed that the sampling location had
minimal effects on metabolite composition. However, we observed significant differences
in metabolite profiles among different organs (i.e., gills, mantle organ, and digestive
system). Importantly, in addition to endogenous metabolites, we detected the presence
of terephthalic acid and isophthalic acid, which likely originate from marine plastic
ingestion. Collectively, our study opens opportunities for a deeper understanding of
Tridacna maxima physiology through metabolomics, and illustrates the power of
invertebrate metabolite profiling for monitoring plastic-related aquatic pollutants.

Keywords: Tridacninae, giant clam, exogenous and endogenous metabolites, 1H NMR, GC-MS, HPLC-MS, marine
microplastic investigation
HIGHLIGHTS

- We analyzed organ-specific (i.e., outer mantle, gills and digestive system)metabolomes of Tridacna
maxima giant clams from different Red Sea locations;

- Endogenous metabolite profiles do not depend on the location;

- Each sampled organ exhibits a unique metabolite profile;
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- Polyethylene terephthalate (PET) degradation products are
detected across all locations;

- Aquatic plastic-related pollutant terephthalic acid is detected
only in the digestive system.
INTRODUCTION

Giant clams (subfamily Tridacninae) are among the largest
marine bivalve mollusks. Their impressive growth is facilitated
by the symbiotic relationship with unicellular photosynthetic
algae from the Symbiodiniaceae family (Taylor, 1969; Yonge,
1975), leading to fast growth and calcification rates (Klumpp and
Griffiths, 1994; Rossbach et al., 2019). Geographically and
ecologically, giant clams are a significant component of
tropical Indo-Pacific coral reef communities (Neo et al., 2015).
As such, they provide numerous ecosystem services; for example,
as they contribute to the carbonate production of the reef
ecosystem, as a food source for scavengers and predators
(Alcazar, 1986; Neo et al., 2015), as well as a substrate for
epibiotic organisms (Vicentuan-Cabaitan et al., 2014), and as a
shelter for commensal organisms (De Grave, 1999). In addition
to their algae symbionts, giant clams also harbor a diverse and
organ-specific bacterial microbiome (Rossbach et al., 2019) that
can significantly influence the health status of the clam host
(Guibert et al., 2020b). Hence, giant clams can be considered as a
metaorganism (holobiont), a complex community of different
species (Bosch and Miller, 2016), in which the microbial,
symbiotic partners mediate biochemical transformations that
can influence host performance and survival (McFall-Ngai
et al., 2013). Although previous studies have assessed the
diversity of their symbiotic partners (Rossbach et al., 2019;
Guibert et al., 2020b; Rossbach et al., 2021), it remains unclear
how these relationships can affect their physiology, health,
nutritional and environmental well-being.

Metabolomic analyses, using chemical profiling technologies,
including mass spectrometry (MS) and nuclear magnetic
resonance (NMR) spectroscopy, can help to describe cellular
pathways and differences in metabolite composition of
holobionts (Meyer and Weis, 2012; Emwas et al., 2019). The
detection, identification, and quantification of metabolites
provides insights into the holobiont biochemistry, its health
status, fitness, and nutritional assessment (Nicholson et al.,
1999; Zivkovic and German, 2009; Ochsenkühn et al., 2018).
Therefore, analyses of metabolites (Meyer and Weis, 2012;
Cziesielski et al., 2018; Cleves et al., 2020) are crucially needed
to understand the physiology of holobionts and their responses
to ecological disturbances, such as different environmental
conditions and pollutants (Li et al., 2016; Cui et al., 2019).
While metabolomics is an emerging field of study it is already
being applied to investigate different areas in, for instance on
environmental stressors and disease monitoring (Emwas et al.,
2013; Lankadurai et al., 2013; Marante, 2016; Bayona et al.,
2022). Thus metabolomics are increasingly utilized to examine
the interactions between an organism and its environment
Frontiers in Marine Science | www.frontiersin.org 2
(Emwas et al., 2021; Bayona et al., 2022). For example,
different metabolomic approaches have been applied to
investigate different areas in the environmental sciences,
including the assessment of pollutants exposure and other risks
(De Marco et al., 2022), such as oil-polluted wastewater (Caliani
et al., 2022), pesticides (Vignet et al., 2019), pharmaceuticals
(Cappello et al., 2017), and so on.

Here, we conducted the first metabolomic analysis of the
‘small giant clam’, Tridacna maxima, the most common species
of Tridacninae in the Red Sea. We used a combination of the
one-dimensional proton nuclear magnetic resonance
spectroscopy (1D 1H-NMR), gas chromatography-mass
spectrometry (GC-MS) and high-performance liquid
chromatography-mass spectrometry (HPLC-MS). We analyzed
the metabolomes of specimens that were collected from three
different reef locations in the central Red Sea, following a cross-
shelf gradient from inshore to off-shore. Additionally, we
conducted the analyses in an organ-specific manner by probing
gills, outer mantle, and digestive system separately. Collectively,
our study yielded a granular view of location- and organ-
dependence of the metabolomes, and revealed presence of
aquatic plastic pollutants in the T. maxima holobiont.
MATERIALS AND METHODS

Organism Collection and Transportation to
the Laboratory
A total of 18 T. maxima specimens (shell length of 15 ± 1 cm;
mean ± SD) were collected at about 3 m depth at three different
reef sites close to King Abdullah University of Science and
Technology, central Red Sea (Supplemental Figure 1). Each
six clams were sampled at an in-shore reef (Fsar, 22° 14’27” N,
39° 02’ 51” E, 1.8 km distance to the shore), a mid-shore reef
(Al Fahal, 22° 15’ 2” N, 38° 57 ‘45” E, 12.5 km distance to the
shore), and an off-shore reef (Shib Nizar, 22° 19’ 20” N, 38° 51
‘26” E, 21.1 km distance to the shore). Transportation from the
reef site to the laboratory took about 90m minutes. During this
time, the clams were stored individually in seawater-filled plastic
bags to avoid cross-contamination and placed in an insulated
container, also filled with seawater.
Clam Dissection and Organ
Homogenization
All the Tridacna specimens were collected and processed for
metabolomics analyses according to the same protocol under
identical conditions. Upon arrival in the laboratory the
specimens were immediately cut open with a scalpel, and
organ samples of three different compartments (gills, outer
mantle, and digestive system) were collected. All samples were
weighed to the nearest 1 mg. The organs were then homogenized
for 20 s using an Ultra Turrax T18 homogenizer (IKA-Werke
GmbH and Co. KG, Staufen, Germany) with 15 mLMilliQ water
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(which had been sterilized under UV light for one hour, and
filtered through a 0.2 mm syringe filter). The homogenate was
frozen at -80°C until further processing.
Chloroform/Methanol Extraction
The metabolite extraction was performed in glass vials
(Borosilicate clear glass with black phenolic cap, Fisherbrand),
and all steps were performed on ice. Metabolites were extracted
from the homogenates by the addition of methanol, chloroform,
and water in the proportions 2.0:2.0:1.8 by volume (Wu et al.,
2008). Samples were then mixed in a shaker (MaxQ™ 8000
Incubated Stackable Shakers by Thermo Scientific) at 350 rpm
for 10 minutes at 4°C. After that, additional amounts of
chloroform and water in the proportions 1:1 (v/v) were added,
and samples were centrifuged at 4000 rpm for 15 minutes at 4°C,
until a biphasic system was observed, with a polar upper phase
and a nonpolar lower phase. The polar phase was collected in 1.5
mL Eppendorf tubes and dry-evaporated at room temperature
overnight, using a Labconco CentriVap SpeedVac Concentrator.
The pellets were then stored at -80°C until further processing.
GC-MS Profiling
After the samples were thawed at room temperature, 50 µL of
Methoxamine (MOX) Reagent. MOX reagent were added and
mixed (Benchtop multi-Therm heat-shaker, Benchmark
Scientific Inc.) at 37˚C and 1500 rpm for 90 minutes. All
samples were left to cool down at room temperature, and 100
µL of N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA), a
derivatization agent, were added to each sample vial. The vials
were vortexed again at 30˚C and 1500 rpm for 30 min and
centrifuged for 5 min at 10K rpm. The clear solution of each
sample was transferred to gas chromatography (GC) vial
deactivated inserts and injected into the GC analyzer.

One microliter of the derivatized solution was analyzed using
a single quadruple GC-MS system (Agilent 7890 GC/5975C
MSD) equipped with an EI source with ionization energy of 70
eV. The temperature of the ion source and mass analyzer was set
to 230°C and 150°C, respectively, and solvent delay of 8.0 min.
The mass analyzer was auto-tuned according to the
manufacturer’s manual, and the scan was set from 35 to 700
with a scan speed of 2 scans/s. Chromatography separation was
performed using DB-5MS fused silica capillary column (30m x
0.25 mm I.D., 0.25 µm film thickness; Agilent J&W Scientific,
Folsom, CA), chemically bonded with a 5% phenyl, 95%
methylpolysiloxane cross-linked stationary phase. Helium was
used as the carrier gas with a constant flow rate of 1.0 mL min-1.
The initial oven temperature was held at 80˚C for 4 min, then
gradually increased to 300˚C at a rate of 6.0˚C min-1, and held at
300˚C for 10 min. The temperature of the GC inlet port and the
transfer line to the MS source was kept at 200˚C and 320˚C,
respectively. One microliter of the derivatized solution of the
sample was injected into a split/splitless inlet using an
autosampler equipped with 10 µL syringe. The GC inlet was
operated under splitless mode.
Frontiers in Marine Science | www.frontiersin.org 3
GC-MS Processing
All data were processed in the R environment using the package
eRah (version 1.0.4) (Domingo-Almenara et al., 2016),
performing the pre-processing, deconvolution, alignment,
missing compound recovery and compound identification. The
following parameters were used: min.peak.width = 1,
avoid.processing.mz = c(35:69,73:75,147:149), min.spectra.cor
= 0.90, max.time.dist = 3, mz.range = 70:600. A minimum
criterion of 6 samples was applied for the missing compound
recovery step. For the first identification of the compound, the
MassBank (Horai et al., 2010) repository was used.
HPLC-MS Parameters and Profiling
The dried pellet from the polar phase was dissolved in 100 µL of
the internal standard solvent “CUDA”, prepared by mixing 8:1:1
(v/v/v) of acetonitrile, methanol, and HPLC-MS grade water.
Additional 40 µL of HPLC-MS grade water was added to fully
dissolve the pellet, followed by vortexing. For monitoring the
precision of the HPLC-MS, quality control (QC) samples were
prepared by mixing equal volumes of each sample. As the final
step prior to HPLC, 50 µL of each sample and the pooled samples
were transferred into 1.5 mL HPLC vials. The Liquid
Chromatography Quadrupole Time of Fl ight Mass
Spectrometry (LC-QTOF-MS/MS) was equipped with
electrospray source ionization (ESI) mode. All samples were
analyzed in positive and negative mode separately to detect a
maximum number of metabolites. The temperature of the ESI
source was set at 220°C, dry gas at 9.0 l/min, and nebulizer
pressure at 1.8 Bar. The capillary voltage was set at 4500 V, end
plate offset 500V. The full scan range was set from 50 to 1300 Da
with auto MS/MS using instrument manufacturer default
settings for small molecules. The auto MS/MS threshold per
1000 sum was set to 400 counts with 3X number of precursors
and exclusion after 3 spectra. The spectral rate was set at 12 Hz
with a fixed MS/MS acquisition rate of 2 Hz. The QTOF
instrument was calibrated before starting the experiment by
directly infusing 10mM of sodium formate solution. In
addition, during every sample analysis in both positive and
negative mode, the instrument was calibrated externally by
using the same sodium formate solution at the beginning of
each sample injection and internally by using a mixture of three
lock mass compounds infused directly into the MS from the
source reservoir C5H4N4, C12H18F12N3O6P3, C18H19O6N3P3F24
with the accurate mass of 121.043, 621.022 and 921.002,
respectively. The instrument was found to be accurate to less
than 0.5ppm. Samples were separated using a 1.7 mm 2.1x100
mm Acquity UPLC CSH C18 column (Waters, USA) with 5 ml
volume injection in a UPLC system (UltiMate 3000, Thermo
Scientific, Germany). The separation was performed at a
constant mobile phase flow rate of 0.4 mL/min, and the
gradient program was as follows: 0% of solvent B at 0.01 min,
ramped to 100% B in 10min then reduced to 0% B at 12 min, and
the column equilibrated with 0% B to 14 min. The column
temperature was set at 40°C, and the temperature of the
autosampler was kept at 4°C.
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HPLC-MS Data Analysis
MetaboScape 4.0 software (Bruker, Bremen, Germany) was used
to automatically analyze the raw MS and MS/MS data.
Additionally, for simultaneously searching and grouping all
forms of the classical adducts for positive ([M+H]+, [M+Na]+,
[M+K]+, [M-H2O+H]

+, [M+H2O+H]
+, [M+NH4]

+, [M-NH3+
H]+, [M+CH3OH+H]

+, [M+C2H3N+H]+, [M+2Na-H]+) and for
negative screening ([M-H]-, [M+Cl]-, [M-H-H2O]

-, [M+HCOO]-,
[M+K-2H]-, [M+Na-2H]-, [2M+FA-H]-, [2M-H]-), a threshold
value of 0.8 was used for the co-elution coefficient factor. The
metabolites were annotated according to the exact mass of the
molecules, their molecular formula, and their patterns of tandem
mass spectrometry (MS/MS) fragmentation regarding
available libraries, such as Bruker Plant Metabolites and Mona
Export LC-MS-MS positive and negative mode. For the
annotation, the analyst sources, Human Metabolome Database
(HMDB) (Wishart et al., 2007) metabolites, Bruker Sumner
MetaboBASE® Plant Libraries (Fine et al., 2015) with 0.5
ppm selected compounds were manually annotated by
matching the observed accurate masses (within 5 ppm) to
plant metabolite databases.
1H NMR Experiments and Processing
Samples were prepared by dissolving the pellets in 600 ml of D2O
in 1.5 mL Eppendorf tube, and the sample was vortexed until the
sample dissolved completely, then 500 ml was transferred into the
5 mm NMR tube. A Bruker 700 MHz AVANACE NEO NMR
spectrometer equipped with Bruker TCI (1H/13C/15N) cryogenic
probe (BrukerBioSpin, Rheinstetten, Germany) was used to
record all NMR spectra at 298 K. The 1H NMR spectrum was
recorded by collecting 256 scans using zgesgp pulse program
from the Bruker pulse library with reported parameters
(Chandra et al., 2021a; Chandra et al., 2021b). Transformed
spectra were corrected for phase and baseline distortions using
Topspin 4.0.7 (Bruker BioSpin) and then automatically
calibrated to the anomeric proton signal of a-glucose at 5.23
ppm. Identification of metabolites was carried out using
Chenomx NMR Suite 8.6 (Chenomx Inc., Edmonton, Canada)
and available assignments in the literature (Wishart et al., 2007;
Wishart et al., 2018). The peaks of the identified metabolites were
fitted by a combination of a local baseline and Voigt functions
based on the multiplicity of the 1H NMR signal. In few cases, the
quantification of 1H NMR signals was not possible due to the
absence of the signal or overlap with other signals. If the 1H
NMR signal was absent, zero value was assigned to
the quantification.

Statistical and Data Analysis
Probabilistic Quotient Normalization (Dieterle et al., 2006) was
performed to normalize data due to dilution effects in the
extraction procedure using the function normalization in the R
package KnOwledge Discovery by Accuracy Maximization
(KODAMA) (Cacciatore et al., 2016). Pairwise comparisons
were made using the Mann–Whitney test for independent data.
Comparisons among organs were made using the non-parametric
Frontiers in Marine Science | www.frontiersin.org 4
Kruskal-Wallis rank-sum test. Spearman’s correlation (rho) was
used to correlate each metabolite with the distance of the sample
collection (i.e., in-shore, mid-shore, off-shore). Pearson’s
correlation (r) was used to correlate the intensity of different
signals. Metabolite set enrichment analysis (MSEA) was carried
out using the Gene Set Enrichment Analysis (GSEA) algorithm
(Subramanian et al., 2005) using the R package fgsea v1.16
(Korotkevich et al., 2019). The metabolite sets were built using
the substituents characterization provided by the Human
Metabolome Database (Wishart et al., 2007; Wishart et al.,
2018). The ranking in the MSEA was performed by using the
correlation coefficient calculated using Spearman’s correlation.
An enrichment score (ES) and normalized (NES) were calculated
for each metabolite set using a weighted Kolmogorov‐Smirnoff
statistic, and the top ranked metabolites contributing to the ES
were identified as the leading-edge subset (Subramanian et al.,
2005). To account for multiple testing, a false discovery rate
(FDR) was calculated using the q conversion algorithm in
multiple comparisons (Benjamini and Hochberg, 1995). The
threshold for significance was p-value < 0.05 and FDR < 0.10
for all tests. Before conducting the multivariate analysis, missing
values were imputed using the k-nearest neighbor (kNN)
algorithm (Troyanskaya et al., 2001), with k = 5, then data
were mean-centred and unit-variance scaled. Principal
Component Analysis (PCA) and KODAMA (Cacciatore et al.,
2014) were used to visualize the metabolomic data. Lastly, the
metabolites were classified according to the information reported
by the Human Metabolome Database (Wishart et al., 2007;
Wishart et al., 2018).
RESULTS

Comprehensive Analysis of the T. maxima
Metabolome
To assess the metabolome of Red Sea T. maxima clams as
comprehensively as possible, we combined the state-of-the-art
1D 1H NMR, GC- and HPLC-MS-based techniques with
available metabolic databases that are routinely used for
metabolite identification (see Materials and Methods for
details). This allowed us to unequivocally define a set of 306
metabolites (Figure 1 and Supplementary Table 1). The
reproducibility of identification was excellent across the
collected samples and the metabolites, with over 98% of all
assigned metabolites found in each of the six specimens
collected at the same reef location (i.e., at the in-shore, mid-
shore, or off-shore reef site; Supplementary Figure 1).
Therefore, only these metabolites are reported here. In terms
of overall performance, 1H NMR spectroscopy identified 24
metabolites (excluding the derivatives) (Figure 1 and
Supplementary Tables 2–4), GC-MS identified 258 (Figure 1
and Supplementary Tables 5A–C), and HPLC-MS identified 61
metabolites (Figure 1 and Supplementary Table 6). As shown in
Figure 1, 6 metabolites were detected by all three techniques,
whereas 8, 230, and 38 were detected exclusively by 1H NMR
spectroscopy, GC-MS, and HPLC-MS, respectively. The
April 2022 | Volume 9 | Article 813404
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identified metabolites predominantly represent amino acids,
carbohydrates and carboxylic acids (Figure 1). Taken together,
we demonstrated that the combined use of multiple techniques
for the metabolite analysis yielded a more comprehensive
coverage of the metabolome than each of the methods alone.
Moreover, we showed that this approach may allow the
identification of metabolites, which has important implications
Frontiers in Marine Science | www.frontiersin.org 5
as pollutants on the marine species such as plastic pollution
impact on T. maxima giant clams.
Metabolomic Profiles Are Independent of
Distance From Shore
To examine the distance to the shore as a factor, that could
potentially affect the metabolomic profiles of T. maxima, we
assessed the metabolite composition of three different organs
(i.e., gills, outer mantle, and digestive system) from T. maxima
specimens collected from different reef sites (in-shore, mid-
shore, and off-shore reef sites, Supplemental Figure 1). The
Principal component analysis (PCA) of combined NMR and
MS-based metabolomic datasets demonstrated no apparent
association between specific metabolite profiles and the
distance to the shore (Figure 2). The metabolite profiles of the
same organ type across various reef sites were nearly identical.
Most of the endogenous metabolites show no significant
variations among the reef sites (p > 0.05), including dimethyl-
sulfoniopropionate (DMSP) in gills and digestive system and
succinic acid in all organ samples (Figure 3). Although the
metabolite profiles did not exhibit significant variation for a
given organ as the distance to the shore, the Metabolite Set
Enrichment Analysis (MSEA) (Xia and Wishart, 2010) (Table 1)
showed clear trends that the concentrations of amino acids and
fatty acids in gills and the sugar content in the outer mantle
decrease with the increasing distance to the shore. In contrast,
the sugars in gills and amino acids in the outer mantle increased
with increasing the shore distance (Figure 4 and Table 1).
Collectively, these results highlight that distance to the shore
(up to 21.1 km distance to the shore) does not seem to affect
global metabolome composition of T. maxima, although some
more subtle trends of variability between different metabolite
classes were observed.
A B

D E F

C

FIGURE 2 | PCA for metabolites identified by 1H NMR spectroscopy and GC-MS. Blue (mantle), yellow (gills), and grey (digestive system). Inshore (●),mid-shore
(■), off-shore (◆). (A–C) represent the samples detected by 1H NMR. (D–F) represent the samples detected by GC-MS. All PCAs show a relatively random
distribution (PC1 vs. PC2) among the three sampled organs.
FIGURE 1 | Organ-specific and common metabolites. Venn diagram
showing the number of metabolites identified separately and co-identified by
different techniques. Common in all three T. maxima organs and metabolites
detected specifically in each organ: GC-MS (blue), HPLC-MS (yellow), NMR
(grey).
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Metabolic Profiles of T. maxima Are
Organ-Specific
To assess organ-specific differences in metabolic profiles, we
compared the metabolomes of gills, outer mantle, and digestive
system samples from clams harvested in different locations. We
used PCA of the combined NMR and MS-derived data sets and
observed that different organs of T. maxima display significant
differences (Figure 5A). The first component accounted for
36.7% of the total variance in the data set, with a further 19.0%
explained by the second component and separated the
metabolomes of different organs. Unsupervised KODAMA
analysis confirmed that the main difference among samples is
represented by the organ type (Figure 5B). Overall, metabolites
in the outer mantle, gills, and digestive system represent 156
unique metabolites common in all organs. In total, 213
metabolites were quantified in more than one organ type, of
which 18 were shared on the outer mantle and digestive system,
23 on the outer mantle and gills, 16 on the gills and digestive
Frontiers in Marine Science | www.frontiersin.org 6
system. Both, the outer mantle and the digestive system showed
the same number of unique metabolites, with a total of 40 each.
We noted that the gills metabolome seemed less distinct, with
only 13 unique metabolites (Figure 6, Table 2 and Supplemental
Table 7). Overall, metabolomic profiles exhibit some organ-
specificity, which mirrors our previous observations related to
the composition and distribution of the microbiome (Rossbach
et al., 2019).

Detection of Aquatic Plastic-Related
Pollutants
Our comprehensive metabolomic analysis revealed the presence
of exogenous metabolites (Figure 7). We observed strong signals
of two exogenous compounds in every sampled specimen and at
every sampling location (i.e., from the in-shore, mid-shore and
off-shore reef). Specifically, we detected terephthalic acid and
isophthalic acid, two compounds that are likely derived from
marine microplastics as terephthalic acid [also known as Purified
TABLE 1 | MSEA of amino acids, hexose monosaccharide, and fatty acids among the three organ types (gills, outer mantle, and digestive system).

metabolite set p-value FDR NES

Gills
Amino acid 5.18x10-7 7.77x10-6 -2.37
Hexose monosaccharide 1.10x10-2 3.16x10-2 1.71
Fatty acid 1.56x10-2 4.26x10-2 -1.64
Outer mantle
Amino acid 5.43x10-3 4.41x10-2 1.61
Hexose monosaccharide 5.21x10-3 4.41x10-2 -1.81
Fatty acid 5.71x10-1 7.15x10-1 0.94
Digestive system
Amino acid 1.29x10-1 3.81x10-1 -1.24
Hexose monosaccharide 4.38x10-1 7.0x10-1 -0.98
Fatty acid 4.84x10-1 7.15x10-1 -0.97
April 2022 | Volume 9 | Article 81
FIGURE 3 | Box-and-whisker plots showing the relative abundance of biologically important metabolites of the three organ types (Gill, outer mantle, and digestive
system) across the reef shores (in-shore, mid-shore, off-shore).
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Terephthalic Acid (PTA)] and its isomeric form [an isophthalic
acid (IPA)]. They are two primary components of polyester
polyethylene terephthalate (PET) (also abbreviated PETE). The
GC-MS results showed that terephthalic acid is found only in the
digestive system, with highly similar amounts among all reef sites
(Figure 7). The second identified plastic-related compound is
isophthalic acid (IPA). Our GC-MS analysis showed the presence
of IPA in all organs, with a slightly increasing trend with distance
off-shore in the mantle organ while decreasing in the digestive
system with distance to the shore (Figure 7). These results
unequivocally demonstrate that metabolomics is a powerful
strategy to analyze and map aquatic plastic pollution. Yet, it
remains to be determined whether the presence of these
metabolites perturbs the endogenous physiology of the clam in
any way.
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DISCUSSION

This study provides the first comprehensive metabolomics
analysis of T. maxima giant clams from the Red Sea, and
reveals that the metabolome diversity of these bivalves exhibits
organ-specific character. The identified endogenous metabolites
belong to various chemical classes, such as amino acids,
alkaloids, monosaccharides, and fatty acids, As such, they are
expected to play varied important roles as shown for other
organisms. However, we identified 306 unique metabolites,
which is less than expected from the combined use of NMR
and MS-based techniques for an organism of this size and
holobiont complexity. We suggest that the main factor for this
discrepancy is the incompleteness of the existing reference
databases used for the experimental data sets interpretation
A B

FIGURE 5 | Metabolite’s comparison of T. maxima organ compartments (gill, outer mantle, and digestive system) across three reef sites (inshore, midshore,
offshore). Inshore (●), mid-shore (■), off-shore (◆). (A) The score plot of PCA and (B) KODAMA. Each data point represents an individual sample.
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FIGURE 4 | Metabolite Set Enrichment Analysis (MSEA) plots, showing the patterns of metabolites concentrations changes across reef sites. Plots in raws represent
the organ type; (A–C) gills organ, (D–F) mantle organs, (G–I) digestive organs. Plots on columns represent different classes of compounds: amino acids, hexoses
monosaccherides, and fatty acids.
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and metabolite identification. We expect that with further
identification of the marine natural products and optimization
of the metabolic reference data for use with marine
metabolomes, the number of identified metabolites will
be expanded.

In terms of factors that could affect the composition of the
metabolome, we examined the effect of the shore distance and
the organ specificity. Our results did not show location-
dependent metabolites differences. Therefore, our metabolic
analysis suggest that the general metabolism of T.maxima is
likely not affected by the distance to the shore of the reefs they
inhabit which is in agreement with previous study showing no
differential trends in bacterial profiles across the exact locations
(Rossbach et al., 2019). This might be the result of the
homogenization of the coral reefs throughout the Red Sea
(Riegl et al., 2012), which increases resilience of T. maxima’s
metabolism to environmental fluctuations (DiBattista
et al., 2016).

We observed some level of organ specificity of metabolites
(see Table 2), which is not surprising given the functional
physiological differences between the sampled tissues (i.e.,
mantle, gills and digestive system). However, about 70% of the
identified metabolites were either shared between two, or all
three sampled organs (i.e., mantle, gills and digestive system),
showing that in fact rather the concentrations of these
metabolites in the specific tissue plays a key role, as it has been
previously shown for other bivalves, for instance in Mytilus
galloprovincialis mussels (Cappello et al., 2018), but also in fish
(De Marco et al., 2022).
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Several marine microorganisms, including, algae and bacteria,
have been shown to live in a symbiotic association with T.
maxima (Rossbach et al., 2019; Rossbach et al., 2021). Here, we
have identified several metabolites that are possibly associated
with microorganisms that live within T. maxima holobiont. For
example, glycine, tryptophan, and phenylalanine, all metabolites
that have been linked to Symbiodiniaceae (Beedessee et al., 2019).
In addition, we also identified D-phenyllactic acid and indole-3-
carboxaldehyde, two additional metabolites of likely bacterial
origin. D-Phenyllactic acid is produced by lactic acid bacteria
(LAB), such as Lactobacillus and Leuconostoc, and indole-3-
carboxaldehyde was found in pseudomonad bacterium
(Ramkissoon et al., 2020). All these species are consistent with
the bacterial community of T. maxima identified previously
(Rossbach et al., 2019), therefore supporting the bacterial
origin of these metabolites.

In general, metabolites produced by the symbiotic
microorganisms play a wide range of important roles, crucial
for the survival of marine species, including bivalves (Matthews
et al., 2020; Modolon et al., 2020). These metabolites regulate
many biological functions, such as nutrient uptake, defense
against predators, intracellular osmolyte systems, and others
(Pang et al., 1977; Yancey et al., 1982; Carroll et al., 2020). The
osmoregulation process is essential for the protection of T.
maxima against fluctuations of the extracellular environment.
Widely known osmolytes include different amino acids and their
derivatives. We identified many metabolite-based amino acids
and their derivatives, such as glycine, alanine, proline, betaine,
taurine, and glutamic acid, which are known to be involved in the
osmolyte system. These results are in good agreement with
previous osmolyte system studies in marine organisms (Pang
et al., 1977; Yancey et al., 1982). Moreover, we identified the
presence of DMSP, one of the key compounds in the sulfur cycle
and osmoregulation in marine species (Carroll et al., 2020). This
compound is primarily produced by phytoplankton (Keller,
1989), thus DMSP is likely to be a product of the Tridacna’s
Symbiodiniaceae (Hill et al., 2000; Guibert et al., 2020a). We also
detected urea, one of the major intracellular osmolytes and an
important product of nitrogen metabolism (Yancey et al., 1982),
within the gills organ only, which is in agreement with their role
as the primary site of urea absorption in clams (Chan et al., 2018)
and observations made in mytilid bivalves and marine
elasmobranchs (Pang et al., 1977; Thomsen et al., 2016).
Overall, our results are aligned with the known aspects of the
physiology of the giant clam holobiont (Wilkerson and Trench,
1986; Rees et al., 1994; Hiong et al., 2016; Chan et al., 2018). This
is the first glimpse of the metabolic fingerprints of Red Sea
Tridacna maxima giant clams and their molecular phenotype, as
a direct manifestation of the inseparable genotype biodiversity
and the environmental factors interplay.

Although most of the detected metabolites are compounds
produced by the holobiont, some are likely to be exogenous,
originating from pollutants. A number of studies have proven the
ingestion of microplastics by aquatic organisms, especially
invertebrates (Missawi et al., 2021; Cappello et al., 2021). More
FIGURE 6 | Organ-specific and common metabolites. Venn diagram
showing the number of metabolites common in all three T. maxima organs
and metabolites detected specifically in each organ.
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specifically, marine organisms, including T. maxima (Arossa
et al., 2019), have been previously reported to ingest
microplastics (Lebreton et al., 2017; Haward, 2018). Our
metabolomics analysis provides further support for this, as
both TPA and IPA we identified are likely derived from
marine microplastic ingestion. More specifically, the main
source of TPA in the Red Sea of the West coast of Saudi
Arabia is the degradation of PET from anthropogenic plastic
pollution, given that this region does not have plastic industry
that contributes to significant levels of PET in sea water in other
areas (Stanica-Ezeanu and Matei, 2021). Several studies have
found that different types of microorganisms, such as bacteria
and fungi, can mediate the degradation of PET into TPA in
marine environments (Carr et al., 2020). Given the high diversity
of the internal microbial community in the T. maxima holobiont
(Rossbach et al., 2019), we propose that the holobiont itself
degrades PET. This remains to be further tested, and our results
that show the preferential presence of TPA in the digestive
system suggest that special attention should be given to the
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microbiome associated with the digestive system. Ultimately,
endogenous compounds may affect the holobiont’s health and
interact with the endogenous metabolome, highlighting the
importance of further studies in this area. Moreover, whereas
the exogenous origins of the plastic-associated compounds we
identified are clear, elucidating autochthonous vs. environmental
sources of the metabolome components adds further challenges
to the interpretation of the metabolomic data.

CONCLUSIONS

According the UN there is about 300 millions tons of different
types of plastics produced in the all over the globe every year. Out
of this global amount of plastics totally produced 14 millions of
tons end up in the oceans and seas yearly constituting as
estimated 80% of the total marine debris. This is one of the
main source of serious disturbances of the marine ecosystems of
all seas, and oceans. Therefore, the reduction of the plastics
wastes production reminds a challenge for the years to come that
TABLE 2 | Organ-dependent metabolites of the three organs (digestive system, outer mantle, and gills).

Digestive system Outer mantle Gills

1,10-Phenanthroline 16-hydroxypalmitic acid 1-Hexadecanol
2-Hydroxyisobutyric acid 2-Hydroxyphenylacetic acid 3-Hydroxybenzoic acid
2-Isopropylmalic acid 2-Methylbutyroylcarnitine Cysteamine
2,6-Pyridinedicarboxylic acid 2-Methylbutyrylglycine D-Xylulose
3-Aminopropionitrile 3-Dehydroquinate Erythronic acid
3-hydroxybenzoic acid-3-O-sulphate 3-Hydroxypyruvate Ethylmalonic acid
3-Hydroxybutyric acid 3-Methyl-2-oxovaleric acid Indoleacetic acid
4-Hydroxyphenylacetic acid 3,4-Methylenesebacic acid Lactitol
4-Methylumbelliferone 4-O-methylolivetolcarboxylic acid N-Methylethanolamine
6-(gamma,gamma-Dimethylallylamino)purine 5-Dehydroquinic acid Pelargonic acid
alpha-Ketoisovaleric acid Acetaminophen Phenylephrine
Anthranilic acid Adenosine Urea
Cadaverine Allantoin Uridine 5-diphosphate N-acetylgalactosamine
Chlorogenic acid alpha-Ketoglutaric acid
D-Glutamine Behenic acid
D-Xylitol Creatinine
Deoxyadenosine monophosphate Cystamine
Deoxyinosine D-Phenyllactic acid
Galactonic acid Deoxyuridine
Gluconic acid Dimethylbenzimidazole
Guanosine Eserine
Hypoxanthine Ethyl glucuronide
Kaempferol Genistein
Kojic acid Glucose 6-phosphate
L-Cysteine Glutaconic acid
L-Rhamnose Glutamylphenylalanine
Mesaconic acid Guanosine monophosphate
Methylsuccinic acid Indole-3-carboxyaldehyde
N-Acetyl-L-aspartic acid L-Homocarnosine
O-Phosphoethanolamine Maleamic acid
O-Succinyl-L-Homoserine Monoethylhexyl phthalic acid
Pentachlorophenol N-alpha-Acetyl-L-lysine
Podophyllotoxin Oxoglutaric acid
Prephenate Penicillamine
Pyruvic acid Pipecolic acid
Sinapyl aldehyde Pirbuterol
Sinigrin S-Adenosylmethionine
Sucrose S-Carboxymethyl-L-cysteine
Terephthalic acid Tetrahydro-2,5-furan-diacetic acid
Xanthurenic acid Uridine 5_monophosphate
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needs to be successfully faced in order to safe a fragile equilibria
of marine ecosystems.

In this study, we provide the first comprehensive metabolomic
analysis of the giant clam Tridacna maxima holobiont and the
effects of environmental pollutants in their metabolic fingerprint.
As discussed, the metabolites we detected may originate from
the microbial communities, endosymbiotic microalgae
(Symbiodiniaceae), or the giant clam host itself. Although the
origin of many metabolites remains to be determined, we were
able to link several metabolites with metabolic paths specific for
bacteria, the Symbiodinaceae, or the host.

In terms of the factors that affect the metabolome composition
of the T. maxima holobiont, we showed that the metabolomes are
organ-specific, whereas distance to shore of the reefs does not
seem to have an impact. We conclude that the environmental
differences among these reefs are probably not high enough to
affect the metabolism of T. maxima.However, it is worth pointing
out that the oceanographic conditions (e.g., salinity, temperature,
nutrients concentration) of the Red Sea vary substantially with the
seasons (Raitsos et al., 2013; Roik et al., 2016; Chaidez et al., 2017;
Pearman et al., 2017). Therefore, analyzing the metabolite
composition of these organisms during different times of the
year would be of high interest.

Importantly, we provide the first experimental evidence that
the giant clam T. maxima is ingesting pollutants derived from
plastics, as we detected TPA and IPA in all the organs we
analyzed. Given that these compounds were found in clams
Frontiers in Marine Science | www.frontiersin.org 10
regardless of the reef, we conclude that the plastic contamination
is uniformly spread in the region between 1.8 km to 21.1 km
from the shore. Future research is needed to evaluate the impact
of different levels of these plastic-derived compounds in the
metabolic performance T. maxima, and examine whether these
compounds are present in other reef organisms. Overall, we
argue that metabolomic analysis can yield important insights
into the physiological and ecological impact of plastic pollution.
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